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The pulp is a unique tissue within each tooth that is susceptible to painful inflammation, known as pulpitis, triggered by microbial invasion from carious lesions or trauma that affect many individuals. The host response involves complex immunological processes for pathogen defense and dentin apposition at the site of infection. The interplay of signaling between the immune and non-immune cells via cytokines, chemokines, neuropeptides, proteases, and reactive nitrogen and oxygen species leads to tissue reactions and structural changes in the pulp that escalate beyond a certain threshold to irreversible tissue damage. If left untreated, the inflammation, which is initially localized, can progress to pulpal necrosis, requiring root canal treatment and adversely affecting the prognosis of the tooth. To preserve pulp vitality and dental health, a deeper understanding of the molecular and cellular mechanisms of pulpitis is imperative. In particular, elucidating the links between signaling pathways, clinical symptoms, and spatiotemporal spread is essential to develop novel therapeutic strategies and push the boundaries of vital pulp therapy.
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1 Introduction

Inflammation is a cornerstone of both medical and dental practice. Historical descriptions date back thousands of years and were characterized by observable signs such as redness, swelling, pain and warmth in infected wounds, later defined along with dysfunction as the cardinal signs of inflammation (1). These observations continue to shape modern medical terminology, as evidenced by the ancient Greek and Latin terms “phlegmon” and “inflammation”, which describe the fiery and rapidly spreading nature of inflammatory reactions, such as those experienced by toothache (2). While research into inflammation initially focused on acute responses, the focus has shifted to chronic inflammation, particularly in relation to systemic diseases such as type 2 diabetes, atherosclerosis, asthma, cancer and neurodegenerative diseases (3).

In general, the inflammatory response is the body’s defense against harmful stimuli such as infection and tissue damage. Its aim is to eliminate the cause of the inflammation and restore tissue homeostasis (4). This intricate process involves the orchestrated recruitment of immune cells and plasma components to the affected site, blending rapid innate responses with adaptive immunity (5).

Thereby, the inflammatory reaction involves several steps. First, the damaging stimuli are detected by sentinel cells such as macrophages, mast cells or dendritic cells in the tissue. Immune cells and plasma proteins are then recruited from the bloodstream to the site of inflammation, where they neutralize the triggers through phagocytosis or the release of cytotoxic compounds. Successful defense leads to anti-inflammatory and regenerative mechanisms that orchestrate tissue repair through a complex signaling network (4).

While an effective inflammatory response protects against damage, dysregulation or persistent stimulation can lead to adverse outcomes, including chronic inflammatory disease and tissue destruction (6). Oral health is no exception, with both acute and chronic inflammation posing a threat, particularly in conditions such as dental caries. The latter is a global health burden (7) resulting from bacterial biofilms that cause enamel and dentin degradation, potentially leading to painful inflammation within the dental pulp, which forms the connective tissue inside the tooth (8). The prevalence of pulp inflammation (pulpitis) with severe pain is high (9) and the most common reason for emergency dental care (10).

For many years, complete pulp removal followed by root canal treatment was the preferred therapy when symptoms were severe enough (11). More recently, however, a growing number of reports have advocated minimally invasive approaches with the aim of preserving all or part of the pulp, which has a positive effect on the functionality and long-term prognosis of the tooth (12). Understanding the physiology of pulp inflammation is essential for the development of innovative treatment strategies. Therefore, the aim of this review is to elucidate the mechanisms of the immune response in general and in the dental pulp in particular, in order to identify therapeutic approaches and to highlight unresolved scientific questions. The focus here will lie on signaling pathways in the dental pulp, structural changes due to immune responses and the resolution of inflammation.

The illustrations of structural transitions in the pulp tissue presented hereafter are based in part on Harold R. Stanley’s seminal textbook from 1976, originally illustrated in black and white, which covers the histology of the human pulp in healthy, pathological and healing conditions (13). Fortunately, the authors were provided with the original histological slides used in the book, which were meticulously restored and reproduced in color for better clarity and comprehension.




2 Pathogenesis of pulp inflammation



2.1 Anatomical and physiological characteristics

Anatomically speaking, the pulp is undoubtedly unique in the human body, as it is completely enclosed by the hard structures of enamel, dentin and cementum (Figures 1A, B), and communicates with the environment only through the vessels and nerves that penetrate the small openings at the tip of the root (14). It is therefore mechanically well protected within the tooth but has no means of spatial expansion. Functionally and developmentally, the pulp and dentin form a closely linked unit called pulp-dentin-complex, which derives from the cranial neural crest (15).




Figure 1 | (A) Anatomical view of the tooth with pulp and surrounding area. (B) The pulp (p) is surrounded and protected by tubular dentin (d). (C) The dentin is lined by a single layer of dentin-forming cells, the odontoblasts (marked with arrowheads), followed in the pulp periphery by progenitor cells along with a capillary and nerve plexus. (D) The core of the pulp consists of collagenous connective tissue, rich in fibroblasts and containing some tissue-resident immune cells. Staining: hematoxylin and eosin.



Specialized cells known as odontoblasts form a continuous layer at the periphery of the pulp, adjacent to the dentin (Figure 1C). Due to their anatomical position, they are the first cells to encounter noxious stimuli and play a pivotal role in sensing those signals and mediating tissue responses (8, 16). During tooth development and use, these cells produce a collagenous scaffold called predentin, which gradually mineralizes into dentin. A thin cell process from each odontoblast remains embedded in the mineralized matrix, resulting in the tubular structure of dentin. However, the pulp core, rich in fibroblasts, collagen, hyaluronan, proteoglycan and water (Figure 1D), resembles mesenchyme and gelatinous connective tissue (8, 14).

Entering the tooth from the alveolar bone through the apical foramen, a network of blood vessels and nerve fibers pervades the entire pulp. The nerve fibers branch extensively throughout the pulp chamber, forming the ‘Raschkow plexus’ beneath the odontoblast layer (14). They are primarily of trigeminal origin and include both myelinated Aδ fibers (10-30%) and unmyelinated C fibers (70-90%). As sensory nerve fibers they play a crucial role in detecting stimuli such as changes in temperature, but also pressure or tissue injury (17). Aδ fibers are concentrated in the peripheral region of the pulp, particularly near dentin and in the subodontoblastic layer, and transmit sharp, well-localized and stimulus-dependent sensations, whereas unmyelinated C fibers are located in the central region of the pulp tissue and are responsible for transmitting diffuse, dull and stimulus-persistent sensations associated with pain (15). The differentiation of pain quality, duration and stimulus reference is currently the key criterion for clinically distinguishing between reversible and irreversible inflammation, and thus determining the need for endodontic treatment.

In terms of cellular composition, the pulp tissue is dominated by pulp fibroblasts. Stem cells are also found in perivascular niches and have both mesenchymal and neural properties due to their ectodermal origin. In addition, even under physiological conditions, immune cells such as granulocytes, T cells (cluster of differentiation [CD]8+ and CD4+), monocytes/macrophages, dendritic cells and, to a lesser extent, NK cells, B cells and regulatory T cells are present in the pulp. In healthy pulp tissue, leukocytes (CD45+) represent approximately 1% of the entire pulp tissue, while granulocytes are the largest subpopulation (50%) followed by T lymphocytes (32%) and monocytes/macrophages (9%). Smaller subpopulations include dendritic cells (4%), natural killer cells (3%) and B lymphocytes (2%) (18). Together with odontoblasts, fibroblasts and stem cells, these tissue-resident immune cells contribute to the immunological capacity of the dental pulp (14, 18). During acute inflammation, the innate immune response is initiated, characterized by a significant increase in neutrophils and macrophages. As the inflammation becomes chronic, there is a notable rise in B cells. Although T cells are typically central to adaptive immunity, their levels may not significantly change during chronic pulpitis, however, the specific role of T cells in chronic pulpitis is not fully understood (19, 20).




2.2 Noxious stimuli for the dental pulp

Various factors such as bacterial invasion from caries, iatrogenic damage during dental procedures, exposure to irritating chemicals or traumatic injury can damage the dental pulp. These stimuli can cause acute inflammation that, if left untreated, can progress to chronic inflammation and, in severe cases, tissue necrosis. Besides the physical barrier provided to the pulp by the mineralized dental hard tissue, a continuous outward flow of fluid in the dentin tubules also provides a defense mechanism against potentially harmful substances and bacteria from the oral cavity (8). Short-term stimuli, such as invasive crown preparation or minor trauma, induce a brief acute inflammation, which is usually followed by tissue regeneration or repair. However, prolonged stimuli such as dental caries, which typically involve loss of hard tissue and microbial infection, lead to chronic inflammation and may result in pulp necrosis (21).

In caries, which is still a highly prevalent disease worldwide, acidic metabolites released by bacteria such as streptococci, lactobacilli and actinomycetes and other acidogenic species demineralize enamel and dentin (8). Even before the bacteria pass enamel and dentin to the pulp cavity, their metabolic products invade the pulp tissue and cause local immune reactions. If the bacterial invasion is not interrupted by caries excavation, it will eventually lead to pulp necrosis, allowing infection of the pulp cavity and root canals, ultimately causing apical periodontitis (22).




2.3 Triggers and sensors of the inflammatory response

In general, inflammatory reactions in the pulp can be triggered by exogenous or endogenous factors (Table 1). A common trigger for activating sensors in the pulp is caries, primarily involving gram-negative and gram-positive bacteria (23). Additionally, fungi such as Candida albicans are reported to form cross-kingdom synergisms with cariogenic bacteria and also possess cariogenic properties themselves (24). Furthermore, the involvement of viruses or phages present in the oral environment cannot be ruled out as they may act directly or indirectly by altering the biofilm composition (25). In addition to infectious aspects, tissue damage results in the release of cytosolic and nuclear substances from the affected cells, which can also activate specific receptors. Although a number of receptors are involved in pulp inflammation, research has predominantly focused on Toll-like receptors (TLRs), leaving other receptors and their ligands underexplored and in need of further investigation.


Table 1 | Triggers and sensors of the inflammatory response (32, 104–106).



Exogenously, microbial pathogens induce the response through specific pathogen-associated molecular patterns (PAMPs) that are recognized by pattern recognition receptors (PRRs) (26). These receptors, expressed by cells like macrophages, dendritic cells and fibroblasts, include transmembrane proteins such as TLRs and C-type lectin receptors (CLRs), and cytosolic proteins such as nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) (27). Activation of these receptors regulates pro-inflammatory gene transcription and complex immune signaling cascades (28). Alternatively, exogenous non-microbial triggers, such as allergens (e.g. silica) and irritant particles (e.g. asbestos) are detected by the NOD-, leucine rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) resulting in the formation and activation of the NLRP3 inflammasome (26, 29).

Endogenous signaling molecules from damaged, necrotic or stressed tissue, known as damage-associated molecular patterns (DAMPs), contribute to inflammation (Table 1). These include intracellular components such as adenosine triphosphate (ATP) and uric acid, which are released into the extracellular space due to loss of cell membrane integrity. PRRs are also activated by DAMPs to trigger an inflammatory response, although the exact role of TLRs remains controversial in the literature. While TLRs are known for detecting microbial molecules, they have also been reported to recognize DAMPs, such as tissue breakdown products or cell fragments, however, other studies have not supported these findings (26, 29).





3 Cellular players in pulpitis



3.1 Components of the immune response

The inflammatory response involves several types of both tissue-specific and immune cells, with circulating leukocytes being of particular importance. These cells are transported throughout the body by the bloodstream, ensuring a rapid and widespread immunological response in all perfused tissues (28). Three populations of leukocytes can be distinguished: granulocytes, lymphocytes and monocytes (Figure 2). Lymphocytes and monocytes, characterized by their non-segmented nuclei, are collectively referred to as mononuclear cells. However, the term “granulocyte” is derived from the abundance of granules found in the cytoplasm.




Figure 2 | The majority of inflammatory cells originate from the blood and, as shown, have an equivalent in the tissues. Leukocytes can be categorized into several families based on their morphological and functional characteristics, such as granulocytes (“polymorphs”), mononuclear cells, lymphocytes, or phagocytes (marked with an asterisk). It should be noted that although basophilic granulocytes are similar to mast cells in many ways, they are not their precursor cells.



Functionally, immune cells are involved in both the innate and adaptive immune response of the dental pulp. Innate immunity offers immediate defense against pathogens through general mechanisms like physical barriers and non-specific inflammatory responses, serving as the body’s first line of defense. Adaptive immunity, on the other hand, allows the body to recognize specific pathogens and develop a tailored response through antibody production and the activation of specific immune cells. These cells interact closely with the tissue-specific cells, odontoblasts and fibroblasts, to mount a targeted immune response.



3.1.1 Neutrophil granulocytes

Neutrophil granulocytes are also known as polymorphonuclear granulocytes (PMNs) because they have differently segmented nuclei (Figure 3A). Another characteristic is the abundance of small granules in the cytoplasm, which contain a large number of enzymes that are crucial for their antimicrobial activity.




Figure 3 | Different types of immune cells can be observed in human pulp tissue that has undergone inflammatory changes. (A) Neutrophil granulocytes and (B) eosinophil granulocytes are found in pulp tissue during inflammation. (C) Monocytes are found in blood vessels and differentiate into (D) macrophages as they invade the tissue. (E) Lymphocytes are also present and can be distinguished from pulp-typical fibroblasts by their shape, size, and nuclear appearance. (F) The plasma cells, derived from B lymphocytes, have a larger cell body with an asymmetrically positioned nucleus. Arrowheads indicate the different cell types described in each figure. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.



Neutrophil granulocytes play a key role in the acute inflammatory response as they are the initial cellular effectors of the body’s reaction to invading pathogens. Likewise, neutrophils are abundantly recruited to the pulp and are the first line of defense in the innate immune response to infection (18). Upon pathogen recognition, neutrophils must first migrate from the bloodstream to the target tissue site, which is regulated by both pro-inflammatory, e.g. tumor necrosis factor (TNF)-α and interleukin (IL)-1β, and chemotactic mediators, e.g. IL-8 and leukotriene B4 (30). Their antimicrobial activity is based on three mechanisms: first, they can take up and degrade pathogens as phagocytes (phagocytosis). Second, through degranulation, they release proteolytic enzymes and generate toxic reactive oxygen species (ROS) and reactive nitrogen species (RNS). This process can also damage host tissue as it is not specifically targeted at pathogens. Third, neutrophil granulocytes can produce neutrophil extracellular traps (NETs), intricate networks composed primarily of neutrophil DNA armed with antimicrobial peptides and enzymes. Pathogens become trapped in these structures and eventually fall victim to the increased concentration of antimicrobial agents.

However, the importance of neutrophil granulocytes in the inflammatory response goes beyond these antimicrobial effects. They can produce both pro- and anti-inflammatory cytokines, chemokines and other mediators, actively regulating the course of the inflammatory response (31). At 24 hours, the life cycle of neutrophils is short and predetermined by the initiation of apoptosis. Besides regulating population size, apoptosis also plays an important role in terminating the inflammatory response. Apoptotic neutrophilic granulocytes are eliminated by macrophages through non-phlogistic phagocytosis (efferocytosis), preventing the unintended release of toxic granule components. Following uptake of these apoptotic cells, macrophages cease production of proinflammatory mediators and begin to release anti-inflammatory and inflammation-resolving agents (32).




3.1.2 Eosinophil granulocytes

Eosinophil granulocytes typically have a bilobed nucleus and relatively large, distinctly eosinophilic (red) granules (Figure 3B). They are multifunctional cells that accumulate primarily in tissues with mucosal surfaces and play an important role in defense against parasites, particularly worms. Eosinophil granulocytes were observed in both healthy and inflamed pulp tissue, however, they represent only a small proportion of immunocompetent cells (21, 33).

Their defense mechanism involves the release of toxic components (e.g. enzymes) from granules and the generation of ROS. When activated, they secrete cytokines, lipid mediators such as leukotrienes and platelet-activating factor (PAF), which have a pro-inflammatory effect. In addition, they can stimulate mast cells and basophilic granulocytes to degranulate, thereby contributing to the initiation and progression of an inflammatory response. They have also been implicated in the pathogenesis of allergic and neoplastic diseases (31).




3.1.3 Basophil granulocytes

Basophil granulocytes have a relatively large and variably shaped nucleus, which is often covered by numerous large basophilic granules (34). After differentiating in the bone marrow, they circulate in the blood and are not usually found in connective tissues such as the dental pulp.

Through high-affinity immunoglobulin (Ig)E receptors on their surface, they release histamine stored in their granules upon cross-linking of bound IgE by antigens. They can also be activated by various cytokines, allergens and parasite products. A characteristic feature of basophil granulocytes is their ability to release cytokines and chemokines, to recruit other immune cells to the site of inflammation and to modulate the function of these cells (31). Additional functions of basophilic granulocytes include maintaining the memory function of humoral immunity, enhancing B cell proliferation and antibody production, and inducing helper T cell responses (35).




3.1.4 Mast cells

Mast cells share cellular and functional similarities with basophilic granulocytes, but are tissue-resident cells. As mature cells, they are commonly found in the skin, mucous membranes and deeper connective tissues (32). So far, their occurrence has been described histologically in severe inflammatory conditions of the pulp (36). In general, mast cells play an important role in initiating and orchestrating both innate and adaptive immune responses against pathogens. They are crucial for immune surveillance and are strategically located at interfaces between the environment and the body, such as the skin or the gastrointestinal and respiratory tract. However, they are also found in close proximity to blood vessels and nerve fibers, allowing them to relay information about invading pathogens to these neighboring structures through the release of mediators (32).

Mast cells express a variety of PRRs on their surface, such as TLRs, to directly recognize pathogens and their PAMPs. In addition, they possess high affinity receptors for IgE, as well as receptors for IgG, which allow mast cells to be sensitized and activated. Upon activation, mast cells rapidly release pre-formed granular components, including histamine, proteases and TNF-α. They also synthesize pro-inflammatory mediators such as prostaglandins, leukotrienes, cytokines and chemokines. All this leads to the characteristic vascular changes associated with the inflammatory response and the chemotactic recruitment of leukocytes to the site of inflammation (31, 32).




3.1.5 Monocytes and macrophages

Monocytes, the largest leukocytes in the bloodstream, typically have a kidney-shaped nucleus and blue-grey cytoplasm with blue granules (Figure 3C). Under the light microscope, macrophages appear relatively pale with a hint of eosinophilia, highlighting their large, bright and often irregularly shaped nucleus (Figure 3D) (31). These cells can be classified into tissue-specific subtypes, including inflammatory macrophages, microglia, Kupffer cells, osteoclasts and alveolar macrophages. Similarly, in pulp tissue, monocytes migrate from the bloodstream into the connective tissue, where they differentiate into large phagocytic macrophages or clastic cells (34). They are found as tissue-resident cells in healthy pulp tissue and, in particular, in inflamed pulp tissue (37, 38).

Monocytes and macrophages exhibit a high degree of functional versatility, playing critical roles in organogenesis, tissue maintenance and metabolic homeostasis (32). They also have a patrolling function and are essential in the initial host response (33). To recognize pathogens and PAMPs, monocytes and macrophages express a variety of PRRs on their surface. Following pathogen recognition, for example via TLRs, nuclear factor kappa B (NF-κB) facilitates the production of antimicrobial ROS and RNS as well as proinflammatory cytokines such as IL-1, TNF-α and IL-8 in monocytes and macrophages. This also leads to the recruitment and activation of other immune cells, such as T and B cells, promoting a more specific immune response. In addition, macrophages are antigen-presenting cells and can stimulate the functions of cytotoxic T cells and T helper cells.

However, the function of macrophages in the course of inflammatory processes is more diverse than expected. As described above, they can directly eliminate invading pathogens by phagocytosis (32). This type of activation is also referred to as classical activation and results in the polarization of macrophages into the M1 phenotype with the aforementioned pro-inflammatory effector functions. On the other hand, macrophages are also actively involved in the resolution of the inflammatory response, repair processes and restoration of tissue homeostasis. Again, they can be induced to polarize into a secondary phenotype by stimuli such as IL-4 or phagocytosis of apoptotic neutrophils. In contrast to the pro-inflammatory M1 species, this results in anti-inflammatory, pro-regenerative M2 macrophages that release factors such as transforming growth factor-β (TGF-β), IL-10 and lipoxins. This is known as alternative activation (32, 39).

Thus, monocytes and macrophages are not only effector cells of the non-specific immune response, but also fulfil immunoregulatory functions and serve as a link to specific defense mechanisms during the inflammatory response (32).




3.1.6 Lymphocytes

Lymphocytes can be subdivided morphologically into the smaller B and T cells and the larger natural killer (NK) cells (31). They have a rounded, dark nucleus with a very narrow cytoplasmic border (Figure 3E). Plasma cells, a differentiated form of B cells that produce antibodies, are unique in that they have an oval shape with an eccentrically positioned nucleus (Figure 3F). NK cells are larger than B and T cells and have a wider cytoplasmic rim containing large azurophilic granules (34).

B and T cells serve as the main carriers of the adaptive immune system. With the help of an antigen receptor, they can bind a specific foreign antigen and precisely initiate targeted immunological defense mechanisms. The B or T cell receptor, which is known to exist in numerous molecular forms, enables the recognition of virtually all potential antigens in the environment. This receptor specificity fundamentally distinguishes lymphocytes from the previously described immune cells (31). Although part of adaptive immunity, lymphocytes also participate in the innate inflammatory response and interact with respective immune cells.

T cells, along with macrophages, are important resident immune cells in the dental pulp. Even in healthy pulp tissue, they constitute a significant proportion, which increases during inflammation (18, 37, 38). T cells do not have the ability to recognize antigens directly, but their recognition depends on the presentation of antigen fragments by specialized cells such as macrophages and dendritic cells (40). It is worth noting that when activated, T cells produce cytokines that recruit and stimulate macrophages, leading to increased antigen presentation (4).

In general, there are several main types of T cells. Helper T cells (CD4+) orchestrate the activation of other cells involved in the immune response through a variety of interleukins. They also induce the differentiation of B cells into antibody-producing plasma cells (4). In terms of defense, cytotoxic T cells (CD8+) primarily target cells infected with a virus or other intracellular pathogens. They can eliminate these cells directly through their cell-mediated cytotoxicity and also activate macrophages (41). In the dental pulp, helper and cytotoxic T cells are present not only during the inflammatory response but also in healthy tissue (18, 38), although their numerical ratio has been reported inconsistently (37, 42). Furthermore, there are regulatory T cells (Treg), a specialized CD4+ T cell subset formerly known as suppressor T cells, that arise as a distinct lineage and inhibit the effector functions of other T cell types (43). Tregs have also been described in healthy pulp tissue and may play an important role in the modulation of pulpitis (18, 44).

Unlike T cells, B cells can recognize antigens directly through their B cell receptors. In their mature form as plasma cells, their primary function is to produce antibodies that contribute to the specific humoral immune response (41). Very low numbers of B cells and plasma cells are found in the pulp of healthy teeth (18, 38, 45). However, when the pulp encounters pathogens and leukocytes are recruited from the circulation, the number of B cells in the pulp tissue increases (19).

NK cells possess both antibody-dependent cytotoxicity, where they bind to antibody-coated target cells and induce their lysis, and NK activity, which is a direct mechanism leading to the destruction of virus-infected or transformed cells (46). Their cytotoxic potential is attributed to components stored in granules, including lysing enzymes and perforin (35). In both healthy and inflamed pulp tissue, NK cells represent a similarly small proportion of the leukocytes, with a suggested role in immune surveillance (18).




3.1.7 Dendritic cells

Major histocompatibility complex (MHC) class II-positive dendritic cell (DC)-like cells, which also express macrophage lineage markers, have been found in the peripheral pulp area of human teeth with caries (47). DCs recognize microbes through pathogen-associated receptors in peripheral tissues, secrete various cytokines and chemokines to initiate innate immunity, and migrate to regional lymph nodes (16). There, pulp-derived DCs present captured microbial antigens to naive T cells, resulting in effector T cell recruitment to the pulp and initiation of the adaptive immune response (48).





3.2 Specific cells in the pulp tissue

Metabolically active bacteria in a carious lesion release products that induce inflammatory responses and morphological changes in the pulp even before the microbes themselves reach the pulp cavity. Bacterial metabolites and mediators pass through the tubular dentin towards the pulp, activating pro-inflammatory signaling pathways and promoting odontoblasts, pulp fibroblasts and tissue-resident immune cells to respond to microbial threats. However, due to their initial dissemination in the dental hard tissues, the bacteria cannot be directly targeted by immune cell phagocytosis until they infiltrate the pulp tissue (8).



3.2.1 Odontoblasts

Due to their position at the pulp-dentin interface and their cell processes extending into the dentinal tubules, odontoblasts are the first cells to encounter invading microbes and their toxins. As a pseudo-epithelial layer, they form a partially impermeable barrier similar to other epithelia (48).

Activation of TLRs and NLRs induces various defense mechanisms in odontoblasts. Through their cell processes, they release antimicrobial peptides, such as β-defensins, into the dentinal tubules. In addition to their bactericidal effect, these peptides also have modulating functions within the immune response. They can stimulate the production of pro-inflammatory cytokines and chemokines in immune cells, as well as the maturation of dendritic cells and the differentiation of macrophages (8). Furthermore, e.g. upon exposure to lipoteichoic acid (LTA) or lipopolysaccharide (LPS), odontoblasts can release chemokines that recruit additional dendritic cells into the odontoblast layer (16). Finally, odontoblasts and dendritic cells work together to trigger the inflammatory response by releasing inflammatory mediators, such as cytokines and prostaglandins, and recruiting T cells, B cells, macrophages and neutrophil granulocytes via chemotactic signals (8). Odontoblasts also produce vascular endothelial growth factor (VEGF) after stimulation by gram-positive bacteria, leading to a significant increase in vascular permeability and angiogenesis (49). In addition, cariogenic bacteria induce the production of lipopolysaccharide binding protein (LBP), an acute phase protein, in odontoblasts. This protein neutralizes bacterial cell wall components, reducing pulp stress and limiting the inflammatory response (50).




3.2.2 Fibroblasts and stem cells

Fibroblasts make up the majority of the cell population in the dental pulp. They are spindle-shaped cells with long, thin and often branched processes. Their nuclei typically have an elongated morphology and are rich in heterochromatin. The cytoskeleton of fibroblasts is highly specialized and they have the ability to move actively (49). Fibroblasts, key connective tissue cells, are responsible for synthesizing and organizing the extracellular matrix. During inflammation, they are inevitably affected by the ongoing processes. Through TLRs and NLRs, fibroblasts recognize pathogens and orchestrate the accumulation and differentiation of leukocytes through cytokine secretion. Additionally, pulp fibroblasts can synthesize all components of the complement system (50). The local production of complement proteins can amplify the inflammatory reaction, kill cariogenic bacteria through the formation of the membrane attack complex (MAC) C5b-9, and promote phagocytosis through opsonization. Moreover, fibroblasts have the capacity to facilitate nerve sprouting in the context of regenerative processes by activating the complement system and producing neurotrophic factors (51).

Another relevant cell population within the dental pulp is mesenchymal stem cells (MSCs), specifically dental pulp stem cells (DPSCs), which possess key stem-like properties such as self-renewal and multi-lineage differentiation potential (52). Like MSCs in most organs, DPSCs reside in the perivascular niche of the dental pulp in a quiescent state. Once activated, these undifferentiated cells can migrate to the site of injury, where they have the potential to replace damaged odontoblasts and synthesize new dentin (14). Self-renewal ensures that each DPSC division produces at least one new stem cell, allowing undifferentiated stem cells to remain. In addition, MSCs have immunomodulatory functions, such as promoting CD4+, CD8+ and Treg proliferation, suppressing cytotoxic T cell production, and inhibiting B cell differentiation. They can also alter the immunophenotype of macrophages to enhance tissue regeneration at the site of inflammation (53).

Both, fibroblasts and the morphologically similar DPSCs are actively involved in ending the inflammatory response by creating an anti-inflammatory tissue environment after a successful immune defense. This shift in secreted mediators stops the recruitment of leukocytes, facilitates their clearance and initiates repair processes. However, when this balance is disrupted, as in chronic inflammation, it can result in persistent leukocyte recruitment and progressive tissue fibrosis (31).






4 Inflammatory signaling in the pulp



4.1 Common immune mediators

Various signaling molecules play a central role in the inflammatory cascade in the dental pulp. They are known as inflammatory mediators and can be of either cellular or plasma origin. Whereas mediators of cellular origin are stored intracellularly in vesicles and released by exocytosis or synthesized in response to a stimulus, plasmatic mediators initially circulate in the blood as inactive precursors and are mainly synthesized in the liver (4, 54). Based on their biochemical properties, inflammatory mediators can be divided into several groups: vasoactive amines, vasoactive peptides, complement fragments, lipid mediators, platelet-activating factors, cytokines, chemokines, proteases and reactive nitrogen and oxygen species (Table 2) (26, 54).


Table 2 | Cell- and plasma-derived mediators of inflammatory responses (107, 108).





4.1.1 Vasoactive amines

The biogenic amines histamine and serotonin, the latter also known as 5-hydroxytryptamine (5-HT), have complex effects on the vasculature. In arterioles and venules, histamine acts on endothelial cells to cause vasodilation and increase vascular permeability. In larger vessels such as arteries and veins, it causes vasoconstriction via its effect on smooth muscle cells (54, 55). 5-HT also has a regulatory effect on the immune system. It is involved in the activation of T cells, the recruitment of neutrophils and the modulation of cytokine secretion by macrophages (56).




4.1.2 Vasoactive peptides

In addition to their effect on nociception, neuropeptides stored in vesicles, such as substance P, released from peripheral nerve endings of sensory nerve fibers, cause vasodilation, increase vascular permeability and lead to activation and recruitment of leukocytes (57). There are also circulating precursors of vasoactive peptides that must be activated by proteolysis, such as the kinin-kallikrein system. Activation of kallikrein by Hageman factor leads to the formation of various kinins, including bradykinin. After tissue injury, bradykinin is one of the first inflammatory mediators to be activated and is important in initiating the acute inflammatory response. It is vasodilatory, increases endothelial permeability and stimulates leukocyte migration (26, 32).




4.1.3 Complement fragments

The recognition of pathogens leads to the activation of complement proteins, a major initiator of the inflammatory response. In addition to liver-derived complement factors, which are essential for broad systemic immunity, locally produced complement proteins are essential for enhancing a rapid and targeted immune response directly at the site of infection or injury (58). The biologically active fragments C3a, C4a, and C5a of the complement proteins C3, C4, and C5 are known as anaphylatoxins. However, the status of C4a as an anaphylatoxin is controversial because its efficacy in the human organism has not been clearly established. These fragments have a chemotactic effect on granulocytes, macrophages and mast cells, activating them and leading to the release of other inflammatory mediators (32). The C3b fragment is known as an opsonin and has a pro-phagocytic effect on neutrophils and macrophages as part of the acute inflammatory response (4, 54).




4.1.4 Lipid mediators

Lipid mediators are derivatives of polyunsaturated fatty acids that can have both pro- and anti-inflammatory effects. The eicosanoids, metabolites of C20 fatty acids such as arachidonic acid, are an important group (54). They include prostanoids (prostaglandins and thromboxanes), leukotrienes and lipoxins.

Prostaglandins cause vasodilation at the site of inflammation. In combination with leukotrienes and other mediators such as bradykinin and histamine, they also increase vascular permeability (32, 54). They are also important in nociception, leading to hyperalgesia and allodynia by sensitizing peripheral and central pain transmission and processing (59), and are involved in the development of fever (60). However, prostanoids can also initiate anti-inflammatory signaling pathways and have complex regulatory effects on cells of the innate and adaptive immune systems (61).

Leukotrienes also have effects on the vasculature in that the cysteinyl leukotrienes C4, D4 and E4 increase the permeability of post-capillary venules. In addition, leukotriene B4 has a potent chemotactic effect on neutrophil granulocytes (55).

Lipoxins, on the other hand, are anti-inflammatory and inflammation-dissolving lipid mediators. Lipoxin A4 and B4 act in the opposite way to leukotrienes and not only stop chemotaxis and diapedesis of neutrophil granulocytes but also inhibit the release of pro-inflammatory cytokines (31, 62). In addition, lipoxins reduce inflammatory pain and induce non-phagocytic phagocytosis of apoptotic neutrophil granulocytes (63, 64).

Besides the arachidonic acid-derived lipoxins, there are other more recently discovered families of inflammation-dissolving lipid mediators formed from long-chain omega-3 fatty acids: resolvins, protectins and maresins. Resolvins and protectins reduce the number of neutrophil granulocytes at the site of inflammation by blocking their transendothelial migration from blood vessels into tissue and stimulating their efferocytosis at the site. They also have an antagonistic effect on leukotriene B4 and promote tissue regeneration (65). Resolvins may also attenuate inflammatory pain and have an analgesic effect (66). Maresins (macrophage mediators in resolving inflammation) have a strong inhibitory effect on the recruitment of neutrophil granulocytes. They increase the efferocytosis of macrophages, inhibit the formation of leukotriene B4 (67, 68) and also promote tissue regeneration.




4.1.5 Platelet-activating factors

PAFs are also lipid mediators and have broad pro-inflammatory effects. On the one hand, they lead to platelet activation and aggregation and promote the diapedesis of neutrophil granulocytes in the extracellular space. In addition, PAFs increase vascular permeability and are involved in inflammatory hyperalgesia. Their biosynthesis leads to the release of arachidonic acid and ultimately to an increased production of eicosanoids (31, 55).




4.1.6 Cytokines and chemokines

Cytokines, small proteins released by cells, regulate the proliferation, differentiation and function of the various cells of the innate and adaptive immune systems following exposure to a pathogen. They ensure that these cells communicate with each other and coordinate their actions in order to mount a targeted immune response. At the same time, they regulate this defense response to prevent disproportionate damage to the organism and, once the cause has been successfully eliminated, to initiate regenerative processes and ultimately restore tissue homeostasis. This makes them key mediators of both acute and chronic inflammatory responses (32).

More than 300 different cytokines have been described (69) and they can be divided into three groups according to their targets: growth factors, hematopoietins and cytokines. They act on the cells that release them (autocrine), on neighboring cells (paracrine) and on more distant cells via the bloodstream (endocrine). They elicit pleiotropic activities, meaning that they are able to induce a wide spectrum of functional responses in a variety of cell subsets. Their interaction may be synergistic or antagonistic (31). Important cytokine families of the immune system include interleukins (IL), interferons (IFN) and the TNF superfamily.

Important proinflammatory cytokines include IL-1β, TNF-α and IL-6 (69). IL-1β has a wide range of pro-inflammatory effects and acts as endogenous pyrogen. It can induce the production of prostaglandin E2 (PGE2) and PAF and leads to vasodilation with increased vascular permeability. In addition, IL-1β activates endothelial cells to recruit leukocytes from the bloodstream into the tissue (32, 70).

TNF-α leads to the activation of several pro-inflammatory signaling pathways, including the activation of NF-κB. By stimulating the production of vasoactive mediators such as prostanoids, TNF-α has a vasodilatory effect and also increases vascular permeability via direct and indirect bradykinin-mediated effects. In addition, TNF-α facilitates vascular permeability by inducing the expression of specific adhesion molecules in endothelial cells, which facilitates the recruitment of leukocytes to the site of infection (71).

IL-6 leads to the release of acute phase proteins such as C-reactive protein (CRP) in the liver during the initial phase of the inflammatory response (72). It regulates the extent of inflammation by inhibiting the production of further pro-inflammatory cytokines and limiting the acute infiltration of neutrophil granulocytes into tissues (73). At the same time, IL-6 promotes the recruitment of macrophages and regulates the differentiation of B and T cells, playing a crucial role in the transition from a non-specific to a specific immune response, thus providing a link between the innate and acquired immune systems (74).

The most important anti-inflammatory cytokines are IL-10 and TGF-β (54). IL-10 is the most potent immunosuppressive cytokine. It inhibits the release of pro-inflammatory cytokines and the function of activated macrophages, controlling non-specific defense in a negative feedback loop. It also suppresses the ability to present antigens, the expression of MHC class II proteins and thus antigen-induced T cell activation (75).

TGF-β is classically regarded as both a pro-inflammatory and a regenerative cytokine, inducing cessation of the acute inflammatory response and initiation of repair processes, respectively. While it inhibits T and B cell proliferation and differentiation and reduces TNF-α production (76), TGF-β also has pro-inflammatory effects, for example by differentiating T cells into Th17 cells (77).

Chemokines are a specific family of structurally related and chemotactically active cytokines. They control the migration of leukocytes to the site of inflammation and can be produced by various tissue cells, such as epithelial and endothelial cells. Leukocytes themselves can also produce chemokines in a positive feedback loop (32). However, they also have other functions, such as T helper cell differentiation, hematopoiesis and angiogenesis (31, 69). The chemokine CXCL8 (or IL-8), with its pronounced chemotactic and activating effect on neutrophils, is of major importance in the acute inflammatory response (78).




4.1.7 Proteases

Proteases are not only involved in processes of debris removal and tissue remodeling at the site of inflammation, they also have extensive functions in the inflammatory response and should be considered as signaling molecules. They can originate from invading microbes (exogenous) or be endogenous. Through receptors, including protease-activated receptors (PAR), proteases trigger extensive pro-inflammatory effects such as leukocyte activation, stimulation of the release of cytokines and other mediators, increase in microvascular permeability and hyperalgesia. Through proteolysis, they can also directly activate or inactivate cytokines and chemokines such as IL-1, IL-6, TNF-α, IL-8, facilitate the transendothelial passage of leukocytes and have a general antimicrobial effect (32).




4.1.8 Reactive nitrogen and oxygen species

RNS and ROS are small nitrogen and oxygen compounds that are characterized by a special chemical reactivity as radicals. In the context of inflammatory responses, their direct toxic effect against viral and microbial pathogens is often the focus. Furthermore, they regulate and modulate the overall immune response, exerting context-dependent pro- or anti-inflammatory effects. They also interact with the NF-κB signaling pathway in a variety of ways (79).

Nitric oxide (NO), a well-known RNS, has a regulatory control function over lymphocytes, especially T cells, in addition to its potent vasodilatory and antimicrobial effects (80). The production of NO is strongly induced by proinflammatory cytokines and may contribute to the resolution of inflammation in a negative feedback loop. This occurs, for example, through inhibitory interactions with NF-κB signaling pathways and by inhibiting T cell proliferation. It also suppresses leukocyte recruitment by inactivating chemokines and inhibiting their generation, and by limiting neutrophil adhesion to the endothelium and transendothelial migration. In addition, apoptosis of already recruited neutrophil granulocytes is stimulated (80).





4.2 Signaling cascade in the context of pulpitis

Increased levels of the classic inflammatory cytokines IL-1β, IL-4, IL-6, IL-8, IL-10 and TNF-α can be detected in inflamed pulps in comparison to healthy pulps (85). The signaling molecules expressed by odontoblasts also play a crucial role. For example, increased formation of NO and increased expression of adhesion molecules for leukocyte recruitment, such as selectins, are observed particularly in the odontoblast layer (14, 86). In addition, odontoblasts produce chemokines (CCL2, CXCL1, CXCL2, CXCL8/IL-8, CXCL10) immediately after recognizing a pathogen to recruit effector cells of the inflammatory response (87).




4.3 Dentin matrix proteins as mediators

During tooth development, differentiated odontoblasts produce a matrix of collagen that is subsequently mineralized to form dentin. They also synthesize a large number of signaling molecules that remain embedded in dentin, bound to proteoglycans, glycoproteins or collagen. These bioactive molecules are known as dentin matrix proteins and are fundamental to the pulpal inflammatory response. They are released by caries-induced demineralization of dentin and can act as pro- or anti-inflammatory mediators. Even at low concentrations, they can be chemotactic, promote angiogenesis, stimulate proliferation and differentiation of progenitor cells and influence mineralization processes (8, 88). Specifically, this group includes matrix mineralization-associated proteins, growth factors, cytokines, neuropeptides, neurotrophic factors and components of the complement system (88–91). TGF-β1 is the most abundant growth factor in dentin, but bone morphogenetic protein (BMP)-2, platelet-derived growth factor (PDGF), placental growth factor (PIGF), epidermal growth factor (EGF) and angiogenesis factors such as basic fibroblast growth factor (bFGF) and VEGF are also bound within the dentin matrix (88, 92).




4.4 Microenvironmental factors

The inflammatory response in the dental pulp to caries may also be influenced by a number of microenvironmental factors, including the microbial flora, tissue dynamics, salivary composition and systemic health conditions.

As caries progresses, the composition of the biofilm evolves significantly, particularly in deep carious lesions. As oxygen availability and nutrient supply vary with cavity depth, the microbiota shifts from an aerobic and saccharolytic flora to an anaerobic and proteolytic flora. These associated bacteria release specific metabolites that penetrate the dentinal tubules and trigger immune responses. Thus, microbial changes in caries may influence the recruitment and activation of immune cells such as neutrophils and macrophages that respond to bacterial by-products (23).

Inflammatory processes within the pulp tissue during caries infection lead to metabolic and vascular changes and create a hypoxic environment. Low oxygen levels activate hypoxia-inducible factors (HIFs), which promote the production of inflammatory cytokines such as TNF-α and IL-1β. Under hypoxia, macrophages are more likely to polarize towards the pro-inflammatory M1 phenotype, escalating inflammation and tissue damage (39). Neutrophils, in turn, produce ROS to fight infection, however, excessive production can cause oxidative damage to pulp tissue.

Saliva, which also may enter through carious defects, contains antimicrobial peptides (AMPs) such as defensins and histatins that can modulate the behavior of immune cells within the pulp. Furthermore, secretory immunoglobulin A (sIgA) in saliva plays a protective role by neutralizing pathogens before they reach the pulp (81).

In addition to local factors, systemic conditions can influence the oral microenvironment and immune response. For example, in people with diabetes, chronic hyperglycemia impairs immune cell function, particularly the activity of macrophages and neutrophils (8). This can either weaken the immune response to infection or cause excessive tissue damage in the pulp. Likewise, patients with autoimmune diseases may have increased inflammation in the oral cavity (82). Systemic inflammation in these individuals also appears to have the potential to alter immune signaling in the pulp (83).





5 Physiological and structural changes in pulpitis



5.1 Stages of inflammation

The inflammatory response can be divided into two basic types: acute and chronic inflammation. These two forms do not represent distinct phases with a strict sequence, but rather describe different modes of response to an inflammatory stimulus (2). While acute inflammation constitutes the initial response to injury or infection and involves rapid and non-specific mechanisms, chronic inflammation is a prolonged and often more specific response involving both innate and adaptive immune components. Both types of inflammation are tightly regulated processes that are critical for maintaining tissue homeostasis and defending against pathogens. In addition to differences in timing and specificity, acute and chronic inflammation also have distinct morphological and histological characteristics, which will be discussed in more detail below.



5.1.1 Acute inflammatory reaction

The morphological nature of acute inflammation involves two fundamental processes: vascular changes and cellular events (Figure 4). Vascular changes include dilation of blood vessels to increase blood flow and an increase in vascular permeability, which favors the movement of immune mediators. Cellular events consist of the migration of leukocytes from vessels, their accumulation in tissues and subsequent neutralization of pathogens (4).




Figure 4 | (A) In the course of acute pulpitis, vascularization of the tissue occurs with dilation of the vessels. (B) In particular, the subodontoblastic capillary plexus also shows significant vasodilation compared to healthy pulp tissue. The aim is to transport immune cells to the site of damage, e.g. neutrophils in the acute phase. (C) These first bind to the vessel wall and (D) then migrate through it into the tissue. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.



Macroscopically, different patterns of acute inflammation emerge based on the composition of the resulting inflammatory exudate. Serous inflammation is characterized by the accumulation of cell-poor fluid in tissues, whereas fibrinous inflammation involves the leakage of larger molecules such as fibrinogen from vessels, forming typical fibrin deposits. Suppurative inflammation manifests as an exudate rich in neutrophils, resulting in the classic appearance of yellowish pus (4).

Acute inflammation can lead to three possible outcomes: complete histological and functional recovery when tissue damage is minimal and the trigger is successfully eliminated; healing by scarring or fibrosis with loss of function in tissues (repair); or transition to chronic inflammation when the inflammatory response cannot be adequately resolved due to persistent triggers or failure of the termination mechanism (4).

Vasodilation is one of the first stages of the acute inflammatory response (Figures 4A, B). Triggered by vasoactive agents such as histamine, prostaglandins and NO, it initially targets the arterioles, causing the capillary beds in the affected area to fill. This increased blood flow leads to the characteristic signs of redness and warmth. Shortly after vasodilation, there’s a rapid increase in microvascular permeability within venules and capillaries. This is primarily due to contraction of the endothelial cells, which increases the space between them, allowing greater passage of fluids and proteins. Factors such as histamine, bradykinin, leukotriene, substance P and PAF contribute to this process (4, 84). Along with the elevated hydrostatic pressure due to increased blood flow, this results in leakage of plasma and proteins into the surrounding tissues, leading to inflammatory swelling (54). In addition, these vascular changes affect not only the blood vessels but also the lymphatic system, promoting dilation to improve lymphatic drainage. This helps to remove inflammatory cells and debris, thus contributing to the resolution of inflammation (4).

The vascular changes described above are followed, with a slight delay, by an influx of leukocytes into the affected tissue. A hallmark of the acute inflammatory response is the substantial infiltration of neutrophilic granulocytes (Figures 4C, D). Vasodilation slows blood flow and alters hemodynamic forces, leading to the marginalization of leukocytes towards the vascular endothelium (4). Inflammatory mediators such as TNF-α, IL-1 and histamine activate endothelial cells and induce the expression of adhesion molecules on their surface (P- and E-selectins). These molecules then bind to specific surface molecules on neutrophile granulocytes, initiating their adhesion and rolling along the vessel wall (Figure 4C). This selectin-mediated rolling leads to further activation of leukocytes by proinflammatory chemokines presented on the endothelial cell surface (4, 31). Subsequently, integrins on the surface of leukocytes bind to inflammatory ligands on endothelial cells (e.g. intercellular adhesion molecule-1 [ICAM-1]), halting their rolling motion and firmly attaching them to the endothelium (4). Subsequent diapedesis, the process of crossing the vessel wall, occurs by two different mechanisms (Figure 4D). Leukocytes can migrate between endothelial cells by paracellular routes facilitated by specific molecules such as platelet-endothelial cell adhesion molecule-1 (PECAM-1). Alternatively, electron microscopic observations suggest that leukocytes can also transmigrate through endothelial cells (31, 85). They then penetrate the adjacent basement membrane by secreting collagenases, allowing them to enter the tissue. Once in the tissue, leukocytes follow gradients of chemotactic mediators such as IL-8 and leukotriene B4 to their destination (4).




5.1.2 Chronic inflammatory reaction

Chronic inflammation can result from an acute reaction in response to a persistent pathogen. However, it can also develop de novo in the absence of preceding acute responses, for example in viral infections. Prolonged exposure to exogenous and endogenous irritants can also induce chronic inflammation, such as silica in pulmonary silicosis or plasma lipids in atherosclerosis (4). Chronic inflammation also occurs in tissues affected by autoimmune diseases (4, 32). In contrast to acute inflammation, chronic inflammation is histologically characterized by the infiltration of tissue with macrophages, lymphocytes and plasma cells. As the stimulus continues, the initial local accumulation of immune cells in the pulp becomes increasingly widespread (Figure 5). Additionally, significant tissue damage can be observed alongside ongoing repair processes. These repair processes are characterized by angiogenesis and fibrosis (4).




Figure 5 | The inflammatory response of the dental pulp changes structurally depending on the extent and persistence of the stimulus. (A) Initially, there is a local infiltration of single immune cells. (B) The immune cell infiltrate spreads in multiple layers throughout the tissue and (C) may form an extensive but localized focus in the pulp, which is ultimately accompanied by local destruction of tissue components. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.



Macrophages dominate the cellular composition at sites of chronic inflammation, playing a dual role in initiating repair processes and contributing significantly to tissue damage. Recruitment of B and T cells to sites of inflammation is facilitated by shared adhesion molecules and chemokines. Reciprocal interaction between T cells and macrophages establishes an inflammatory focus where continuous stimulation of both cell types perpetuates the chronic inflammatory response (4, 32).

There are generally two patterns of cellular infiltrate distribution in chronically inflamed tissue. Usually, the infiltrate is relatively evenly dispersed throughout the tissue. However, in certain cases of chronic inflammation there is a specific morphological manifestation known as granulomatous inflammation (54). This response is triggered by persisting pathogens or inert particles and results in nodular clusters of activated macrophages and T cells surrounding the causing agent. Granulomas can be categorized into immunological and foreign body types based on the nature of the triggers. Foreign body granulomas form around non-antigenic irritants that cannot be phagocytosed and initiate the defense response via the Hageman factor. In contrast, immunological granulomas develop in response to pathogens capable of inducing a T cell-mediated immune response, with cellular components surrounding the pathogen in a concentric fashion (54, 86).




5.1.3 Neurogenic inflammation

Activation of the neural system is an integral part of the inflammatory response. Within this process, the peripheral nervous system plays a direct and proactive role in the regulation of both innate and adaptive immune mechanisms and is thus a vital component of the body’s defense mechanisms (87). Afferent nerve fibers within peripheral sensory nerves transmit action potentials to central relay stations in the spinal cord or brainstem. Some of these afferent fibers not only transmit these signals orthodromically but can also induce an inflammatory response throughout the innervation area of the nerve endings in the opposite direction - this is known as neurogenic inflammation. As almost all tissues in the human body are innervated by nociceptive afferents, neurogenic inflammation can occur ubiquitously (88). Predominantly unmyelinated sensory nerve fibers can be activated by various noxious stimuli, including physical (thermal, mechanical, electrical) and chemical factors.

This activation leads to the release of neuropeptides, in particular substance P (SP) and calcitonin gene-related peptide (CGRP), from nerve endings. SP directly induces vasodilation and increases the permeability of surrounding blood vessels, resulting in plasma extravasation. In addition, SP induces vascular effects indirectly by stimulating mast cells and triggering the release of mast cell mediators such as histamine. The released CGRP also triggers intense vasodilation (32, 88). Besides their vascular effects, mediators released by sensory neurons also act as chemoattractant for neutrophils, macrophages and T cells, influencing their activation and differentiation (87). There is also evidence that neuropeptides have direct antimicrobial properties and thus contribute directly to the body’s defense against microorganisms (89). Proinflammatory mediators such as TNF-α and IL-1β can sensitize nociceptive nerve endings within the inflammatory milieu, enhancing pain perception and the neurogenic inflammatory response. In addition, nociceptive neurons also express PRRs, such as TLRs. Stimulation of these receptors also sensitizes the neurons, suggesting that some of the pain experienced during infection results from direct activation. Furthermore, it indicates that these neurons may initiate inflammatory defense mechanisms as an immediate response to microbial invaders (87, 88).





5.2 Characteristics of the pulpal inflammatory response

The inflammatory response is a vital defense mechanism in vascularized tissues such as the dental pulp. Although it follows universal principles applicable to all tissues, pulpitis is uniquely influenced by local factors arising from the anatomy, physiology and microenvironment of the oral cavity (15, 99). The fact that the tissue is completely surrounded by hard tissue and therefore spatially confined is certainly a unique feature. Due to tubular permeability and cellular nociception in the dentin, the pulp tissue reacts early to pathogenic external stimuli, such as bacteria from caries, which have not yet come into direct contact with the tissue. Characteristic structural changes to external stimuli are neurovascular adaptations in the course of the acute or chronic inflammatory response and the formation of dentin as a defense mechanism.



5.2.1 Neuro-vascular changes

An early indicator of the immune response within the pulp is a change in its microcirculation (14). The pulp is a highly innervated tissue, and the mechanisms of neurogenic inflammation are of significant importance in modulating its inflammatory response (99). Upon stimulation, sensory nerves release several neuropeptides, including SP, CGRP, vasoactive intestinal polypeptide (VIP), neuropeptide Y (NPY), and calcitonin (CT), leading to recruitment of inflammatory cells, vasodilation and increased permeability of the microvascular system (8). The result of increased tissue perfusion is edematous swelling in the confined pulp chamber, which stresses the venous and lymphatic vessels and can lead to pulp damage and even necrosis. In addition, increased tissue pressure promotes the outward flow of dentin fluid, protecting the pulp from pathogen invasion (18, 100). Furthermore, inflammatory processes and sensory nerve injury can stimulate the growth of new nerve endings into the remaining healthy pulp tissue, thereby amplifying the inflammatory response through the additional release of neuropeptides from these newly formed branches (8).




5.2.2 Tertiary dentin formation

A key aspect of pulpal defense and wound healing involves the sclerosis of dentin tubules and the formation of tertiary dentin, creating a mineralized barrier between the pulp and areas of bacterial invasion or injury. Tertiary dentin manifests as either reactionary or reparative dentin (Figure 6). These forms differ both in the cells responsible for their production and their morphological structure. Reactionary dentin is formed in response to mild stimuli that cause the odontoblasts to produce tubular dentin (Figure 6A). In contrast, reparative dentin forms when severe stimuli destroy odontoblasts. Mineralization is then facilitated by secondary odontoblasts, arising from pulp stem cell niches, which differentiate into mineralizing cells. Reparative dentin typically exhibits an atubular, irregular (osseous) structure, often with cellular inclusions (Figure 6B). The two types of tertiary dentin, reactionary dentin and reparative dentin, appear depending on the stimulus and can also occur as mixed forms and close to each other (Figure 6C) (8).




Figure 6 | (A) In response to external stimuli, the odontoblasts form reactionary dentin, which is characterized by its still tubular structure. (B) If the odontoblast layer is destroyed mechanically or by excessive stimuli, replacement cells form so-called reparative dentin, which contains hardly any tubuli and is characterized by cell inclusions. (C) Both types of tertiary dentin may be mixed or found in close proximity. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.



As described above, the pulp-dentin-complex has significant regenerative potential in response to injury or infection. While exacerbated inflammatory processes result in tissue degradation and molecular signaling that inhibits regeneration, low-grade inflammation may promote regenerative mechanisms in tertiary dentin secretion. Secretory activity is finely modulated by locally derived growth factors, neuropeptides, cytokines and chemokines released from the dentin matrix and by resident pulp cells, immune cells and neurons within the pulp tissue (90). A balance in favor of tissue regeneration is required, which can only occur when infection and inflammation are under control. Otherwise, pulp inflammation overrides the regenerative processes and the pulp tissue lacks the cellular capacity to secrete tertiary dentin in a controlled manner. Interestingly, studies also show that inflammatory signaling molecules, e.g. TNF-α and ROS, at low concentrations as they occur in early caries, upregulate the dentin secretory activity of odontoblasts and induce the differentiation of progenitor cells, e.g. through the p38 MAPK pathway (90, 91).






6 Termination of inflammatory processes in the pulp-dentin-complex



6.1 General steps towards recovery

The inflammatory response is a vital defense mechanism for the body. However, its effectiveness must be balanced with the need to limit damage to the body’s tissues. Regulation is essential to prevent excessive self-damage. This control occurs at several levels, involving triggers, detectors, mediators and the specific sites where these mediators act (92). An inflammatory response that has been successful in terms of defense ideally ends with the complete cessation of inflammatory processes and the restoration of tissue homeostasis. Essential to this is the neutralization and removal of the initial pathogen. This involves the recruitment and aggregation of neutrophil granulocytes by a combination of pro-inflammatory mediators. A key aspect of the resolution of inflammation is the clearance of accumulated leukocytes, a process that is tightly regulated at multiple levels, with lipid mediators playing an important role. During the acute phase of inflammation, the production of pro-inflammatory eicosanoids such as PGE2 and leukotriene B4 drives the recruitment of neutrophil granulocytes. However, the production of PGE2 also triggers a shift in metabolism towards anti-inflammatory lipoxins and the production of resolvins and protectins (93). This switch in the class of lipid mediators during the course of the inflammatory response demonstrates that leukocytes can define the termination of inflammation (94). By switching to lipoxins, resolvins and protectins, the neutrophil granulocyte recruitment is diminished and their apoptosis in the inflamed area is induced. In addition, macrophage migration increases along with their phagocytic activity, particularly in the clearance of apoptotic neutrophils. This process, known as efferocytosis, further stimulates macrophages to release cytokines such as IL-10 and TGF-β, thereby dampening the inflammatory response.




6.2 Termination of pulpitis



6.2.1 Healing processes of the pulp

While the inflammatory response is essential for pulp defense and a prerequisite for pulp healing, its regulation and eventual resolution are critical for enabling tissue regeneration. The pulp is highly sensitive to pro-inflammatory signals, with low levels playing a key role in promoting regenerative processes such as cell recruitment, differentiation and tertiary dentin secretion. However, increased inflammatory signaling triggers a more intense immune response, which is necessary to clear infection (90, 91). Until the carious infection is controlled and pulpitis resolves, inflammation may prevent the restoration of tissue homeostasis, architecture and controlled tertiary dentin secretion. This can occur either through direct inhibition of regenerative signals or indirectly through tissue destruction. Specifically, in the context of tertiary dentinogenesis, the level of infection and inflammation is likely to determine whether dentin is secreted and whether it’s reactionary or reparative. It may be futile to initiate reparative dentin secretion if significant infection and inflammation persist, as these processes cause ongoing tissue damage (90).

The pulp's immune response employs various mechanisms to protect connective tissue from significant, irreversible damage (Figure 7). Proteases, for example, facilitate immune cell migration by degrading the extracellular matrix. However, prolonged or intense stimulation can lead to chronification, premature aging, decreased resistance or tissue degradation, opening the door for bacterial invasion of the pulp chamber and root canal system (8). Eventually, chronic pulp inflammation can result in internal inflammatory root resorption, where clastic cells erode dentin. Early detection of resorptive defects and prompt removal of the inflamed, often infected pulp tissue, followed by endodontic treatment, usually results in a good long-term prognosis (95, 96).




Figure 7 | (A) The accumulation of inflammatory cells also causes structural damage to the pulp. The odontoblast layer is increasingly degraded and local bleeding may occur. (B) In addition to the destruction of the soft tissue in the pulp, prolonged stimulation may also lead to atypical vascular formations and dentin degradation, which in extreme cases can result in internal resorption processes. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.



Removing the causative agent, e.g. by caries excavation, can resolve inflammation, neutralize toxins, activate anti-inflammatory pathways, and facilitate tertiary dentin formation (8). The depth of the carious lesion and the thickness of the remaining dentin protecting the pulp are crucial in determining the extent of inflammation. Lesions with less than 0.5 mm of remaining dentin usually trigger an extensive immune response (Figure 8A) (8, 97). These inflammatory processes are closely tied to tissue repair mechanisms, with mediators such as TGF-β, TNF-α, and bacterial components exerting concentration-dependent effects. While they promote repair at low concentrations (Figure 8B), their destructive impact increases at higher concentrations (Figure 8C) (8, 20). Depending on the stimulus intensity and tissue damage repair and healing might be unattainable, potentially leading to chronic inflammation and pulp necrosis (8).




Figure 8 | (A) The aim of healing after removal of the stimulus is for the immune cells to leave the tissue and for the original structure to be restored. (B) In the best case, the pulp-dentin-complex regenerates and a functional odontoblast layer remains. (C) However, a repair tissue with structural and functional limitations (marked with an asterisk) may also form during the healing process and fill the defect. Histological specimen from H. R. Stanley (13); staining: hematoxylin and eosin.






6.2.2 Stem cells in processes of repair and regeneration

Local mesenchymal stem cells, DPSCs, in their respective niches are critical for regular cell turnover and pulp repair and regeneration. They are recruited along chemotactic gradients to sites of tissue damage where they differentiate into mineralizing cells that form tertiary dentin. DPSCs are activated by inflammatory mediators, TLR signalling or immune cells such as macrophages (98, 99).

In addition to their progenitor potential, mesenchymal stem cells have extensive immunoregulatory functions, influencing both innate and adaptive immune processes. Depending on their microenvironment, they can play both pro- and anti-inflammatory roles within the immune cascade. In an inflammatory milieu with high levels of pro-inflammatory mediators (e.g. TNF-α) or TLR stimulation, stem cells adopt an immunosuppressive, anti-inflammatory phenotype and produce elevated levels of mediators such as PGE2, NO and TGF-β (100). In contrast, in an environment with low levels of inflammatory mediators, stem cells may differentiate towards a pro-inflammatory phenotype (101). In this role, they support early inflammation by recruiting neutrophils and enhancing their activity through cytokine release.

Once pro-inflammatory mediators reach a certain concentration, stem cells switch to an anti-inflammatory phenotype (101). In this capacity, their secreted mediators modulate lymphocyte differentiation, redirecting the immune response away from inflammatory effector T cells and toward regulatory T cells. They suppress dendritic cell maturation, reduce B cell activation and proliferation, and inhibit NK cell activity. In addition, they significantly stimulate macrophage polarization toward the anti-inflammatory and pro-regenerative M2 phenotype (101, 102). Thus, dental pulp stem cells actively contribute to the resolution of excessive inflammatory responses and initiate the transition toward restoration of tissue homeostasis (101, 103).






7 Future perspective

Microbial invasion resulting from dental caries or traumatic injuries affects a significant portion of the global population and can result in pulpitis and pain if untreated (9, 10, 109). Microbes and their toxins diffuse through dentinal tubules, triggering a localized host response in the pulp. Without proper treatment, the inflammation spreads, potentially leading to irreversible pulpitis, pulp necrosis and apical periodontitis. The disease progression involves a complex molecular interplay of various cell types within the pulp. Immune cells participate in both innate and adaptive immune processes, while tissue-specific cells such as odontoblasts, pulp fibroblasts, and DPSCs play multifaceted roles. Beyond their involvement in immunity through pathogen recognition and immunomodulation, odontoblasts or differentiated stem cells produce tertiary dentin to limit bacterial invasion and protect the pulp (12, 105).

Pulp healing requires elimination of infection and resolution of inflammation. While inflammation is essential for healing and tissue homeostasis, it can also cause collateral tissue damage. Inflammatory mediators such as cytokines, ROS and bacterial constituents can stimulate repair mechanisms in moderate concentrations but can also lead to chronic inflammation or acute exacerbation, resulting in necrosis. Thus, there is a delicate balance between pathogenesis and healing of the affected pulp that is controlled by a complex interplay of various cellular and acellular factors (19, 91).

Pulp has a high innate regenerative potential and resists carious infection by attempting to localize inflammation and prevent its spread. As structural changes appear to be spatially limited, traditional therapeutic assumptions have been increasingly challenged in recent years and minimally invasive, biologically based dental procedures are being developed (12, 19). The main goal is to preserve the vitality of the pulp tissue, at least in part, which traditionally would have been removed due to a lack of biological understanding, therapeutic options or adequate diagnostics. This can preserve tooth structure, allowing the tooth to remain functional for longer, and less invasive and targeted treatments can save time and money and reduce pain and discomfort for the patient (110).

However, there is still considerable uncertainty about the immunological processes and structural changes in the dental pulp at both the tissue and cellular levels. While the immune cellular composition in healthy and diseased states has been ambitiously outlined over the past decades, details of the specific functions of immune cells and their interactions with tissue-specific cells in the dental pulp remain unclear. Furthermore, the complexity of the inflammatory response and in particular its spatial and temporal progression is not yet understood. Especially recent immunological findings and methodological developments offer great opportunities to unravel this puzzle and shed light on previously unclear areas. A thorough knowledge of these processes and a defined correlation between structural changes and clinical symptoms are crucial for therapeutic decisions.

Clinical symptoms are the primary diagnostic tool for predicting pulpal disease and guiding treatment decisions. Traditionally, the pulp has been evaluated as a whole: preserved in cases of ‘reversible pulpitis’ and completely removed in cases of ‘irreversible pulpitis’, which is characterized by lingering thermal and spontaneous pain. It is well accepted today that structural changes are localized and do not affect the entire pulp to a certain degree, and that cases traditionally classified as irreversible may still be salvageable with respective treatment (11). Therefore, adaption of the diagnostic criteria for pulpitis and advances in diagnostics, such as specific molecular markers, play an important role in this context (11, 111).

From a therapeutic perspective, caries removal will remain the cornerstone of any treatment. In recent years, promising strategies have been described that use minimally invasive procedures to selectively remove caries, perform multi-session treatments or targeted amputations of irreversibly damaged pulp segments (110). These approaches offer clinical benefits and improved tooth survival. Currently, bioactive materials are applied after caries excavation to stimulate the pulp to form hard tissue, albeit in a rather unspecific manner (110). Future treatment strategies may become much more specific, pharmacologically intervening in complex defense processes to broaden the range of vital pulp therapies (19). Immunotherapeutic approaches to maintain pulp vitality could aim to specifically regulate or stop inflammatory processes, alleviate clinical symptoms and promote healing rather than cause irreversible tissue damage.

Advancing innovative approaches to clinical diagnostics and dental pulp treatment requires a thorough understanding of key clinical issues and the fundamental biology of the pulp-dentin-complex, including its immunological components in health, disease and healing. Close partnerships between practitioners and researchers are essential to move the field forward, generate new ideas and improve patient outcomes.





Author contributions

SP: Writing – original draft, Visualization, Conceptualization. TA: Writing – original draft. MS: Writing – original draft. SU: Writing – review & editing. DB: Writing – original draft, Visualization. GK: Writing – review & editing. KG: Writing – review & editing. WB: Writing – review & editing. MW: Writing – original draft, Visualization, Supervision, Conceptualization.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.




Acknowledgments

We extend our sincere gratitude to Andreas Rosendahl for his exceptional dedication in managing the restoration of H. R. Stanley’s histological specimens, many of which were severely damaged.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Rather, LJ. Disturbance of function (functio laesa): the legendary fifth cardinal sign of inflammation, added by Galen to the four cardinal signs of Celsus. Bull N York Acad Med. (1971) 47:303–22.

2. Ryan, GB, and Majno, G. Acute inflammation. A review. Am J Pathol. (1977) 86:183–276.

3. Medzhitov, R. Inflammation 2010: New adventures of an old flame. Cell. (2010) 140:771–6. doi: 10.1016/j.cell.2010.03.006

4. V Kumar, AK Abbas, and JC Aster eds. Robbins & Cotran pathologic basis of disease. Amsterdam: Elsevier (2020).

5. Clark, R, and Kupper, T. Old meets mew: The interaction between innate and adaptive immunity. J Investig Dermatol. (2005) 125:629–37. doi: 10.1111/j.0022-202X.2005.23856.x

6. Nathan, C, and Ding, A. Nonresolving inflammation. Cell. (2010) 140:871–82. doi: 10.1016/j.cell.2010.02.029

7. Bagramian, RA, Garcia-Godoy, F, and Volpe, AR. The global increase in dental caries. A pending public health crisis. Am J Dent. (2009) 22:3–8.

8. Galler, KM, Weber, M, Korkmaz, Y, Widbiller, M, and Feuerer, M. Inflammatory response mechanisms of the dentine–pulp complex and the periapical tissues. Int J Mol Sci. (2021) 22:1480. doi: 10.3390/ijms22031480

9. Santos, PS, Barasuol, JC, Moccelini, BS, Magno, MB, Bolan, M, Martins-Junior, PA, et al. Prevalence of toothache and associated factors in children and adolescents: a systematic review and meta-analysis. Clin Oral Investig. (2022) 26:1105–19. doi: 10.1007/s00784-021-04255-2

10. Rechenberg, D-K, Held, U, Burgstaller, JM, Bosch, G, and Attin, T. Pain levels and typical symptoms of acute endodontic infections: a prospective, observational study. BMC Oral Heal. (2016) 16:61. doi: 10.1186/s12903-016-0222-z

11. Wolters, WJ, Duncan, HF, Tomson, PL, Karim, IE, McKenna, G, Dorri, M, et al. Minimally invasive endodontics: a new diagnostic system for assessing pulpitis and subsequent treatment needs. Int Endod J. (2017) 50:825–9. doi: 10.1111/iej.2017.50.issue-9

12. Widbiller, M, and Schmalz, G. Endodontic regeneration: hard shell, soft core. Odontology. (2021) 109:303–12. doi: 10.1007/s10266-020-00573-1

13. Stanley, HR. Human pulp response to operative dental procedures. (1976) Michigan: University of Michigan.

14. Goldberg, M. The dental pulp. Berlin: Springer (2014).

15. Hargreaves, KM, and Berman, LH. Cohen’s pathways of the pulp expert consult. Amsterdam: Elsevier (2015).

16. Farges, J-C, Mitsiadis, T, Keller, J-F, Lesot, H, Carrouel, F, Smith, M, et al. Odontoblasts in the dental pulp immune response. J Exp Zool B Mol Dev Evol. (2009) 312B:425–36. doi: 10.1002/jez.b.v312b:5

17. Bae, Y-C, and Yoshida, A. Morphological foundations of pain processing in dental pulp. J Oral Sci. (2020) 62:126–30. doi: 10.2334/josnusd.19-0451

18. Gaudin, A, Renard, E, Hill, M, Bouchet-Delbos, L, Bienvenu-Louvet, G, Farges, J-C, et al. Phenotypic analysis of immunocompetent cells in healthy human dental pulp. J Endod. (2015) 41:621–7. doi: 10.1016/j.joen.2015.01.005

19. Osaki, J, Yamazaki, S, Hikita, A, and Hoshi, K. Hematopoietic progenitor cells specifically induce a unique immune response in dental pulp under conditions of systemic inflammation. Heliyon. (2022) 8:e08904. doi: 10.1016/j.heliyon.2022.e08904

20. Farges, J-C, Alliot-Licht, B, Renard, E, Ducret, M, Gaudin, A, Smith, AJ, et al. Dental pulp defence and repair mechanisms in dental caries. Mediat Inflammation. (2015) 2015:230251–16. doi: 10.1155/2015/230251

21. Yu, C, and Abbott, PV. An overview of the dental pulp: its functions and responses to injury. Aust Dent J. (2007) 52:S4–16. doi: 10.1111/j.1834-7819.2007.tb00525.x

22. Duncan, HF, and Cooper, PR. Pulp innate immune defense: translational opportunities. J Endod. (2020) 46:S10–8. doi: 10.1016/j.joen.2020.06.019

23. Hahn, C-L, and Liewehr, FR. Relationships between caries bacteria, host responses, and clinical signs and symptoms of pulpitis. J Endod. (2007) 33:213–9. doi: 10.1016/j.joen.2006.11.008

24. Man, VCW, Manchanda, S, and Yiu, CK. Oral candida-biome and early childhood caries: A systematic review and meta-analysis. Int Dent J. (2024) 24:S0020-6539(24)01489-8. doi: 10.1016/j.identj.2024.08.020

25. Edlund, A, Santiago-Rodriguez, TM, Boehm, TK, and Pride, DT. Bacteriophage and their potential roles in the human oral cavity. J Oral Microbiol. (2015) 7:27423. doi: 10.3402/jom.v7.27423

26. Medzhitov, R. Origin and physiological roles of inflammation. Nature. (2008) 454:428–35. doi: 10.1038/nature07201

27. Takeuchi, O, and Akira, S. Pattern recognition receptors and inflammation. Cell. (2010) 140:805–20. doi: 10.1016/j.cell.2010.01.022

28. Liu, T, Zhang, L, Joo, D, and Sun, S-C. NF-κB signaling in inflammation. Signal Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

29. Rock, KL, Latz, E, Ontiveros, F, and Kono, H. The sterile inflammatory response. Annu Rev Immunol. (2010) 28:321–42. doi: 10.1146/annurev-immunol-030409-101311

30. Kolaczkowska, E, and Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat Rev Immunol. (2013) 13:159–75. doi: 10.1038/nri3399

31. CN Serhan, PA Ward, and DW Gilroy eds. Fundamentals of inflammation. Cambridge: Cambridge University Press (2010).

32. J-M Cavaillon, and M Singer eds. Inflammation - from molecular and cellular mechanisms to the clinic. Hoboken: Wiley (2017).

33. Goldberg, M, Njeh, A, and Uzunoglu, E. Is pulp inflammation a prerequisite for pulp healing and regeneration? Mediat Inflammation. (2015) 2015:1–11. doi: 10.1155/2015/347649

34. Bain, BJ. Blood cells. Hoboken: Wiley (2016).

35. Zhang, N, Zhang, Z-M, and Wang, X-F. The roles of basophils in mediating the immune responses. Eur J Inflammation. (2021) 19:20587392211047644. doi: 10.1177/20587392211047644

36. Miller, GS, Sternberg, RN, Piliero, SJ, and Rosenberg, PA. Histologic identification of mast cells in human dental pulp. Oral Surg Oral Med Oral Pathol. (1978) 46:559–66. doi: 10.1016/0030-4220(78)90386-9

37. Jontell, M, Gunraj, MN, and Bergenholtz, G. Immunocompetent cells in the normal dental pulp. J Dent Res. (1987) 66:1149–53. doi: 10.1177/00220345870660061101

38. Izumi, T, Kobayashi, I, Okamura, K, and Sakai, H. Immunohistochemical study on the immunocompetent cells of the pulp in human non-carious and carious teeth. Arch Oral Biol. (1995) 40:609–14. doi: 10.1016/0003-9969(95)00024-J

39. Wang, N, Liang, H, and Zen, K. Molecular mechanisms that influence the macrophage M1–M2 polarization balance. Front Immunol. (2014) 5:614. doi: 10.3389/fimmu.2014.00614

40. PJ Krause, PB Kavathas, and NH Ruddle eds. Immunoepidemiology. Berlin: Springer (2019).

41. Parkin, J, and Cohen, B. An overview of the immune system. Lancet. (2001) 357:1777–89. doi: 10.1016/S0140-6736(00)04904-7

42. Mangkornkarn, C, Steiner, JC, Bohman, R, and Lindemann, RA. Flow cytometric analysis of human dental pulp tissue. J Endod. (1991) 17:49–53. doi: 10.1016/S0099-2399(06)81607-9

43. Sun, L, Su, Y, Jiao, A, Wang, X, and Zhang, B. T cells in health and disease. Signal Transduct Target Ther. (2023) 8:235. doi: 10.1038/s41392-023-01471-y

44. Bruno, KF, Silva, JA, Silva, TA, Batista, AC, Alencar, AHG, and Estrela, C. Characterization of inflammatory cell infiltrate in human dental pulpitis. Int Endod J. (2010) 43:1013–21. doi: 10.1111/j.1365-2591.2010.01757.x

45. Opasawatchai, A, Nguantad, S, Sriwilai, B, Matangkasombut, P, Matangkasombut, O, Srisatjaluk, R, et al. Single-cell transcriptomic profiling of human dental pulp in sound and carious teeth: A pilot study. Front Dent Med. (2022) 2:806294. doi: 10.3389/fdmed.2021.806294

46. Prager, I, and Watzl, C. Mechanisms of natural killer cell-mediated cellular cytotoxicity. J Leukoc Biol. (2019) 105:1319–29. doi: 10.1002/JLB.MR0718-269R

47. Yoshiba, K, Yoshiba, N, and Iwaku, M. Class II antigen-presenting dendritic cell and nerve fiber responses to cavities, caries, or caries treatment in human teeth. J Dent Res. (2003) 82:422–7. doi: 10.1177/154405910308200604

48. Bhingare, AC, Ohno, T, Tomura, M, Zhang, C, Aramaki, O, Otsuki, M, et al. Dental pulp dendritic cells migrate to regional lymph nodes. J Dent Res. (2013) 93:288–93. doi: 10.1177/0022034513518223

49. Álvarez-Vásquez, JL, and Castañeda-Alvarado, CP. Dental pulp fibroblast: A star cell. J Endod. (2022) 48:1005–19. doi: 10.1016/j.joen.2022.05.004

50. Bergmann, M, Jeanneau, C, Giraud, T, Richard, G, and About, I. Complement activation links inflammation to dental tissue regeneration. Clin Oral Investig. (2020) 24:4185–96. doi: 10.1007/s00784-020-03621-w

51. Chmilewsky, F, Ayaz, W, Appiah, J, About, I, and Chung, S-H. Nerve growth factor secretion from pulp fibroblasts is modulated by complement c5a receptor and implied in neurite outgrowth. Sci Rep. (2016) 6:31799. doi: 10.1038/srep31799

52. Smeda, M, Galler, KM, Woelflick, M, Rosendahl, A, Moehle, C, Lenhardt, B, et al. Molecular biological comparison of dental pulp- and apical papilla-derived stem cells. Int J Mol Sci. (2022) 23:2615. doi: 10.3390/ijms23052615

53. Song, N, Scholtemeijer, M, and Shah, K. Mesenchymal stem cell immunomodulation: mechanisms and therapeutic potential. Trends Pharmacol Sci. (2020) 41:653–64. doi: 10.1016/j.tips.2020.06.009

54. Majno, G, and Joris, I. Cells, tissues and disease: principles of general pathology. Oxford: Oxford University Press (1996).

55. J Gallin, I Goldstein, and R Snyderman eds. Inflammation: basic principles and clinical correlates. Philadelphia: Lippincott Williams & Wilkins (1992).

56. Wu, H, Denna, TH, Storkersen, JN, and Gerriets, VA. Beyond a neurotransmitter: The role of serotonin in inflammation and immunity. Pharmacol Res. (2019) 140:100–14. doi: 10.1016/j.phrs.2018.06.015

57. Harrison, S, and Geppetti, P. Substance P. Int J Biochem Cell Biol. (2001) 33:555–76. doi: 10.1016/S1357-2725(01)00031-0

58. Lubbers, R, van Essen, MF, van Kooten, C, and Trouw, LA. Production of complement components by cells of the immune system. Clin Exp Immunol. (2017) 188:183–94. doi: 10.1111/cei.12952

59. Funk, CD. Prostaglandins and leukotrienes: advances in eicosanoid biology. Science. (2001) 294:1871–5. doi: 10.1126/science.294.5548.1871

60. Pecchi, E, Dallaporta, M, Jean, A, Thirion, S, and Troadec, J-D. Prostaglandins and sickness behavior: Old story, new insights. Physiol Behav. (2009) 97:279–92. doi: 10.1016/j.physbeh.2009.02.040

61. Tilley, SL, Coffman, TM, and Koller, BH. Mixed messages: modulation of inflammation and immune responses by prostaglandins and thromboxanes. J Clin Investig. (2001) 108:15–23. doi: 10.1172/JCI200113416

62. Chandrasekharan, JA, and Sharma-Walia, N. Lipoxins: nature’s way to resolve inflammation. J Inflammation Res. (2015) 8:181–92. doi: 10.2147/JIR.S90380

63. Svensson, CI, Zattoni, M, and Serhan, CN. Lipoxins and aspirin-triggered lipoxin inhibit inflammatory pain processing. J Exp Med. (2007) 204:245–52. doi: 10.1084/jem.20061826

64. Godson, C, Mitchell, S, Harvey, K, Petasis, NA, Hogg, N, and Brady, HR. Cutting Edge: Lipoxins rapidly stimulate nonphlogistic phagocytosis of apoptotic neutrophils by monocyte-derived macrophages. J Immunol. (2000) 164:1663–7. doi: 10.4049/jimmunol.164.4.1663

65. Serhan, CN, Chiang, N, and Dyke, TEV. Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat Rev Immunol. (2008) 8:349–61. doi: 10.1038/nri2294

66. Xu, Z-Z, Zhang, L, Liu, T, Park, JY, Berta, T, Yang, R, et al. Resolvins RvE1 and RvD1 attenuate inflammatory pain via central and peripheral actions. Nat Med. (2010) 16:592–7. doi: 10.1038/nm.2123

67. Serhan, CN, Yang, R, Martinod, K, Kasuga, K, Pillai, PS, Porter, TF, et al. Maresins: novel macrophage mediators with potent antiinflammatory and proresolving actions. J Exp Med. (2009) 206:15–23. doi: 10.1084/jem.20081880

68. Dalli, J, Zhu, M, Vlasenko, NA, Deng, B, Haeggström, JZ, Petasis, NA, et al. The novel 13S,14S -epoxy-maresin is converted by human macrophages to maresin 1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H), and shifts macrophage phenotype. FASEB J. (2013) 27:2573–83. doi: 10.1096/fj.13-227728

69. Turner, MD, Nedjai, B, Hurst, T, and Pennington, DJ. Cytokines and chemokines: At the crossroads of cell signalling and inflammatory disease. Biochim Biophys Acta - Mol Cell Res. (2014) 1843:2563–82. doi: 10.1016/j.bbamcr.2014.05.014

70. Dinarello, CA. Immunological and inflammatory functions of the Interleukin-1 family. Annu Rev Immunol. (2009) 27:519–50. doi: 10.1146/annurev.immunol.021908.132612

71. Zelová, H, and Hošek, J. TNF-α signalling and inflammation: interactions between old acquaintances. Inflammation Res. (2013) 62:641–51. doi: 10.1007/s00011-013-0633-0

72. Tanaka, T, Narazaki, M, and Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb Perspect Biol. (2014) 6:a016295. doi: 10.1101/cshperspect.a016295

73. Xing, Z, Gauldie, J, Cox, G, Baumann, H, Jordana, M, Lei, XF, et al. IL-6 is an antiinflammatory cytokine required for controlling local or systemic acute inflammatory responses. J Clin Investig. (1998) 101:311–20. doi: 10.1172/JCI1368

74. Scheller, J, Chalaris, A, Schmidt-Arras, D, and Rose-John, S. The pro- and anti-inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta - Mol Cell Res. (2011) 1813:878–88. doi: 10.1016/j.bbamcr.2011.01.034

75. de Vries, JE. Immunosuppressive and anti-inflammatory properties of interleukin 10. Ann Med. (1995) 27:537–41. doi: 10.3109/07853899509002465

76. Opal, SM, and DePalo, VA. Anti-inflammatory cytokines. Chest. (2000) 117:1162–72. doi: 10.1378/chest.117.4.1162

77. Letterio, JJ, and Roberts, AB. Regulation of immune responses by TGF-β. Annu Rev Immunol. (1998) 16:137–61. doi: 10.1146/annurev.immunol.16.1.137

78. Hammond, ME, Lapointe, GR, Feucht, PH, Hilt, S, Gallegos, CA, Gordon, CA, et al. IL-8 induces neutrophil chemotaxis predominantly via type I IL-8 receptors. J Immunol. (1995) 155:1428–33. doi: 10.4049/jimmunol.155.3.1428

79. Morgan, MJ, and Liu, Z. Crosstalk of reactive oxygen species and NF-κB signaling. Cell Res. (2011) 21:103–15. doi: 10.1038/cr.2010.178

80. Bogdan, C. Nitric oxide synthase in innate and adaptive immunity: an update. Trends Immunol. (2015) 36:161–78. doi: 10.1016/j.it.2015.01.003

81. Amerongen, AN, and Veerman, E. Saliva – the defender of the oral cavity. Oral Dis. (2002) 8:12–22. doi: 10.1034/j.1601-0825.2002.1o816.x

82. Wolff, B, Berger, T, Frese, C, Max, R, Blank, N, Lorenz, H-M, et al. Oral status in patients with early rheumatoid arthritis: a prospective, case-control study. Rheumatology. (2013) 53:526–31. doi: 10.1093/rheumatology/ket362

83. Yamazaki, S, Hayashi, R, Mutoh, N, Ohshima, H, and Tani-Ishii, N. Effects of rheumatoid arthritis on the progression of pulpitis and apical periodontitis in SKG mice. J Endod. (2023) 49:1501–7. doi: 10.1016/j.joen.2023.08.003

84. Sherwood, ER, and Toliver-Kinsky, T. Mechanisms of the inflammatory response. Best Pract Res Clin Anaesth. (2004) 18:385–405. doi: 10.1016/j.bpa.2003.12.002

85. Ley, K, Laudanna, C, Cybulsky, MI, and Nourshargh, S. Getting to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol. (2007) 7:678–89. doi: 10.1038/nri2156

86. LM McManus, and RN Mitchell eds. Pathobiology of human disease. Amsterdam: Elsevier (2014).

87. Chiu, IM, von Hehn, CA, and Woolf, CJ. Neurogenic inflammation and the peripheral nervous system in host defense and immunopathology. Nat Neurosci. (2012) 15:1063–7. doi: 10.1038/nn.3144

88. Herbert, MK, and Holzer, P. Die neurogene Entzündung - I. Grundlegende Mechanismen, Physiologie und Pharmakologie. Anästhesiol Intensivmedizin Notfallmedizin Schmerztherapie. (2002) 37:314–25. doi: 10.1055/s-2002-32233

89. Brogden, KA, Guthmiller, JM, Salzet, M, and Zasloff, M. The nervous system and innate immunity: the neuropeptide connection. Nat Immunol. (2005) 6:558–64. doi: 10.1038/ni1209

90. Cooper, PR, Takahashi, Y, Graham, LW, Simon, S, Imazato, S, and Smith, AJ. Inflammation-regeneration interplay in the dentine-pulp complex. J Dent. (2010) 38:687–97. doi: 10.1016/j.jdent.2010.05.016

91. Cooper, PR, Holder, MJ, and Smith, AJ. Inflammation and regeneration in the dentin-pulp complex: A double-edged sword. J Endod. (2014) 40:S46–51. doi: 10.1016/j.joen.2014.01.021

92. Nathan, C. Points of control in inflammation. Nature. (2002) 420:846–52. doi: 10.1038/nature01320

93. Levy, BD, Clish, CB, Schmidt, B, Gronert, K, and Serhan, CN. Lipid mediator class switching during acute inflammation: signals in resolution. Nat Immunol. (2001) 2:612–9. doi: 10.1038/89759

94. Serhan, CN, and Savill, J. Resolution of inflammation: the beginning programs the end. Nat Immunol. (2005) 6:1191–7. doi: 10.1038/ni1276

95. Gabor, C, Tam, E, Shen, Y, and Haapasalo, M. Prevalence of internal inflammatory root resorption. J Endod. (2012) 38:24–7. doi: 10.1016/j.joen.2011.10.007

96. Galler, KM, Grätz, E-M, Widbiller, M, Buchalla, W, and Knüttel, H. Pathophysiological mechanisms of root resorption after dental trauma: a systematic scoping review. BMC Oral Health. (2021) 21:163. doi: 10.1186/s12903-021-01510-6

97. Cooper, PR, McLachlan, JL, Simon, S, Graham, LW, and Smith, AJ. Mediators of inflammation and regeneration. Adv Dent Res. (2011) 23:290–5. doi: 10.1177/0022034511405389

98. El-Sayed, KMF, Klingebiel, P, and Dörfer, CE. Toll-like receptor expression profile of human dental pulp stem/progenitor cells. J Endod. (2016) 42:413–7. doi: 10.1016/j.joen.2015.11.014

99. Neves, VCM, Yianni, V, and Sharpe, PT. Macrophage modulation of dental pulp stem cell activity during tertiary dentinogenesis. Sci Rep. (2020) 10:20216. doi: 10.1038/s41598-020-77161-4

100. Blanc, KL, and Mougiakakos, D. Multipotent mesenchymal stromal cells and the innate immune system. Nat Rev Immunol. (2012) 12:383–96. doi: 10.1038/nri3209

101. Bernardo, ME, and Fibbe, WE. Mesenchymal stromal cells: sensors and switchers of inflammation. Cell Stem Cell. (2013) 13:392–402. doi: 10.1016/j.stem.2013.09.006

102. Blanc, KL, and Ringdén, O. Immunomodulation by mesenchymal stem cells and clinical experience. J Intern Med. (2007) 262:509–25. doi: 10.1111/j.1365-2796.2007.01844.x

103. Prockop, DJ, and Oh, JY. Mesenchymal stem/stromal cells (MSCs): Role as guardians of inflammation. Mol Ther. (2012) 20:14–20. doi: 10.1038/mt.2011.211

104. Zindel, J, and Kubes, P. DAMPs, PAMPs, and LAMPs in immunity and sterile inflammation. Annu Rev Pathol: Mech Dis. (2019) 15:1–26. doi: 10.1146/annurev-pathmechdis-012419-032847

105. Chancharoenthana, W, Kamolratanakul, S, Schultz, MJ, and Leelahavanichkul, A. The leaky gut and the gut microbiome in sepsis – targets in research and treatment. Clin Sci. (2023) 137:645–62. doi: 10.1042/CS20220777

106. Zivkovic, S, Ayazi, M, Hammel, G, and Ren, Y. For better or for worse: A look into neutrophils in traumatic spinal cord injury. Front Cell Neurosci. (2021) 15:648076. doi: 10.3389/fncel.2021.648076

107. V Kumar, AK Abbas, JC Aster, and AT Deyrup eds. Robbins & Kumar Basic Pathology. Amsterdam: Elsevier (2022).

108. Soares, CLR, Wilairatana, P, Silva, LR, Moreira, PS, Barbosa, NMMV, da Silva, PR, et al. Biochemical aspects of the inflammatory process: A narrative review. BioMed Pharmacother. (2023) 168:115764. doi: 10.1016/j.biopha.2023.115764

109. Petti, S, Glendor, U, and Andersson, L. World traumatic dental injury prevalence and incidence, a meta‐analysis—One billion living people have had traumatic dental injuries. Dent Traumatol. (2018).

110. Bjørndal, L, Simon, S, Tomson, PL, and Duncan, HF. Management of deep caries and the exposed pulp. Int Endod J. (2019) 52:949–973. doi: 10.1111/iej.13128

111. Rechenberg, D-K, Kerkis, I, Galicia, JC, and Peters, OA. Biological markers for pulpal inflammation: a systematic review. PloS one. (2016) 11:e0167289.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Pohl, Akamp, Smeda, Uderhardt, Besold, Krastl, Galler, Buchalla and Widbiller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1474466-g008.jpg
el
<4

-






OEBPS/Images/fimmu-15-1474466-g001.jpg
(A)

Pulp core

Pulp periphery

Cementum

lveolar

Mandibular canal bone

with vessels and
nerves





OEBPS/Images/fimmu-15-1474466-g003.jpg
7.

"Il‘ o
442'
ale

,
L’

1
A

b |
A

e






OEBPS/Images/fimmu-15-1474466-g006.jpg
r.l;%_ i

ity

e
’,,ﬁf!é:#ﬁ»}iini! i

A
R TR SR e A R e e Y BT RUP N TR SRR Y 1 e (R
AN AR AR D T AU AT AL R R R AR RIS ST

&
A

\$
\

A 4 ‘_i\- ‘\\» § pr NS .‘ ! ‘:;: U Yl l'.' ) 7 \\
W y L i ‘.\' \* i oL R \ ' i
i & ‘ m A ‘\W\,\'“‘ ‘ \\\ \ "'\\\ \\\ AR Q\\Q

\

i

\Y ":‘; \\\':\\\(‘.'\\\ AN
L L w\\\\\ \





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        Understanding dental pulp inflammation: from signaling to structure

      

        		

          1 Introduction

        



        		

          2 Pathogenesis of pulp inflammation

        

          		

            2.1 Anatomical and physiological characteristics

          



          		

            2.2 Noxious stimuli for the dental pulp

          



          		

            2.3 Triggers and sensors of the inflammatory response

          



        



        



        		

          3 Cellular players in pulpitis

        

          		

            3.1 Components of the immune response

          

            		

              3.1.1 Neutrophil granulocytes

            



            		

              3.1.2 Eosinophil granulocytes

            



            		

              3.1.3 Basophil granulocytes

            



            		

              3.1.4 Mast cells

            



            		

              3.1.5 Monocytes and macrophages

            



            		

              3.1.6 Lymphocytes

            



            		

              3.1.7 Dendritic cells

            



          



          



          		

            3.2 Specific cells in the pulp tissue

          

            		

              3.2.1 Odontoblasts

            



            		

              3.2.2 Fibroblasts and stem cells

            



          



          



        



        



        		

          4 Inflammatory signaling in the pulp

        

          		

            4.1 Common immune mediators

          

            		

              4.1.1 Vasoactive amines

            



            		

              4.1.2 Vasoactive peptides

            



            		

              4.1.3 Complement fragments

            



            		

              4.1.4 Lipid mediators

            



            		

              4.1.5 Platelet-activating factors

            



            		

              4.1.6 Cytokines and chemokines

            



            		

              4.1.7 Proteases

            



            		

              4.1.8 Reactive nitrogen and oxygen species

            



          



          



          		

            4.2 Signaling cascade in the context of pulpitis

          



          		

            4.3 Dentin matrix proteins as mediators

          



          		

            4.4 Microenvironmental factors

          



        



        



        		

          5 Physiological and structural changes in pulpitis

        

          		

            5.1 Stages of inflammation

          

            		

              5.1.1 Acute inflammatory reaction

            



            		

              5.1.2 Chronic inflammatory reaction

            



            		

              5.1.3 Neurogenic inflammation

            



          



          



          		

            5.2 Characteristics of the pulpal inflammatory response

          

            		

              5.2.1 Neuro-vascular changes

            



            		

              5.2.2 Tertiary dentin formation

            



          



          



        



        



        		

          6 Termination of inflammatory processes in the pulp-dentin-complex

        

          		

            6.1 General steps towards recovery

          



          		

            6.2 Termination of pulpitis

          

            		

              6.2.1 Healing processes of the pulp

            



            		

              6.2.2 Stem cells in processes of repair and regeneration

            



          



          



        



        



        		

          7 Future perspective

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Cell-derived

Histamine Vasodilation, increase of vascular permeability

Serotonin Vasoconstriction

Prostaglandins Vasodilation, pain, fever

Leukotrienes Increase of vascular permeability, leukocyte adhesion and activation

Inhibition of chemotaxis and diapedesis, inhibition of proinflammatory cytokine release,

Lipexins pain reduction

Resolvins Inhibition of granulocyte transendothelial migration, promotion of regenerative processes,
pain reduction

Maresins Inhibition of neutrophil granulocyte recruitment, promotion of regenerative processes

Platelet-

L Vasodilation, increase of vascular permeability, leukocyte adhesion, chemotaxis, degranulation
activating factor

Local endothelial activation, fever, pain, anorexia, hypotension, decreased vascular

Cytokines resistance (shock)

Chemokines Chemotaxis, leukocyte activation

ROS/RNS Toxicity against viral and microbial pathogens, tissue damage
Substance P Vasodilation, leukocytes recruitment and activation

Plasma-derived

Sources

Mast cells, basophils, platelets
Platelets
Leukocytes, e.g. mast cells

Leukocytes, e.g. mast cells

Leukocytes

Leukocytes

Macrophages

Leukocytes, e.g. mast cells

Endothelial/epithelial cells,
leukocytes, fibroblasts

Endothelial/epithelial cells, leukocytes
Leukocytes

Peripheral nerve fibers

Kinins Vasodilation, increase of vascular permeability, pain
Complement Leukocyte chemotaxis and activation, vasodilation, opsonization
Proteases Endothelial activation, leukocyte recruitment

Liver
Liver

Liver (endogenous) or
microorganisms (exogenous)






OEBPS/Images/fimmu-15-1474466-g002.jpg
Plasma cell | NK cell Dendritic cell*

Macrophage*

Mast cell

Eosinophil





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1474466-g004.jpg





OEBPS/Images/fimmu-15-1474466-g007.jpg
T





OEBPS/Images/fimmu-15-1474466-g005.jpg
e G ey o
i B o

-,
gactagiy






OEBPS/Images/fimmu.2024.1474466_cover.jpg
& frontiers | Frontiers in Immunology

Understanding dental pulp inflammation:
from signaling to structure





OEBPS/Images/table1.jpg
Ligand

Receptor

Possible sources

‘ Pathogen-associated molecular patterns (exogenous)

Lipopolysaccharide = TLR4 Gram-negative bacteria
Lipoteichoic acid TLR2 Gram-positive bacteria
Flagellin TLR5
. Bacteria
LHEEL TLRI, TLR2
lipoproteins
CpG motifs TLRY Bacteria and viruses
Viral dsRNA RIG-I, MDA5
Viruses
Viral ssRNA TLR7, TLR8
Zymosan TLR2
Fungi
B-Glucan Dectin-1, TLR2, TLR4
Damage-associated molecular patterns (endogenous)
A-denosme POX7, P2Y2
triphosphate
Uric acid NLRP3, P2X7
Cytosol of affected cells
Heat

shock proteins
S100 proteins

DNA
RNA

HMGB1

Histones

Biglycan

TLR2, TLR4, CD91

TLR2, TLR4, RAGE
TLRY, AIM2

TLR3, TLR7, TLRS, RIG-
I, MDA5

TLR2, TLR4, RAGE

TLR2, TLR4

TLR2, TLR4, NLRP3

Nucleus of affected cells

Extracellular matrix of
affected cells






