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The cellular metabolic processes ensure the physiological integrity of the dentine-pulp complex. Odontoblasts and
odontoblast-like cells are responsible for the defence mechanisms in the form of tertiary dentine formation. In turn, the
main defence reaction of the pulp is the development of inflammation, during which the metabolic and signalling pathways
of the cells are significantly altered.
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| 1. The Physiological Integrity of the Dentine-Pulp Complex

Extensive, detailed knowledge about the biology, physiology and structure of dentine-pulp complex is necessary in clinical
dentistry, which mainly aims to preserve pulp vitality. It also helps clinicians select materials, methods, and techniques in
restorative dentistry to provide appropriate treatment. Dental pulp consists of many constituents, such as cells, nerves,
blood and lymph vessels, fibres and interstitial fluid. All the components participate in the response to dental procedures.
Interstitial fluid, which is mostly similar to plasma, maintains the environment essential to cellular functions (2],

1.1. Dental Pulp Cells

Many metabolic processes are taking place in the pulp continually. Under physiological conditions, this activity reaches a
lower rate; nevertheless, the intensity of metabolic processes increases after irritation with external factors, such as
bacteria. One of the first in vivo studies about pulp metabolism was conducted in 1987 by Okiji et al. Bl Scientists
identified the main products of healthy rat dental pulp, such as 6-keto-prostaglandin F1 alpha (6-keto-PGF1a) and 12-
hydroxyeicosatetraenoic acid (12-HETE) using high-performance liquid chromatography. A stable metabolite of
prostaglandin 12 (PGI2), prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), prostaglandin F2 alpha (PGF2a), and
thromboxane B2 (TXB2) were also secreted, but at less than 30% of 6-keto-PGF1a. After that, inflammation was triggered
by applying bacterial lipopolysaccharide. The results showed that the production of all these metabolites increased in
inflamed rat pulp; however, the highest increase concerned PGE2, which was a 9.3-fold rise in comparison with normal
pulp. The authors concluded that arachidonic acid metabolites, including lipoxygenase products, may be involved in the
development of inflammation in the dental pulp. This experiment certainly initiated concern about pulpal metabolism
issues.

As mentioned earlier, many cellular components, including multipotential mesenchymal stem cells, are found in the pulp,
characterised by complicated biological features and promising therapeutic applications. Treatment success depends on
the identification of stem cell markers to select the appropriate cell population. Both dental pulp stem cells and stem cells
from human exfoliated deciduous teeth share a phenotypic profile of mesenchymal stem cells and express multiple
standard markers, including but not limited to CD13, CD29, CD44, CD73, CD90, CD105, CD106, CD146, CD166, CD271,
Stro-1, and Stro-3, while negative for CD3, CD8, CD11b (or CD14), CD15, CD19 (or CD790a), CD33, CD34, CD45, CD71,
CD117 and HLA-DR. Furthermore, without any stimulation toward differentiation, osteogenic markers, such as
osteonectin, osteocalcin, osteopontin, bone morphogenetic protein 2 or 4, runt-related transcription factor 2, and type |
collagen, chondrogenic markers, such as type Il collagen, adipogenic markers, such as leptin, adipophilin, and
peroxisome proliferator-activated receptor gamma, myogenic markers, such as desmin, myogenin, myosin lla, and alpha-
smooth muscle actin are demonstrated. Moreover, octamer-binding transcription factor 4, reduced expression protein 1,
Sox2, NANOG, forkhead box D3, and lin-28 homolog A, which are transcription factors responsible for pluripotency in
early embryos and embryonic stem cells, were found as well. Notwithstanding, more in vivo studies are necessary
because most of these markers are known only from in vitro experiments [4].

Other cells pivotal for pulp biology are fibroblasts. They are underrated, despite playing a critical role in immunoregulatory
mechanisms, control of inflammation, and dentine-pulp regeneration &, In vitro study conducted by Chmilewsky et al. (8]
demonstrated human pulp fibroblasts as the first non-immune cells capable of synthesising all complement proteins



involved in initiating dentine-pulp regeneration. Pulp fibroblast metabolism is not as intense without bacterial stimulation.
However, the presence of Gram-positive bacteria in carious areas causes complement activation. Moreover, cultured
human pulp fibroblasts stimulated with lipoteichoic acid (LTA) express all complement components. This study showed
membrane attack complex (C5b-9) formation and C5a active fragment production in the absence of plasma proteins.
Furthermore, the experiment demonstrated that the activation of complement proteins produced by fibroblasts and the
following release of C5a specifically induced pulp progenitor cell recruitment. To conclude, fibroblast cells participate in
tissue regeneration by recruiting pulp progenitors via complement activation, which finds fibroblasts as a potential target in
therapeutic strategy connected with dentine-pulp regeneration.

1.2. Odontoblasts—Primary and Secondary Dentine Formation

Odontoblasts are part of the dentine-pulp complex, which is considered a single functional unit responsible for dentine
production, nourishment, and sensory function . Cellular odontoblast metabolism is essential to the physiological and
pathological function of the endodontium . One of the components of the dentine-pulp complex is dentine, which is a
product of odontoblast metabolism. This metabolism may be interpreted as releasing several building components
required for synthesising various types of dentine and secreted substances that induce an immune response in the pulp
(chemokines, cytokines).

Odontoblasts are post-mitotic, mesenchymal cells derived from the neural crest [4. These cells are situated on the tooth
pulp’s periphery 19 and are the first cells commonly affected by bacteria from tooth caries 1. Because of their position,
odontoblasts serve as a conduit for delivering nutrients, oxygen and inflammatory cells to the odontoblasts. They also
maintain a tight relationship with the living section of the tooth, notably with nerve endings and blood capillaries 121,

Couve et al. 23] found that the localisation and composition of organelles in odontoblasts depend on the cell lifecycle
stage, as evidenced by the pre-odontoblast, secretory, mature, and old odontoblast phenotypes. Odontoblasts have a
large, oval, eccentrically located nucleus. Except for lysosomes, autophagic vacuoles, Golgi complex, smooth
endoplasmic reticulum (SER) and the rough endoplasmic reticulum (RER) in mature odontoblasts are located in
mitochondria. These organelles are distributed around the odontoblast to provide energy for the movement of secretory
molecules inside and towards the apical pole of the cell process. Additionally, proteins are created in the RER and
delivered to the Golgi complex for packaging and distribution. These compounds may serve as substrates for
dentinogenesis &,

Odontoblasts are composed of a large number of junctional complexes between cells, creating a selective barrier that
may regulate the interaction between dentine and pulp and vice versa under normal and pathological conditions .
Secretory odontoblasts have intercellular junctions and connect with fibroblasts at the subodontoblast region in the dental
pulp. This enables the transfer of ions and molecules and communication between cells, as well as the active transport of
secretory molecules to the odontoblast processes and their release during the secretory phase by the odontoblasts 241,

Under physiological conditions, cellular metabolism comprises the formation of primary and secondary dentine. During
primary dentinogenesis (prior to tooth eruption), the secretory stage of the odontoblasts produces and regulates the
mineralisation of the predentine matrix to form primary dentine. At their apical pole, cells release substances that are part
of the extracellular matrix (ECM) 2], such as collagen type | and non-collagenous proteins 22, including SIBLINGs—
phosphorylated matrix proteins, non-phosphorylated matrix proteins and proteoglycans, which participate in the
mineralisation of the dentine matrix I8, The odontoblasts move pulpally as additional matrix is deposited, leaving behind
one or more cytoplasmic processes that are encircled by predentine matrix, which later mineralises to increase the
dentine width &4, The biomarkers for active dentine synthesis, dentine matrix protein-1 (DMP-1) and human dentine
sialophosphoprotein (DSPP) show that the odontoblast is at the secretory stage (181,

By delivering calcium ions and inorganic phosphate to the mineralising front, odontoblasts actively contribute to dentine
mineralisation. Via voltage-gated Ca?* channels (L-type Ca?* channels) at their basal part and Ca-ATPase and Ca-Na
exchangers at their apical pole, respectively, odontoblasts may take in and release calcium ions. In contrast, phosphate
transport mechanisms need further research 12,

When teeth erupt and crown development is complete, the odontoblast transitions from the secretory to the mature stage.
At this stage, odontoblasts significantly decrease their dentine formation activity in order to produce secondary dentine.
Physiological secondary dentine formation will lead to a slow reduction in the pulp chamber size as the matrix is deposited
circumpulpally 2. Secondary dentine is formed at a significantly slower rate of 0.4 pm/day, whereas primary dentine is
deposited at 4-20 pm/day 220121 This secondary dentine is similar to the primary dentine in terms of chemical
composition and structural organisation. After primary dentinogenesis, the cell essentially enters a resting state, and the



restricted secondary dentine development over many years indicates a basic level of activity of the odontoblast in this
resting state (12,

The stage of the lifecycle has a considerable impact on the odontoblast metabolism, which in turn has a significant effect
on the functioning of the endodontium since odontoblasts secrete metabolites necessary for the synthesis of primary and
secondary dentine.

1.3. Odontoblasts and Odontoblast-Like Cells—Tertiary Dentine Formation

Damage to the tooth tissue leads to the deposition of the tertiary dentine below the injury site 22, This type of dentine
differs from primary and secondary dentine in its composition as well as in the rate of deposition. There are two subtypes
of tertiary dentine: reactionary and reparative 2122 This classification distinguishes subtypes mainly due to the
conditions in which the dentine was formed and the severity of the damaging factor 28—Figure 1.
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Figure 1. The tertiary dentine formation—reactionary and reparative dentinogenesis during reversible and irreversible
pulpitis.

Odontoblasts may endure damage produced by mild stimulation, such as slowly increasing caries or attrition, as well as
some restorative methods or proinflammatory mediators 29241 Odontoblasts create reactionary dentine in response to
mild stimulation by upregulating their baseline secretory activity. Moreover, the release of transforming growth factor 1
(TGF-B1) during dentine demineralisation is a significant activator of odontoblast differentiation and dentine matrix
secretion 221231, This factor is responsible for the increased odontoblast secretory activity [2€!

In contrast, when the noxious stimulus is stronger (e.g., quickly expanding carious lesion), it can lead to the odontoblasts’
death. To replace these cells, the differentiation of stem cell populations into odontoblast-like cells is initiated. These newly
differentiated cells secrete reparative dentine, which has an amorphous structure, an atubular shape and imprisoned cells
(28] The formation of this dentine is a more complicated process than the production of reactive dentine, as it requires the
recruitment of pulp cells, their differentiation and induction to secrete the matrix of this dentine [ZZ128],

When the bacteria infect the dentine, it demineralises (as mentioned earlier) and releases dentine matrix components into
the dentine-pulp complex El. Released growth and angiogenic factors may affect the metabolism of the dentine-pulp
complex by promoting angiogenesis or proliferation and differentiation of progenitor cells in the pulp 2328129130 |
addition, some of the substances (DSP) also stimulate the migration and proinflammatory activation of immune system
cells B2 However, previous studies mentioned that released dentine matrix components, cytokines and growth factors
(TNF-a and TGF-B1) have detrimental effects on pulpal tissue and can cause cellular death [241321(33(34]

It can be assumed that odontoblasts induce pulp cell metabolism indirectly through the secretion of cytokines and
chemokines. Nuclear factor kappa B (NF-kB) is an intracellular signalling pathway activated when harmful bacterial
substances, such as lipoteichoic acids (LTA), bind to TLR receptors on dental pulp cells like odontoblasts or fibroblasts.
The pulp can then generate a cascade of molecules as a result of the binding of cytokines and chemokines to their
specific receptors, which will further activate the pulp’s response to infection. The differentiation processes, however, may
be inhibited and obstructed due to the activation of the NF-kB proinflammatory signalling cascade 2211361,



2. The Changes in Metabolic and Signalling Pathways during the Pulp
Inflammation

The complications of dental caries are the main cause of triggering inflammatory responses in the dental pulp by the
penetration of oral bacteria via the enamel and dentine layers [21. In response to the release of the metabolically active
bacterial components, the dental pulp cells express pattern-recognition receptors, in particular, Toll-like (TLR) and NOD-
like receptors (NLR), which can activate nuclear factor-kB (NF-kB) and p38 mitogen-activated protein kinase (MPK)
signalling (28,

Also, bacterial invasion is closely related to the enhanced release of a wide range of mediators, especially interleukins
and matrix metalloproteinases, from the pulp cells B4, Surprisingly, the dental pulp may be susceptible to SARS-CoV2
infection, and then the patients present worse outcomes of pulp inflammation E&. In general, pulp inflammation is strictly
associated with lipopolysaccharide (LPS) induction. The bacterial LPS mainly affects NF-kB stimulation via TLR receptor
activation but also can regulate reactive oxygen species (ROS) production and DNA methylation B2,

Additionally, severe chronic periodontal disease may negatively influence both cementum and dental pulp functions. In the
inflamed pulp, the upregulated expression of IL-17 and IL-1p and autophagy markers LC3B and P62 were observed 49,
In addition, reduced oxygen saturation was found in the pulp of teeth with more advanced periodontitis 21, The dental
pulp cells manifest the dynamic response to hypoxia through the modulation of their metabolism by vascular endothelial
growth factor (VEGF) expression (regulated by hypoxia-inducible factor-1a) 2. Similarly, exposure to tumour necrosis
factor-a (TNF-a) promotes apoptosis with upregulated VEGF expression and enhanced NF-kB signalling 231,

In a recent study, Yan et al. ¥4 analysed the cytokine signalling pathways in dental pulp. The activity of TRAIL, NO, IL3,
CXCL12 and IL1A was high in the majority of cells in the dental pulp. The dental pulp stem cells demonstrated the
elevated activity of NO, TRAIL, CXCL12, BMP4 and BMP6, whereas pulp cells presented the high activity of CXCL12,
BMP4, BMP6, BMP2 and IFN1.

Furthermore, Worsley et al. (45 demonstrated that chronic pulpitis promoted the persistent activation of phosphorylated
extracellular signal-regulated kinase (pERK) and p38 (pp38) bilaterally in the trigeminal nuclei, and their expression could
be further elevated in case of inflammation exacerbation. Yang et al. & found that the glutamate signalling mediated by
vesicular glutamate transporter-2 could be enhanced in the pulpal axons during the inflammation, leading to hyperalgesia.
The pain from the inflamed pulp can refer to other oral sites, e.g., tongue via IL-1RI and TRPV1 signalling in the trigeminal
ganglion 2,

Moreover, the expressed miRNAs can show both positive and negative effects during pulp inflammation processes. In
inflamed dental pulp, miRNAs can be upregulated or downregulated in inflamed pulpal tissues. They can regulate pulp cell
differentiation, cellular metabolism and signalling, migration and apoptosis “&. Also, DNA methylation can modulate the
inflammatory response of human dental pulp cells by regulating miRNA expression . Similarly, the different directions of
the IncRNAs expression in pulpitis B2,

3. The Impact of Selected Dental Procedures on Cellular Metabolism in the
Dental Pulp

3.1. The Orthodontic Treatment

Orthodontic tooth movements induce vasodilatation and remodelling at the cellular level in the dental pulp B152, vy et al.
(B3] syggested that the elevated proinflammatory IL-17A secretion could promote pulp remodelling and alterations in the
pulp microenvironment.

The orthodontic intrusion could cause metabolic changes in the dental pulp, reflected by the increased activity of
aspartate aminotransferase (AST). Veberiene et al. 24 speculated that the orthodontic force application could promote
hypoxia following circulatory disturbances in the pulp cells, thereby altering the mitochondrial oxidative phosphorylation
system. The study by Perinetti et al. 23 observed that the elevated levels of AST activity in orthodontically treated teeth
were comparable with teeth with reversible pulpitis (28I,

However, the controlled mechanical forces during orthodontic treatment led to reversible temporary metabolic changes in
pulp tissue. These findings were confirmed by the previous studies assessing the AST activity elevations after 7 days of
the orthodontic intrusion, which gradually reduced to the control levels 7458l Moreover, Chavarria-Bolanos et al. 52
found that the increased expression of substance P and calcitonin gene-related peptide, as well as the increasing



expression trends of B-endorphins and methionine-enkephalin, were found in the dental pulp after the controlled
orthodontic intrusion, even in asymptomatic teeth without pain.

3.2. The Conservative Dentistry Procedures

Via ROS signalling, the BisGMA monomers stimulate prostaglandin E2 (PE2) production by the pulp cells, enhancing their
MEK/ERK signalling and leading to the higher production of alkaline phosphatase and IL-8 U662 E|evated PGE2
levels accelerate neutrophil infiltration and vascular permeability, causing pulpal inflammation common after the
application of composite resin restorations 6384, The study by Chang et al. 8% found that the pulpal expression of CES2
could protect against the cytotoxicity of the resin monomers and their metabolites (e.g., methacrylic acid).

Also, the other resin monomers, such as UDMA and TEGDMA, can alter the mitochondrial metabolism of fibroblasts,
inducing inflammatory processes in the pulp tissue B8IE7IE8] | contrast, the polyacrylic acid released from glass-ionomer
cement contains long interconnected and intertwined polymer chains, preventing migration via the dentinal tubules and
harmful reactions in the pulp. However, several studies reported the cytotoxicity of HEMA BAZAZA  pavidovic et al. 12
analysed the impact of various liners on dental pulp in experimental animals. Only in individual cases were the increased
vasodilatation and hyperaemia observed, which was explained by the fact of performing the cavity preparation during the
restorative procedure.

Based on the systematic review conducted by Rathinam et al. 3] tricalcium silicate cement (e.g., mineral trioxide
aggregate or Biodentine) promotes the odontogenic capacity of dental pulp cells via the activation of the extracellular
signal-regulated kinase Y%, nuclear factor E2 related factor 2, p38, c-Jun N-terminal kinase mitogen-activated protein
kinase, p42/p44 mitogen-activated protein kinase, nuclear factor kappa B, and fibroblast growth factor receptor pathways.
Silicium ions influence increased metabolism, collagen synthesis, bone mineralisation, and connective tissue cross-linking
74 Both released calcium and phosphate ions can activate the MAPK signalling pathway, inducing odontoblastic
differentiation [Z3I76],

In a recent study, Mendes Soares et al. 4l evaluated if resin infiltration system components could interfere with pulp
metabolism. During infiltrating enamel white spot-like lesions, the hydrochloric acid molecules diffuse via enamel and
dentine to the pulp cells, reaching toxic concentrations. It led to a significant reduction in total protein production and
alkaline phosphatase activity, as well as decreased cell viability and mineralised nodule formation. These impaired
metabolic processes influence on defence abilities of the dentine-pulp complex, involving enhanced mineralisation of the
dentine matrix. In response to the etchant application, the mineralisation-related genes for alkaline phosphatase, dentine
protein 1 and dentine sialophosphoprotein were downregulated, although they are crucial for the proper defensive dentine
formation. Additionally, the significantly upregulated expression of genes for IL-13 and TNF-a was found. Interestingly, the
biological effects of the only etchant application demonstrated significantly higher toxicity in comparison with the combined
resin application after etching. This may be related to the interaction between the residual resin monomers and unreacted
dissociated HCI molecules. In in vitro conditions, the resin infiltration negatively affected the metabolic activity of pulp cells
and interfered with dentine-pulp homeostasis. Therefore, although the resin infiltration is considered a minimally invasive
conservative dentistry procedure, special care should be taken with lesions reaching the external third of the dentine due
to the possibility of diffusion of components into the pulp.

3.3. The Dental Bleaching

During bleaching procedures, H,O, and its by-products can diffuse to the pulp via the layers of enamel and dentine,
triggering the release of inflammatory mediators, increasing vascular permeability, decreasing cellular metabolism, and
even leading to pulp necrosis 879, The study by Chen et al. BY reported that H,0O, from bleaching gel could induce the
pain response via upregulation of transient receptor potential ankyrin 1 (TRPAL) expression in dental pulp stem cells,
activating the inflammatory genes TNF-a and IL-6 and the hyperalgesia gene PANX1. The secreted neurotransmitter ATP
develops hyperalgesia. In parallel, increased intracellular ROS and calcium ions levels were found.

Da Silva et al. Bl determined that a violet LED affected only the most superficial dental tissues and only accelerated the
maturation of dentine collagen fibers without any inflammation and fibrosis processes in the rat pulp tissue after bleaching.
Similarly, Barboza et al. 82 observed no impact of the violet LED on dentine collagen biostability. The 17.5% hydrogen
peroxidase-based gel used in this study did not influence the pulp collagen fibre maturations compared to the previous
studies using 35% concentrations (83184,

The systematic review conducted by Benetti et al. [82] assessed the bleaching effects on the inflammatory response, as
well as the cytotoxicity and cell metabolism of the pulp tissue. The included in vitro studies demonstrated that light could



influence pulp cell metabolism. The one using halogen light to activate the bleaching gel indicated negative effects [88], in
contrast to three other studies [BAB8IEI Dyring the laser therapy, the light was able to compensate for the cytotoxic
effects in one study 29 and was incapable of positively modulating the cell metabolism in two others BUR2 | ow-level
laser therapy (LLLT) can stimulate cellular metabolism, collagen synthesis, and angiogenesis 231941 thereby minimising
the oxidative damage of the pulp cells caused by the bleaching agents. According to the beneficial effects of LLLT on pulp
cell metabolism, Lima et al. 22 found increased alkaline phosphatase activity when using a lower LLLT intensity (4 J/cm?).

Interestingly, Ferreira et al. [23] observed that oxidative stress generates increased levels of IL-6 and TNF-a in the rat pulp
tissue, regardless of diabetes mellitus, as well as of IL-17 only in the early periods in normoglycemic ones. After dental
bleaching, the normoglycemic group demonstrated an inflammatory response limited to more tissue and cellular
disorganisation near the pulp horns.
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