E International Journal of K\
.‘ Molecular Sciences MD\Py

Review

NO-cGMP Signaling in Endothelial Function of the Healthy
and Inflamed Dental Pulp

Yiiksel Korkmaz *'/, Tobias Kollmar, Judith F. Schultheis, Pablo Cores Ziskoven *, Lena K. Miiller-Heupt

and James Deschner

W) Check for updates

Academic Editor: Jin Chung

Received: 31 October 2025

Revised: 12 December 2025
Accepted: 18 December 2025
Published: 20 December 2025
Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Periodontology and Operative Dentistry, University Medical Center, Johannes Gutenberg
University Mainz, 55131 Mainz, Germany
* Correspondence: ykorkmaz@uni-mainz.de

Abstract

The intra- and intercellular signaling molecule nitric oxide (NO) is produced in endothelial
cells by the activity of endothelial NO synthase (eNOS). Upon formation, NO diffuses into
the underlying vascular smooth muscle cells, where it activates NO-sensitive guanylyl cy-
clase (NO-GC) resulting in the production of cyclic guanosine 3',5'-monophosphate (cGMP)
from guanosine 5'-triphosphate (GTP). Inducing vasodilatation, inhibiting platelet aggre-
gation and leukocyte adhesion, and inhibiting the proliferation and migration of vascular
smooth muscle cells, the NO-cGMP signaling leads to a number of anti-inflammatory pro-
cesses. Inflammation-dependent elevated concentrations of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) in blood vessels of inflamed dental pulp induce an
uncoupling of eNOS and oxidized NO-GC, leading to a disruption of NO-cGMP signaling.
Endothelial dysfunction in inflamed dental pulp alters cell-cell and cell-matrix interactions,
reducing the regenerative and reparative potential of the dentin—pulp complex in response
to carious lesions. In the therapeutic management of caries, it is essential to consider the
presence of endothelial dysfunction in the inflamed dental pulp. The utilization of NO-GC
stimulators and activators in indirect and direct pulp capping materials may enhance the
regeneration and repair potential of inflamed dental pulp.

Keywords: nitric oxide (NO); endothelial nitric oxide synthase (eNOS); NO-sensitive
guanylyl cyclase (NO-GC); cyclic guanosine 3’,5-monophosphate (cGMP); healthy dental
pulp; caries; inflamed dental pulp; reactive oxygen species (ROS); reactive nitrogen species
(RNS); endothelial dysfunction

1. Introduction

The dental pulp and dentin form a structural and functional unit called the dentin—pulp
complex. The dental pulp is supplied via the terminal arteries and veins through the apical
foramen [1-3]. The microcirculation of the dental pulp is responsible for supplying the cells
with oxygen, nutrients, and ions, as well as for removing metabolic waste products from
the cells of the dentin—pulp complex. In cell—cell and cell-matrix interactions, the cells of
the dental pulp perform a variety of complex biological functions to maintain homeostasis
in the healthy state of the dentin-pulp complex. In the case of inflammation induced by
caries, the cells of the dental pulp have the capacity to regulate the process of regeneration
and repair in the dentin-pulp complex [4-7]. Thus, the microcirculation in the dentin—pulp
complex plays a crucial role in maintaining homeostasis under physiological conditions, as
well as in regenerating and repairing the tissue under inflammatory conditions.
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Under physiological conditions, the endothelium is adapted to the unique structure of
the dental pulp and is able to respond appropriately to tissue-specific signals according
to the needs and functions of the dentin-pulp complex. As the dental pulp is located
within a rigid, mineralized extracellular dentin matrix with limited capacity to expand in
response to caries-induced inflammation [8-11], this unique structure, which is not found
in other organs, highlights the critical role of endothelial function in the dental pulp during
inflammation [12].

In the blood vessels, endothelial cells maintain homeostasis by producing and releas-
ing nitric oxide (NO), prostaglandins, and endothelin [13-15]. Upon activation by NO at
physiological concentrations [16], NO-sensitive guanylyl cyclase (NO-GC) induces the pro-
duction of cyclic guanosine 3',5'-monophosphate (cGMP) from guanosine 5 -triphosphate
(GTP) in vascular smooth muscle cells (VSMCs) [17,18]. The NO-cGMP signaling is
implicated in a variety of cell functions in a cell-specific manner, including the induc-
tion of vasodilation [18,19], the inhibition of platelet aggregation [20-23] and leukocyte
adhesion [24-27], and the inhibition of the proliferation and migration of VSMCs [28-31].

Studies on the cardiovascular system have reported the potential benefits of drugs that
restore or improve the impaired and altered functions of the NO-cGMP signaling cascade
in blood vessels under inflammatory conditions [32-37]. Here, we provide a comparative
review of the current state of knowledge regarding NO-cGMP signaling in endothelial
function and dysfunction in the cardiovascular system, as well as in the blood vessels of
healthy and inflamed dental pulp. Finally, we propose the therapeutic potential of NO-
c¢GMP signaling for treating endothelial dysfunction in inflamed dental pulp in response to
carious lesions.

2. NO and NO-cGMP Signaling in Endothelial Function

The synthesis of cGMP is catalyzed by NO-GC [18,34] and natriuretic peptide (NP)-
activated particulate guanylyl cyclase (pGC) [38,39]. However, the activation of NO-GC
and pGC does not contribute to a common cGMP pool [40—42]. The production of cGMP
through the activation of NO-GC and pGC is compartmentalized in different subcellular
regions (e.g., by NO-GC in the cytosol and by pGC in membranes), resulting in different
biological reactions [40-42]. For example, the absence of NP receptors in platelets has
been described [21,22]. NO-GC is the only enzyme that catalyzes cGMP synthesis in
platelets [21,22]. Thus, the formation of cGMP through the activation of NO-GC and pGC
depends on cell type and subcellular compartmentalization of proteins expressed. In this
review, NO-cGMP signaling is considered to elucidate endothelial function and dysfunction
in blood vessels in both healthy and inflamed dental pulp.

2.1. The Structure, Expression, and Regulation of Nitric Oxide Synthases

The intra- and intercellular molecule NO is synthesized by NO-synthases (NOSs),
which are encoded by separate genes. In different types of cells, NO is produced through
the activity of neuronal (n), endothelial (e) and inducible (i) NOSs [43-47]. The structure
of a NOS-monomer is composed of an N-terminal oxygenase and a C-terminal reductase
domain, which are linked to a calmodulin (CaM) binding sequence. The N-terminal
oxygenase domain of NOS contains binding sites for tetrahydrobiopterin (BH4) and iron
protoporphyrin IX (heme). The C-terminal reductase domain of NOS contains nicotinamide
adenine dinucleotide phosphate (NADPH)-, flavin adenine dinucleotide (FAD)- and flavin
mononucleotide (FMN)-binding domains [46—49] (Figure 1).

In its monomeric form, NOS is unable to form NO. The synthesis of NO is catalyzed
exclusively by NOSs in their dimeric form [48,50]. In the presence of dimeric form, electron
transfer occurs from the reductase domain of one NOS-monomer to the oxygenase domain
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of the other NOS-monomer resulting in the formation of NO [32,51]. In order to form NO,
NOSs utilize L-arginine and molecular oxygen (O,) as substrates. In this reaction, a NOS-
monomer uses heme, BH4, FMN, FAD and NADPH as cofactors [46,47]. The reductase
domain binds the cofactors FAD and FMN. NADPH acts as a source of electrons, which are
then utilized by FAD. BH4 is essential for enzyme function and facilitates electron transfer.
Heme is the only obligate cofactor for forming an active dimer of NOS [47,50]. It is also
essential for transferring electrons between FMN domains in one monomer and heme in
the other [32,47,49,50]. In the reductase domain of one monomer, the enzyme transfers
electrons from NADPH to FAD, and from FAD to FMN. These electrons are then transferred
to the heme iron in the oxygenase domain of the other monomer, reducing Fe®* to Fe?*. O,
binds to Fe?* and reacts with L-arginine to produce NO and L-citrulline [32,48-50,52].

Three different genes encode the three different isoforms of NOS: neuronal NOS
(nNOS; NOSI) is encoded by the NOSI gene, endothelial NOS (eNOS; NOSIII) by the
NOS3 gene, and inducible NOS (iNOS; NOSII) by the NOS2 gene [45,53]. The activi-
ties of NNOS and eNOS, which are constitutively expressed under physiological condi-
tions, are regulated by transcriptional, post-transcriptional, and post-translational mech-
anisms (phosphorylation, acetylation, protein—protein interaction, S-nitrosylation, and
S-glutathionylation) [43,47,53]. The activity of iNOS is mainly regulated by gene transcrip-
tion under inflammatory conditions [47,53].
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Figure 1. Protein domains of human nNOS, eNOS, and iNOS [45]. Human nNOS comprises
1434 amino acids and has a molecular weight of 161 kDa. Human eNOS contains 1153 amino acids
and has a molecular weight of 131 kDa, while iNOS contains 1203 amino acids and has a molecular
weight of 133 kDa. The amino acid residue numbers of nNOS, eNOS, and iNOS are indicated at the
beginning and end of each domain. The enzyme nNOS contains PDZ, oxygenase, and reductase
domains. The enzymes eNOS and iNOS contain oxygenase and reductase domains. The oxygenase
and reductase domains are separated by a connecting region that contains a regulatory CaM binding
domain. In their oxygenase domain, nNOS, eNOS, and iNOS contain binding sites for Zn, L-arginine,
heme, and BH4. In the oxygenase domain, eNOS additionally contains the myristoylation (Myr)
and palmitoylation sites (Palm). In their C-terminal reductase domain, nNOS, eNOS, and iNOS
contain the binding sites for NADPH, flavin adenine dinucleotide (FAD), and flavin mononucleotide
(FMN). The NHj-terminal domain of eNOS contains a glycine residue that is required for irreversible
myristoylation of the enzyme. Myristoylation of the N-terminal glycine has been demonstrated to
direct eNOS to the membrane [54], while reversible palmitoylation of Cys15 and Cys26 has been
shown to specifically direct eNOS to caveolae [55,56].
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2.1.1. Neuronal Nitric Oxide Synthase (nNOS)

The enzyme nNOS, encoded by the NOS1 gene located at 12q24.2 on human chromosome
12, contains 1434 amino acids (a.a.) with a molecular mass of 160.8-161 kDa [45,53,57,58]
(Figure 1). Under physiological conditions, nNOS is expressed in central [59,60], pe-
ripheral [61,62] neurons, in vascular smooth muscle cells [63,64] and in skeletal muscle
fibers [65-68]. In these locations, NNOS regulates synaptic plasticity in the central nervous
system [59,69-74], the relaxation of smooth [75] and skeletal muscles [66], and vasodilation
via peripheral nitrergic nerves [76-79].

2.1.2. Endothelial Nitric Oxide Synthase (eNOS)

The enzyme eNOS, encoded by the NOS3 gene located at 7q35-7q36 on human chro-
mosome 7, contains 1203 a.a. with a molecular mass of 133 kDa [43,45,53,80] (Figure 1).
The eNOS enzyme is mainly expressed in endothelial cells [81-84]. Prior to the identifica-
tion of NO in endothelial cells [81,82], it had been reported that endothelium-dependent
relaxation could be mediated by the activity of NO-GC and cGMP-dependent protein
phosphorylation [85-87]. Following the identification of the endothelium-dependent relax-
ation factor as NO [81-84], it was found that NO, formed in endothelial cells, activates its
target enzyme NO-GC in VSMCs, which, in turn, induces increased formation of cGMP in
VSMCs to regulate essential physiological functions in blood vessels via its downstream
signalling cascade [17,18]. The synthesis of NO by the activity of eNOS in endothelial cells
regulates the relaxation of VSMCs [19,47], mediates angiogenesis [53,88], inhibits VSMC
proliferation [28-31], and inhibits platelet aggregation in the lumen of blood vessels [20,22].
In cardiovascular diseases, eNOS is uncoupled under inflammatory conditions, leading to
endothelial dysfunction in blood vessels [32,37,89,90].

2.1.3. Inducible Nitric Oxide Synthase (iNOS)

The enzyme iNOS, encoded by the NOS2 gene located at 17q11.2-q12 on human
chromosome 17, contains 1153 a.a. with a molecular mass of 130-131 kDa [45,53]
(Figure 1). In contrast to eNOS and nNOS, iNOS activity is regulated independently of
calcium [45,47,53,91]. The production of NO by iNOS activity depends primarily on the
expression of iNOS, which is mainly regulated at the transcriptional level [92-95]. The
activity of iNOS is transcriptionally regulated under inflammatory and oxidative conditions
in a number of cells, including leukocytes, endothelial cells, VSMCs, cardiac muscle cells,
nerve cells, and fibroblasts [53,96-101]. Once formed, the catalytic activity of dimeric iNOS
is extremely high, and the enzyme maintains high NO production until the substrate and
cofactors are depleted or the enzyme is degraded [53,91]. Therefore, the expression of
iNOS, which is continuously regulated transcriptionally under inflammatory conditions,
induces extremely increased NO formation in different types of cells and in blood vessel
cells resulting in the formation of ROS and RNS and thus triggering pathological processes
in the tissues.

2.2. The Regulation of eNOS Activity in Endothelium

The synthesis of eNOS occurs as monomers. The eNOS monomer is unable to bind
the cofactor BH4 or the substrate L-arginine [47,50]. To produce NO, eNOS must be present
in dimeric form. In dimeric form, it is referred to as “coupled eNOS” [47,48]. BH4 is an
essential cofactor required for enzymatic eNOS activity. BH4 facilitates the transfer of
electrons from NADPH in the reductase domain of one eNOS-monomer to the oxygenase
domain of another eNOS-monomer, converting L-arginine into NO and L-citrulline through
a reaction with O, [47-50,102] (Figure 2).
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In endothelial cells, eNOS is subcellularly localized in caveolae in the plasma
membrane [102-104]. Under basal conditions, caveolin-1 maintains the inactive state
of eNOS in endothelial cells [56,103]. This limits eNOS activation and production of
NO [47,48,102]. In endothelial cells, stimulation by agonists (e.g., VEGF) increases intracellu-
lar calcium. This disrupts the interaction between caveolin-1 and eNOS via calcium-bound
calmodulin [49,105,106]. Hsp90 then binds to eNOS, promoting the recruitment of Akt/PKB.
In turn, Akt/PKB phosphorylates eNOS at Ser1177 [13,47,48,107]. The phosphatase cal-
cineurin is also recruited to the vicinity of eNOS via binding to Hsp90. Calcineurin then
dephosphorylates eNOS at Thr495, which contributes to maintaining NO release indepen-
dently of the intracellular calcium level [47-49,106] (Figure 2).
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Figure 2. The synthesis of NO in endothelial cells by the eNOS dimer (coupled eNOS). (A) In the
homodimeric form, eNOS oxidizes the substrate L-arginine to L-citrulline and NO. Each eNOS
monomer is composed of an oxygenase domain and a reductase domain. The oxygenase domain is
linked to the reductase domain via a calmodulin (CaM) binding sequence. The reductase domain con-
tains cofactors nicotinamide adenine dinucleotide phosphate (NADPH)-, flavin adenine dinucleotide
(FAD)- and flavin mononucleotide (FMN)-binding sequences. The oxygenase domain contains heme
and tetrahydrobiopterin (BH4). Heme is an absolutely necessary cofactor for forming active eNOS
dimers. Heme is also required for transferring electrons between the FMN domains and the heme of
the opposite monomer. BH4 is essential for the functioning of the eNOS dimer, facilitating electron
transfer. Electrons are transferred from NADPH via FAD and FMN of a monomer to heme iron of the
other monomer, whereby Fe?* is reduced to Fe*. O, then binds to Fe?* and reacts with L-arginine
to form NO and L-citrulline. (B) The activity of eNOS is mainly regulated post-translationally by
phosphorylation of the enzyme at serine (Ser), threonine (Thr) and tyrosine (Tyr) residues. Phospho-
rylation of eNOS at Tyr81, Ser615, Ser633, and Ser1177 (in blue; in the human sequence) leads to
increased enzyme activity, while phosphorylation of the enzyme at Ser114 and Thr495 (in red; in the
human sequence) leads to a reduction in eNOS activation [47,48,102,108]. Phosphorylation of eNOS
at Ser1177 increases electron flow through the reductase domain, thereby increasing the enzyme
activity of eNOS. In contrast, the phosphorylation of eNOS at Thr495 leads to a decrease in electron
flow, thus reducing the enzyme activity of eNOS [47,48]. The illustration was modified from [32,102].

2.3. Structure and Maturation of NO-GC

Upon stimulation by NO, NO-GC induces the production of cGMP from GTP. There-
fore, as a receptor enzyme for NO, NO-GC plays a crucial role within the NO-cGMP
signaling cascade [17,109-111].
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2.3.1. The Protein Structure of NO-GC

NO-GC is a heme-containing 150 kDa heterodimer protein composed of « (690 a.a.
residues; 80 kDa) and B (620 a.a. residues; 70 kDa) subunits [112-114]. Each NO-GC
subunit has two isoforms (&1 / oy and 31/ 2) encoded by 4 separate genes [115,116]. The
expression of the &;- and 31-subunits of NO-GC has been detected in various mammalian
cell types [117-120], while the expression of the ;- [119,121-123] and f3,- [124,125] subunits
is tissue-specific. It has been established that enzymes containing the (3;-subunit exhibit no
enzymatic activity [126,127].

The «- and -subunits of NO-GC are structured similarly in modular domains. The
amino acid sequence of the «- and (3-subunits was analyzed, identifying specific domains
of NO-GC: an N-terminal H-NOX domain, a Per/Arnt/Sim (PAS) domain, a coiled-coil
(CC) domain, and a C-terminal catalytic domain. In the N-terminal H-NOX domain, the
-subunit of NO-GC contains an iron-containing heme group to which NO binds [128-131].
The PAS and CC domains of NO-GC mediate protein—protein interactions. The catalytic
domain is responsible for the enzymatic activity of NO-GC, in which GTP is catalyzed by
NO-GC to ¢cGMP [132,133].

The heterodimer NO-GC1 consists of the subunits «; and 31 and is expressed in
most cell types and tissues [119,134]. The heterodimer NO-GC2, which consists of the
subunits oy and 31, is expressed in neuronal cells, in the placenta, in the spleen and in the
uterus [119,122,123,135].

2.3.2. The Maturation and Regulation of NO-GC Activity

In mammalian cells, 30 to 80% of the 3-subunit of NO-GC is present in its heme-free
form [136,137]. Once translated, the B-subunit of NO-GC is heme-free in cells and is termed
Apo-NO-GCp. It has been shown that cells exposed to physiological NO concentrations
undergo a redistribution of heme into the subpopulations of the 3-subunit of Apo-NO-
GC [137,138]. The NO-controlled redistribution of cellular heme in the 3-subunit of Apo-
NO-GC depended on cell proteins glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and heat shock protein 90 (Hsp90) [137,138]. Hsp90 is a cell chaperone that is responsible
for the correct folding, stability, transport, and degradation of proteins [137,139].

In heme-free state, Apo-NO-GCf3 forms a complex with Hsp90 [140,141]. GAPDH
transports heme within cells and makes it available to the Apo-NO-GCp-Hsp90
complex [142,143]. The insertion of heme into the 3-subunit of NO-GC has been shown
to result in the dissociation of Hsp90 from Apo-NO-GCf-Hsp90 complex. This enables
the a-subunit to bind to the 3-subunit, allowing the mature «(3-heterodimer of NO-GC to
be formed [140,141,144]. The mature «f3-heterodimer form of NO-GC can now respond
to NO [137,141,144]. The binding of NO to the iron-containing (Fe2+) heme group of 31-
subunit of NO-GC results in an increase in the catalytic activity of heterodimer NO-GC1
(o1 B1-heterodimer) and NO-GC2 («;31-heterodimer), leading to the production of cyclic
cGMP from GTP [17,18].

2.4. The NO-cGMP Signaling Cascade in Vascular Function

In different cell types, the effects of NO vary depending on the interactions between the
NO molecule and its derivatives and effectors, as well as the local redox environments [145].
In endothelial cells, NO is produced through the activity of eNOS [81,82]. Through the
endothelial plasma membrane, NO diffuses across various cell types in the vascular wall
(VSMCs) and blood (platelets) where it binds to NO-GC, resulting in the production of
c¢GMP from GTP [17,18,114,146,147] (Figure 3). Through the downstream signaling cascade,
c¢GMP interacts with cGMP-activated protein kinases (PKG1 and PKG2) [32,148], cGMP-
regulated ion channels [149,150] and cGMP-regulated phosphodiesterases (PDEs) [52,151].
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Figure 3. NO-cGMP signaling in blood vessels. In healthy endothelial cells, NO and L-citrulline
are synthesised from L-arginine through the activity of eNOS. NO diffuses into the underlying
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smooth muscle cells and binds to NO-GC, inducing increased formation of cGMP. In the cell, this
activates the downstream signaling cascade, which in turn activates cGMP-dependent protein kinases
(PKG). The latter then mediate a decrease in intracellular Ca?* concentrations (black arrow), leading
to vasodilation.

The NO-cGMP signaling cascade mediates vasodilation [18,19] (Figure 3), inhibits
platelet aggregation [20-23] and leukocyte adhesion [25,27], and inhibits the prolifera-
tion and migration of VSMCs [28,29] exerting anti-inflammatory effects on cells in blood
vessels [26,152]. Understanding the mechanism of action of NO-cGMP signaling cascades
on a range of anti-inflammatory processes is therefore important for the treatment of
inflammatory diseases in various organs, including the dental pulp.

3. NO and NO-cGMP Signaling in the Healthy Dental Pulp
3.1. The Healthy Dentin—Pulp Complex

In the dentin—pulp complex, the dental pulp contains odontoblasts [153,154], fi-
broblasts [155,156], nerve fibers with myelinated and unmyelinated peripheral glial
cells [157-159], endothelium (endothelial cells) [12] with mural cells (VSMCs and
pericytes) [120,159], immune cells such as macrophages [160,161], dendritic cells [6,162]
and pulp glial [159,163] and mesenchymal [164,165] stem cells. As mesenchymal stem cells
in the dental pulp originate from the neural crest during tooth development [166,167], they
are also termed ectomesenchymal stem cells. In the dentin—pulp complex, the cell bodies of
the odontoblasts are located in the peripheral pulp, while the processes of the odontoblasts
extend within the dentinal tubules to the area near the enamel-dentin junction and the
dentin-cement junction. In cell-cell and cell-matrix interactions, the cells of the dental pulp
maintain homeostasis to ensure the physiological functions of the dentin—-pulp complex. In
the event of inflammation, the cells of the dental pulp are able to enable regeneration and
repair of the dentin-pulp complex [4,5,7,153,168-171].

In an organ, the healthy endothelium fulfills the following functions: (i) induction of
vasodilation, (ii) inhibition of coagulation (anti-coagulant) and induction of fibrinolysis
(pro-fibrinolytic), (iii) inhibition of leukocyte adhesion and migration (anti-inflammatory),
(iv) inhibition of platelet adhesion and aggregation (anti-thrombotic) and inhibition of the

https://doi.org/10.3390/ijms27010057


https://doi.org/10.3390/ijms27010057

Int. J. Mol. Sci. 2026, 27, 57

8 of 36

proliferation and migration of VSMCs (anti-hypertrophic) [32,152]. Therefore, clarifying the
functions of the endothelial cells of the dental pulp under physiological and inflammatory
conditions is of great importance for developing new treatment strategies for the therapy
of caries.

3.2. The Regulation of Circulation by Intrapulpal Tissue Pressure in Healthy Dental Pulp

The dental pulp is surrounded by a rigid dentin matrix structure and is only open
via an apical foramen, through which blood vessels and nerve fibres pass. This unique
encasement of the dental pulp in a low-compliance environment is of great importance for
pulp physiology and pulp blood flow due to the development of intrapulpal tissue pressure
under physiological and inflammatory conditions [8-11,172]. In a physiologically intact
dentin—pulp complex, the endothelium of the dental pulp is adapted to this unique structure.
The endothelium of the dental pulp is able to respond adequately to tissue-specific signals in
order to regulate homeostasis in the dentin—-pulp complex under physiological conditions.

The cells of the vessel wall are sensitive to changes in their mechanical environment.
Under physiological conditions, mechanical forces regulate signal transduction and gene
expression in vascular cells in order to control the remodeling processes necessary for
optimal function of the vascular wall. However, under inflammatory conditions, the cells
undergo defective remodelling, impairing or losing homeostatic mechanisms [173]. Two
biomechanical forces regulate mechanotransduction in blood vessels: These are cyclic
stretching and shear stress. Cyclic stretching affects all cells in the vessel wall, while shear
forces only affect the cells (endothelial cells) lining the vessel lumen. These mechanical
forces trigger biological signals in the cells of the blood vessels [174]. The intrapulpal
tissue pressure in normal pulp is higher in comparison to other organs [10,175]. This
tissue-specific property of dental pulp has the ability to influence the mechanosensation of
endothelial cells.

3.3. The Phosphorylation of eNOS at Ser1177 in the Endothelial Cells of Healthy Dental Pulp

It is known that endothelial cells of healthy dental pulp express eNOS [122,176,177].
The phosphorylation of eNOS has been identified as a critical regulatory mechanism for
the activity of the enzyme in endothelial cells [47,108,178]. The phosphorylation of eNOS
at Ser1177 results in an increase in the electron flux within the eNOS dimeric form, thus
increasing eNOS activity and NO production. In contrast, the phosphorylation of eNOS at
Thr495 has been demonstrated to decrease the electron flux within the eNOS dimer form,
thereby inducing a decrease in eNOS activity [47,48]. In endothelial cells of the healthy
human dental pulp, eNOS is phosphorylated strongly at Ser1177 but weakly at Thr495 [12].
In view of the results obtained, it is evident that eNOS is active in the endothelial cells of
healthy dental pulp and produces NO through phosphorylation of the enzyme at Ser1177.

Endothelial cells are mechanosensitive [179,180], and it is known that shear stress
increases the phosphorylation of eNOS at Ser1177 via the activation of Akt/PKB [48,107].
The activation of eNOS by phosphorylation of enzyme at Ser1177 is calcium-independent
and increases the production of NO [48,107]. The phosphorylation of eNOS at Ser1177
in blood vessels of healthy dental pulp [12] can be explained by the unique structure
of the dentin—pulp complex and the resulting intrapulpal tissue pressure. Since healthy
dental pulp exhibits a higher physiological intrapulpal tissue pressure compared to other
tissues [10,11,172], it is conceivable that this physiologically higher intrapulpal tissue
pressure may induce an increase in shear stress in the endothelium by increasing friction
between blood flow and the vessel wall. This, in turn, may lead to the phosphorylation of
eNOS at Ser1177 in the endothelium of the healthy dental pulp, inducing the formation of
NO. Following its formation, NO diffuses through the endothelial plasma membrane into
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the neighboring VSMCs. In VSMCs of the healthy dental pulp, the activation of NO-GC can
lead to the dephosphorylation of the myosin light chain, resulting in vasodilation through
the reduction in Ca* concentrations.

3.4. NO-GC and cGMP in Blood Vessels of Healthy Dental Pulp

In blood vessels of the human dental pulp, the expressions of the o;-, xy- and p1-
subunits of NO-GC and localization of cGMP were detected [120,122,181]. In consideration
of the results obtained, NO-GC1 (x;31-heterodimer) appears to play a key regulatory
role in the vasodilation process in dental pulp blood vessels by activating downstream
NO-cGMP signaling cascades. The NO formed in endothelial cells of the healthy dental
pulp diffuses into the underlying VSMCs activating NO-GC1 in these cells. The activation
of the NO-GC1 enzyme in VSMCs induces the production of cGMP, which in turn leads to
vasodilation in the blood vessels of healthy dental pulp.

3.5. The Role of the NO-cGMP Signaling in Maintaining Homeostasis of Healthy Dental Pulp

It has been well documented that, under physiological conditions, endothelial cells
produce NO, which has been demonstrated to inhibit platelet aggregation, monocyte and
leukocyte adhesion via a NO-cGMP signaling [27,50]. NO inhibits the proliferation and
migration of VSMC via activation of the NO-cGMP signaling cascade [28,29]. The NO
produced by endothelial cells diffuses to thrombocytes and leukocytes circulating in the
blood, which express NO-GC. In platelets, NO activates the NO-GC leading to inhibition of
platelet activation, adhesion and aggregation in blood vessels [25,27]. Activation of NO-GC
in leukocytes induces a reduction in their adhesion to blood vessels [27].

In addition to vasodilation, the anti-inflammatory effect of the NO-cGMP signaling
cascade could also play an important role in the homeostasis of the dentin—-pulp complex.
Under physiological conditions, NO may regulate its anti-inflammatory effect by activating
NO-GC via the NO-cGMP signaling cascade in cells of the dental pulp. The inhibitory
effect of the NO-cGMP signaling cascade on platelet activation, adhesion, and aggregation,
as well as its ability to inhibit leukocyte adhesion in blood vessels, are the underlying
mechanisms that could also occur in the blood vessels of the dental pulp to maintain
homeostasis of the dentin—pulp complex under physiological conditions.

4. NO and NO-cGMP Signaling in Endothelial Dysfunction

The balance between NO production through eNOS activity and the uncoupling of
eNOS due to higher concentrations of ROS and RNS determines endothelial
function [32,50,89,182]. Under normal conditions, the production of ROS and RNS occurs at
physiological concentrations, which is necessary for normal cell function [183,184]. Inflam-
mation has been shown to induce an increase in the production of ROS and RNS, which
can result in eNOS uncoupling and, consequently, endothelial dysfunction [89,90,185,186].
ROS and RNS include superoxide radicals (O, ), hydrogen peroxide (H,O;), hydroxyl
radicals (HO-), peroxyl radicals (HO,), nitrogen monoxide radicals (-NO), nitrogen dioxide
radicals (NO,), and peroxynitrite (ONOO™) [183,184]. Endothelial dysfunction is associ-
ated with uncoupling eNOS, reduced bioavailability of NO and oxidized NO-GC, resulting
in decreased production of cGMP due to higher concentrations of ROS and RNS [32,50].

4.1. The Uncoupled eNOS

In inflammation ROS and RNS have been shown to lead to an uncoupling of eNOS
through various mechanisms [89,90]. These include the oxidation of BH4 to BH2 [187], the
oxidative disruption of the zinc-sulfur complex of eNOS dimer [188], the phosphorylation
of the enzyme at Thr495 [189,190], S-glutathionylation of the enzyme [191,192], reduced
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substrate availability of the enzyme [13,193], and the effects of the endogenous inhibitor of
eNOS, asymmetric dimethylarginine (ADMA) [194,195].

4.1.1. Uncoupled eNOS by Oxidative Depletion of Tetrahydrobiopterin (BH4)

Tetrahydrobiopterin (BH4) is synthesised from GTP by the enzyme guanosine 5'-
triphosphate cyclohydrolase I (GTPCH) [196-199]. BH4 is an essential cofactor for eNOS
to regulate electron flow within the eNOS dimer and thus enable the formation of
NO [47,50,89,200]. The uncoupling of eNOS is associated with a BH4 deficiency in an
environment with elevated concentrations of O, ~ and ONOO™ [187,199,201-203]. O, and
ONOO™ induce the activation of the ubiquitin-proteasome cascade, which consequently
results in the degradation of GTPCH. The degradation of GTPCH has been demonstrated
to result in a rapid depletion of BH4 [199,202]. In this reaction, ONOO™ oxidizes BH4 to an
intermediate product, BH3, which is further oxidized to BH2 [187], resulting in uncoupling
of eNOS [32,50,89,187,199-201] (Figure 4).

oxygenase domain reductase domain

R

ED
2 0
Fe

reductase domain oxygenase domain

Figure 4. Uncoupled eNOS and formation of O, ~ by eNOS in monomer form. NO is produced by
eNOS in dimer form. However, eNOS is not able to form NO in monomer form. In the presence
of inflammation, the dimer form of eNOS can undergo uncoupling into its two monomer forms, a
process triggered by the presence of ROS and RNS. The mechanisms that cause eNOS uncoupling
include the oxidation of the NOS cofactor BH4 to BH2, reduced L-arginine levels, the accumulation
of the endogenous NOS inhibitor ADMA, and S-glutathionylation of eNOS. In the uncoupled form
of eNOS, electron transfer occurs from NADPH via FAD and FMN of the reductase domain to
molecular oxygen (O,) in the oxygenase domain of the same monomer. This results in the formation
of superoxide anions (O, ™). The illustration was modified from [32].

4.1.2. Uncoupled eNOS by Oxidative Disruption of the Zinc-Sulfur Complex

The oxygenase domain of eNOS contains binding sites for BH4, heme iron, and L-
arginine. The zinc thiolate (ZnS4) cluster in the eNOS oxygenase domain, formed from
one zinc ion and two cysteine residues from each monomer, is responsible for main-
taining the integrity of the BH4 binding site in eNOS [50,204]. The stabilization of the
eNOS dimer by the ZnS4 center is an essential prerequisite for the catalytic activity of
eNOS [204]. A mutation in the ZnS4 cluster has been demonstrated to prevent the bind-
ing of zinc, BH4, or L-arginine and to abolish the activity of eNOS [50,205]. It has been
demonstrated that oxidation of the zinc thiolate cluster by ONOO™ leads to dimer dis-
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sociation of eNOS (uncoupling of eNOS), resulting in the formation of O,~ instead of
NO [32,89,188,206] (Figure 4).

4.1.3. Uncoupled eNOS by Phosphorylation of Enzyme at Thr495

The activity of eNOS is increased by phosphorylation of the enzyme at Ser1177, which
is mediated by Akt/PKB activity. It has been demonstrated that the phosphorylation of
eNOS at Ser1177 is Ca?*-independent, resulting in the formation of NO [107]. In contrast,
it has been shown that eNOS activity decreases through phosphorylation of the enzyme
at Thr495, which is mediated by protein kinase C (PKC) activity [189,190]. ROS and
RNS have been verified to induce phosphorylation of eNOS at Thr495, leading to eNOS
uncoupling [189,190]. This uncoupling is a consequence of the action of ONOO™, wherein
uncoupled eNOS forms O, instead of NO [189,190].

4.1.4. Uncoupled eNOS by S-Glutathionylation of the Enzyme at Cys689 and Cys908

Under oxidative (ROS) and nitrosative stress (RNS), the activity of eNOS is negatively
regulated by S-glutathionylation at the cysteine residues Cys689 and Cys908 in the reduc-
tase domain of the enzyme, leading to the uncoupling of eNOS and the formation of O, in
endothelial cells [191,192]. The cysteine residues Cys689 and Cys908 located at the interface
between the FMN and FAD binding domains undergo S-glutathionylation, resulting in an
uncoupling mechanism of eNOS that leads to the release of electrons to molecular oxygen
with the formation of O, at the reductase domain [192,207]. The S-glutathionylation of
eNOS catalyzed by glutaredoxin-1 is a reversible process [207].

4.1.5. Uncoupled eNOS by Reduced Substrate Availability

L-arginine is the endogenous substrate for all forms of NOS, including eNOS. A
reduced availability of L-arginine for eNOS can lead to uncoupling of eNOS [13,193]. L-
arginine is also a substrate for the enzymes arginase I and II, which catalyze the hydrolysis
of L-arginine to urea and ornithine [208,209]. Therefore, an L-arginine deficiency may
result from increased arginase activity [210]. Increased ROS and RNS production under
pathological conditions has been identified as the primary cause of L-arginine deficiency
in blood vessels [13,211]. When endothelial arginase activity increases due to ROS and
RNS, arginase competes with eNOS for the common substrate, which can lead to eNOS
uncoupling [212-215]. A further reason for the decrease in L-arginine levels is the induction
of iNOS [214]. Under physiological conditions, the enzyme iNOS can only be expressed to a
minimal extent. However, under inflammatory conditions, iNOS is continuously expressed
and produces large amounts of NO. Therefore, iNOS competes with eNOS for the common
substrate L-arginine, which can result in uncoupling of eNOS [214,216].

4.1.6. Uncoupled eNOS by Asymmetric Dimethyl Arginine (ADMA)

Endogenous inhibitor of eNOS, asymmetrical dimethyl arginine (ADMA), has been
shown to trigger the uncoupling of eNOS [50,194,195,217]. In response to the effects of ROS
and RNS, ADMA is produced in higher levels [89,218]. ROS and RNS activate the enzyme
protein arginine methyl transferase type I, which catalyzes the formation of ADMA. ROS
and RNS inhibit the enzyme dimethylarginine dimethylamine hydrolase, which hydrolyzes
ADMA, leading to increased ADMA levels even under oxidative stress [89,218]. This, in
turn, induces uncoupling of eNOS [50,89,218,219].

4.2. Desensitization of NO-GC to NO

The desensitization of NO-GC to NO is triggered either by the loss of the heme group
or by thiol oxidation and S-nitrosylation as a result of the effects of ROS and RNS [90,133].
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4.2.1. Heme Iron Oxidation in NO-GC

The redox state of the heme group in NO-GC is a decisive factor in its activation by
binding to NO. In its native form, NO-GC requires a bound Fe?*-heme group in order
to be sensitive to NO [111,220]. ROS and RNS produced during inflammation, leading
to the conversion of Fe* to Fe®* in the heme group of NO-GC [220-222]. In many cases,
this results in the loss of the heme group from NO-GC, forming heme-free apo-NO-GC.
Both the oxidized form of NO-GC with Fe**-heme and apo-NO-GC are insensitive to
NO, resulting in NO-GC exhibiting no activity even in the presence of endogenous and
exogenous NO [111,131,220,223].

4.2.2. Thiol Oxidation and S-Nitrosylation of NO-GC

The binding of an NO group to the thiol side chain of cysteine residues in
proteins is referred to as S-nitrosylation. S-nitrosylation is defined as an NO-dependent
post-translational modification of free thiol cysteines with the capacity to alter the
function of proteins [224,225]. NO-GC is inactivated by thiol oxidation and S-nitro-
sylation [130,218,226,227]. The attachment of an NO group to the thiol side chain of
cysteine residues in NO-GC leads to desensitization of NO-GC to NO [218,226]. It has been
found that the desensitization of NO-GC is concentration- and time-dependent on exposure
to S-nitrosocysteine, which can be explained by the NO tolerance of NO-GC [228,229].

5. NO and NO-cGMP Signaling in Endothelial Dysfunction of Inflamed
Dental Pulp

5.1. Inflammation of the Dental Pulp

In the event of carious lesions extending beyond the enamel-dentin or cementum-
dentin junctions, bacteria have the ability to penetrate the exposed dentinal tubules and
enter the dental pulp, inducing inflammation [181,230]. The pathogens contain repetitive
patterns in their cell membranes that enable immune cells or other cells to recognize them
as foreign. These repetitive patterns of bacterial components are known as pathogen-
associated molecular patterns (PAMPs). In the earlier phase of the carious lesion, the
odontoblasts, the fibroblasts, endothelial cells, stem cells, and immune cells of the dental
pulp recognize PAMPs via pattern-recognition receptors (PRRs) [5,168]. The PRRs, Toll-
like receptors (TLRs), and nucleotide-binding oligomerization domain proteins (NOD)
1 and 2 are expressed on odontoblasts, fibroblasts, pulp stem cells, and in endothelial
cells [5,168]. The highly selective endothelial barrier is essential for maintaining fluid
homeostasis in tissue to support normal organ function [231,232]. A hallmark of the
endothelium during inflammation is an increased permeability, resulting in the loss of
barrier function and subsequent tissue oedema [231,232].

The bacteria induce inflammation in the dental pulp through severe vasodilation
and vascular permeability, which can lead to increased plasma extravasation [8,233-235].
In the inflamed dental pulp, the initial response to bacterial infection is the secretion
of toxic substances by neutrophil granulocytes to eliminate bacteria. The macrophages
then initiate the process of bacterial phagocytosis. The transcription factor nuclear factor
kappa B (NF-kB) is a crucial component of the immune response, being found to be
upregulated in immune cells during inflammation [232,236]. The activation of NF-«B
is regulated by the cytokines interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-«),
and IL-8 [232,236]. The nuclear translocation of NF-«B leads to increased production
of cytokines and chemokines (IL-1a and IL-1B; TNF-«; IL-4, IL-6, IL-8, IL-10), which
trigger cellular immune responses in the inflamed dental pulp [5,168]. In response to
inflammatory cytokines, endothelial cells are activated and express adhesion molecules
(selectins, integrins, intercellular adhesion molecules (ICAMs) and vascular cell adhesion
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molecule-1 (VCAM-1)) [232,236]. This, in turn, triggers the process of recruitment of
immune cells to the site of inflammation in the dental pulp. The number of neutrophils,
macrophages, dendritic cells, mast cells, T lymphocytes and B lymphocytes increases in
the area of inflammation near a carious lesion [160,181,234,237,238]. In comparison with
healthy human dental pulp, inflamed human dental pulp has been shown to exhibit higher
concentrations of ROS [12] and RNS [234]. At higher concentrations, ROS and RNS cause
cellular damage due to their deleterious effects on DNA, proteins, and lipids in cells of the
dentin—pulp complex [5,12,168,230,234].

The dental pulp is located in a rigid, mineralized extracellular dentin matrix, which
limits its ability to expand in response to inflammation caused by caries. This unique
structure exerts a significant influence on the functionality of endothelial cells under
inflammatory conditions, given the crucial role of pulp circulation in the regeneration and
repair of the dentin—pulp complex.

5.2. The Regulation of Circulation by Intrapulpal Tissue Pressure in Inflamed Dental Pulp

The dental pulp is located within a chamber of mineralized dentin matrix that only
opens to blood vessels and nerve fibres via the apical foramen. This unique structural
morphology limits the ability of the dental pulp to expand and adapt in response to
inflammation caused by mechanical, chemical, thermal, and bacterial stimuli [8,10,11,175].
Following a carious lesion, local inflammation develops in the dental pulp. The vasodilation
and increased capillary permeability caused by the inflammation lead to increased plasma
extravasation from the blood vessels into the tissue, which in turn results in a steady
increase in tissue pressure in the dental pulp. As intrapulpal tissue pressure increases, the
blood vessels can gradually become strangulated, which can lead to a reduction in blood
flow and thus to ischemia of the dental pulp [8,10,11,175].

Despite the absence of collateral circulation in the dental pulp, its micromorphological
and physiological properties have the capacity to compensate for the elevated tissue
pressure that occurs during inflammation [10,11]. For instance, the dental pulp contains
shunt vessels that form a direct link between the arterioles and venules [2,239]. When
intrapulpal pressure rises, the shunt vessels open to reduce it, thereby maintaining blood
flow in the dental pulp [2,172]. Increased lymph flow in the dental pulp may also counteract
increased hydrostatic dental pulp tissue pressure [11,175]. It has been shown that the dense
extracellular matrix (ECM) in the dental pulp limits intrapulpal pressure at the site of
irritation [175]. Initially, the increased pressure causes the thin-walled venules in the
microenvironment of the affected pulp tissue to collapse due to increased vasodilation,
increased permeability, and plasma extravasation. Only when the structural integrity of
the ECM in the dental pulp is lost due to massive inflammation can the increased tissue
pressure spread and lead to compression of the blood vessels at the apical foramen. This
results in reduced blood flow to the pulp [10,240].

5.3. The Formation of ROS and RNS in Inflamed Dental Pulp

At physiological concentrations, ROS and RNS are essential for regulating normal cell
functions [183,184] such as maintaining vascular tone through the endothelium, promoting
angiogenesis, and acute inflammatory responses to combat invading pathogens [232,241].
Nevertheless, the continuous elevation of ROS and RNS under inflammatory condi-
tions leads to reactions with cell lipids, proteins, and nucleic acids, resulting in cell
damage [90,186,242,243].

The biological sources of the superoxide anion (O, ™), a precursor of ROS and RNS,
are xanthine oxidase (XO), NADPH oxidases (NOX), uncoupled nitric oxide synthases
(eNOS, nNOS and iNOS) and the mitochondrial respiratory chain [186,211,219,244]. In view
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of these results obtained under inflammatory conditions in blood vessels, XO, NADPH
oxidases, uncoupled eNOS, nNOS, iNOS and the mitochondrial respiratory chain may be
considered as sources of O, formation in blood vessels of the inflamed dental pulp. In
comparison to the healthy human dental pulp, a significantly increased phosphorylation of
eNOS at Thr495 in blood vessels of inflamed human dental pulp indicates uncoupling of
eNOS and the formation of O, instead of NO in blood vessels of inflamed human dental
pulp [12].

The activity of iNOS is primarily regulated at the transcriptional level [47,92]. The
transcription factor NF-«B plays a crucial role in inducing endogenous iNOS gene expres-
sion in response to bacterial lipopolysaccharide (LPS) [92,93]. In the event of a carious
lesion, LPS activates the NF-«B pathway in dental pulp cells leading to the production of
cytokines and chemokines, which cause inflammation in the dental pulp [5,6,168,170]. In
inflammation, iNOS becomes permanently active in endothelial cells and VSMCs, thereby
continuously generating NO [100,245]. Higher expression of iNOS has been detected in
inflamed dental pulp [177,234,246,247]. The expression of iNOS in inflamed dental pulp is
regulated by transcriptional activation in response to inflammation and cytokine produc-
tion. The sustained activity of iNOS in inflamed dental pulp results in elevated levels of
NO formation. In the presence of inflammation, NO reacts with O~ to form the highly
toxic compound ONOO™ [100,248]. The biological existence of ONOO™ is demonstrated
specifically by detecting 3-nitrotyrosine (3NT) [249,250] in healthy and inflamed tissues
using immunohistochemistry and immunoblotting [251-254]. In healthy dental pulp, 3NT
was detected in low levels; in contrast, inflammation of the dental pulp caused by caries
led to higher expression of 3NT [234]. The elevated levels of 3NT are the result of increased
formation of ONOO™ in inflamed human dental pulp.

5.4. Uncoupled eNOS and Endothelial Dysfunction in Inflamed Dental Pulp

The inflamed endothelial cells have the ability to produce ROS and RNS in higher lev-
els, which in turn are mediated by the mitochondrial respiratory chain, NOX (in particular
NOX2 and NOX4), XO and uncoupled eNOS [232,255]. In inflammation, ROS and RNS
are formed in different subcellular compartments of a cell through the activity of various
enzymes. ROS and RNS are generated in the cytoplasm, mitochondria, peroxisomes and
endoplasmic reticulum during inflammation [218,256]. In the cytosol, ROS are formed
by NADPH oxidases [256]. The enzymes nNOS, eNOS and iNOS are sources of ROS
formation in the cytosol during inflammation. Uncoupling nNOS, eNOS and iNOS during
inflammation leads to a dysregulated NO response, in which NO reacts with O, to form
ONOO™ [89,248]. Uncoupled eNOS is a hallmark of inflammation in blood vessels [89,257].
Inflammation of the human dental pulp, in which O, [12] and ONOO™ [234] are produced
in excessive amounts, leads to uncoupling of eNOS. This results in endothelial dysfunction
of the inflamed dental pulp. Endothelial dysfunction in inflamed dental pulp is associated
with reduced formation as well as reduced bioavailability of NO.

In nerve fibers and in odontoblasts of the dental pulp, nNOS is expressed [122]. As
nNOS is expressed during inflammation, a process in which the enzyme can become un-
coupled [188,258], it is possible that uncoupled nNOS could also be the source of O, ™ in
inflamed dental pulp. In inflamed dental pulp, iNOS is known to be activated simulta-
neously in immune cells and in the endothelium, resulting in the release of substantial
quantities of NO [177,234]. The reaction between NO and O, ™ results in the formation of
ONOO™, which has been detected in increased concentrations within inflamed dental pulp
by 3NT [234]. The formation of O, [12] and ONOO™ [234] in inflamed human dental
pulp may play a critical role in the development of endothelial dysfunction by uncoupling
eNOS in endothelial cells.
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5.4.1. Uncoupled eNOS by Phosphorylation of eNOS at Thr495 in the Endothelial Cells of
Inflamed Dental Pulp

The activity of eNOS in endothelial cells increased by phosphorylation of the enzyme
at Ser1177 and decreased at Thr495 [47,48,259]. In the endothelium of the inflamed dental
pulp, eNOS was found to be phosphorylated weakly at Ser1177 but strongly at Thr495 [12].
These results indicate that eNOS activity is reduced by phosphorylation of the enzyme at
Thr495 in inflamed dental pulp.

The unique structure of the dental pulp could play a crucial role in the phosphorylation
of eNOS at Thr495 under inflammatory conditions. Inflammation of the dental pulp results
in elevated intrapulpal tissue pressure due to increased vasodilatation, permeability and
plasma extravasation in blood vessels of the dental pulp. This, in turn, has been shown
to result in a significant reduction in blood flow through the small apical foramina to
the dental pulp, which is surrounded by a rigid dentin matrix [8,10,11]. The reduced
blood flow in this low compliance [11,260] indicates a reduction in shear forces on the
blood vessels in the inflamed dental pulp. The decrease in eNOS activity due to reduced
phosphorylation of the enzyme at Ser1177 and increased phosphorylation of the enzyme at
Thr495 is attributable to a lack of shear stress in the pulp blood vessels caused by reduced
blood flow in the inflamed dental pulp. This assumption is supported by findings showing
that low shear stress induced phosphorylation of eNOS at Thr495 through activation of
MAPK ERK1/2 [261,262]. It has also been found that low shear stress with inflammation
in endothelial cells is associated with the formation of ROS, which reduces the activity of
eNOS through phosphorylation of the enzyme at Thr495 [261-264].

The phosphorylation of eNOS at Thr495, which is mediated by PKC, contributes to the
uncoupling eNOS and production of O, instead NO [189,190]. A significant increase in
the phosphorylation of eNOS at Thr495 was detected in blood vessels of inflamed human
dental pulp in comparison to healthy dental pulp [12]. The results obtained indicate the
uncoupling of eNOS and the formation of O, instead of NO by phosphorylation of the
enzyme at Thr495 in inflamed blood vessels of the human dental pulp following a carious
lesion, which in all cases triggers inflammation in the dental pulp when the dentinal tubules
are exposed by the lesion.

5.4.2. The Uncoupling of eNOS Through the Oxidation of BH4 and ZnCys4 in Inflamed
Dental Pulp

The cofactor BH4 and the ZnCys4 complex, which connect the two monomers and
enable dimerisation of eNOS, are crucial for dimerisation of eNOS and for formation of
NO [188,196,198,265]. Through redox regulation, the ZnCys4 binding region of the eNOS
dimer is oxidized by ROS and RNS, particularly by ONOO™. This leads to a loss of eNOS
dimerisation and subsequent uncoupling of eNOS [89,188]. Inflammation of the blood
vessels has been demonstrated to induce the oxidation of BH4 to BH2, which in turn can
lead to the uncoupling of eNOS [196-199,201,266]. The uncoupling of eNOS through the
oxidation of BH4 to BH2 and through the oxidation of ZnCys4 by ROS and RNS leads to the
formation of O, instead of NO in endothelial cells [32,196,198,200,201]. In consideration
of these results, it can be assumed that the formation of ONOO™ [234] in inflamed human
dental pulp induces uncoupling of eNOS through the oxidation of BH4 to BH2 and the
oxidation of ZnCys4 in the blood vessels of the pulp, which may lead to the production
of O, in the inflamed dental pulp. It is also expected that eNOS in endothelial cells of
the inflamed dental pulp can be uncoupled by S-glutathionylation, whereby the enzyme
reversibly switches from NO to O, ~ production.
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5.4.3. The Uncoupling of eNOS Due to Competition with iNOS for the Common Substrate
L-Arginine in Inflamed Dental Pulp

The sustained expression of iNOS is regulated by transcriptional activation in re-
sponse to inflammation and cytokine production. Therefore, iNOS is highly dependent
on the availability of the substrate L-arginine, which is also used as a substrate by eNOS.
Therefore, iNOS competes with eNOS for the common substrate L-arginine, which can
result in uncoupling of eNOS [214,216]. In inflamed dental pulp, iNOS shows higher
activity [177,234,246,247]. It can therefore be assumed that active iNOS in inflamed dental
pulp competes with eNOS for the substrate L-arginine, which could lead to an insufficient
amount of L-arginine, triggering an uncoupling of eNOS.

5.4.4. The Uncoupling of eNOS Due to Increased Formation of the Endogenous eNOS
Inhibitor ADMA in Inflamed Dental Pulp

In response to the effects of ROS and RNS, ADMA (an endogenous inhibitor of
eNOS) is produced in higher levels [89,218]. It has been reported that ADMA triggers
the uncoupling of eNOS [50,194,195,217]. Higher concentrations of ROS and RNS have
been detected in inflamed dental pulp [12,50]. Therefore, it is to be expected that the
concentrations of the endogenous eNOS inhibitor ADMA may be elevated in inflamed
dental pulp. In inflamed dental pulp, ADMA can uncouple the enzyme eNOS, resulting in
the formation of O, rather than NO by uncoupled eNOS.

5.5. Oxidized NO-GC and Endothelial Dysfunction in Inflamed Dental Pulp

The inflammation-dependent expression of mediators and factors in activated endothe-
lial cells, VSMCs, macrophages, and lymphocytes in the inflamed dental pulp may lead to
the formation of higher concentrations of cytokines, growth factors, ROS, and RNS within
the blood vessel wall of the inflamed dental pulp [230]. The formation of O, [12] and
ONOO™ [234] in inflamed human dental pulp may play a critical role in the development
of endothelial dysfunction by oxidizing NO-GC in VSMCs.

It has been reported that NO-GC transcription and NO-GC mRNA stability can be
affected by ROS and RNS under pathological conditions [267]. Indeed, at the protein
level, a decrease in the «q-, f1-, and ay-subunits of NO-GC has been detected in cells of
inflamed human dental pulp, while inflammation induced a significantly increased expres-
sion of ONOO™ in human dental pulp cells [234]. It has been established that ONOO™
significantly reduces the catalytic enzyme activity of NO-GC [268]. The downregulation of
expression and decrease in activity of NO-GC by ROS and RNS under pathological con-
ditions may be explained by transcription inhibition, mRNA destabilization, and protein
destabilization [267].

In the event of inflammation, elevated ROS and RNS levels trigger the oxidation of Fe?*
to Fe>* within the heme group of NO-GC, making NO-GC insensitive to NO [220,221,269].
In inflamed dental pulp, endothelial dysfunction is characterized by reduced formation
of NO in endothelial cells due to uncoupled eNOS [12]. As a consequence of elevated
concentrations of ONOO™ in inflamed human dental pulp [234], it can be assumed that
NO-GC becomes NO-insensitive, due to the oxidation of Fe?* to Fe>* by ONOO™~ in heme
group of NO-GC in the inflamed dental pulp. Given the insensitivity of NO-GC to NO in
inflamed dental pulp, the anti-inflammatory role of NO in blood vessels of the inflamed
dental pulp is not able to be regulated via the NO-GC.

NO has been demonstrated to inhibit the proliferation and migration of VSMC by
activating the NO/NO-GC/cGMP signaling cascade [28,29]. It has been shown that the
loss of NO-GC in platelets can result in enhanced adhesion of leukocytes to endothelial
cells, the development of atherosclerotic plaques, and inflammation in blood vessels [23]. In
addition, it has been reported that reduced NO/NO-GC/cGMP signaling in blood vessels
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is associated with neointimal proliferation, leading to endothelial dysfunction during
inflammation of the blood vessels [270]. Increased platelet aggregation and enhanced
adhesion of monocytes and leukocytes are to be expected in the blood vessels of inflamed
dental pulp due to oxidized NO-GC. This can exacerbate inflammation in the dental pulp,
leading to a transition from the acute inflammatory phase to a chronic phase. In the case of
chronic inflammation, the dental pulp has a reduced potential for regeneration and repair.

5.6. The Critical Role of Endothelial Dysfunction in Inflammation of the Dental Pulp

Healthy endothelial cells produce vasodilators and anticoagulants (NO, prostacyclin),
which have been shown to reduce platelet aggregation as well as the adhesion of monocytes
and leukocytes [27,50]. NO inhibits the proliferation and migration of VSMCs in healthy
tissues via activation of the NO-GC [28,29,31]. The NO-cGMP signaling cascade in the cells
of the dental pulp [12,122,234,271] indicates that the NO-cGMP signaling cascade, with its
anti-inflammatory effects, maintains the balance of the dentin—pulp complex. However, in
the event of inflammation, endothelial cells release factors and inflammatory mediators
(thromboxane and endothelin-1) due to endothelial dysfunction, which enhance platelet
aggregation, monocyte adhesion, vasoconstriction and VSMC proliferation [27,272].

In the case of inflammation, the inflammatory mediators IL-1, TNF, endotoxin, and oxi-
dized lipoproteins (ox-LDL) and biomechanical stimuli caused by impaired blood flow, lead
to endothelial activation [15,27]. The inflammatory mediators primarily activate NF-«B,
which leads to the expression of additional proinflammatory mediators within the endothe-
lial cell [15,27]. In endothelial cells, adhesion molecules (vascular cell adhesion molecule-1
[VCAM-1]), chemokines (monocyte chemotactic protein [MCP]-1) and prothrombotic medi-
ators (tissue factor [TF]), von Willebrand factor [vWF] and plasminogen activator inhibitor
[PAI]-1) are then expressed [15,27]. The inflammation-dependent expression of adhesion
molecules, chemokines, chemotactic proteins, and prothrombotic mediators promotes the
selective recruitment of monocytes and different subpopulations of T lymphocytes, which
accumulate in the subendothelial space [15,27]. In the inflamed dental pulp, endothelial
cells increase their expression of adhesion molecules, including E-selectin, ICAM-1 and
VCAM-1 [6,273] indicating an endothelial dysfunction in the inflamed dental pulp. En-
dothelial dysfunction in the dental pulp leads to stronger adhesion of circulating leukocytes
and/or activated thrombocytes, as well as increased migration of immune cells into the
dental pulp. In dental pulp inflammation, endothelial cells release less NO due to reduced
eNOS activity [12]. In chronic dental pulp inflammation accompanied by endothelial
dysfunction, endothelial cells secrete more VEGF, which, under inflammatory conditions
in the dental pulp, increases endothelial cell proliferation to regulate angiogenesis.

The formation of O, [12] and ONOO™ [234] in inflamed human dental pulp may
play a critical role in the development of endothelial dysfunction by uncoupling eNOS in
endothelial cells and oxidizing NO-GC in VSMCs. The presence of high concentrations
of ONOO™ in the dental pulp can induce a series of chemical reactions, including lipid
peroxidation, protein oxidation, and nitration. In cells of the dental pulp, ONOO™ may
cause irreversible damage to the respiratory chain, inhibition of ATP synthesis, cytochrome
c release, and induction of caspase-dependent apoptosis. These reactions subsequently
may result in the inactivation of enzymes and, ultimately, cell necrosis.

In addition to the endothelial dysfunction of the dental pulp caused by inflammation,
the unique structure of the dental pulp is also of crucial importance in the course of
inflammation in the dental pulp. The dental pulp is located within a rigid, mineralized
extracellular dentin matrix structure that can only expand to a limited extent in the event
of inflammation caused by caries. In many cases, this low compliance can result in reduced
blood flow to the dental pulp during inflammation, which is associated with increased
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intrapulpal tissue pressure [8-11,172]. This, in turn, can promote a transition from acute
to chronic inflammation. Inflammation of the dental pulp may be sustained in a chronic
inflammatory state, which significantly impairs the regeneration and repair of the dental
pulp. It is therefore critical to consider the treatment of endothelial dysfunction in the
dental pulp when treating caries.

6. Targeting the NO-cGMP Signaling in the Treatment of Endothelial
Dysfunction in Inflamed Dental Pulp

6.1. The Significance of Endothelial Dysfunction for the Treatment of Caries

The formation of dentin matrix is dependent on the vitality of the dental pulp [274]
and the integrity of its endothelial function [12]. The objective of caries treatment is to
induce the formation of reactive and reparative tertiary dentin matrix in response to carious
lesions [4,5,274,275]. Reactive tertiary dentin matrix is formed by terminally differentiated
odontoblasts [4,154,170,274]. In contrast, reparative tertiary dentin matrix is formed by
odontoblast-like cells that differentiate from ectomesenchymal dental pulp stem cells in
response to the degradation of terminally differentiated odontoblasts during dental pulp
inflammation [4,154,163,170].

6.1.1. Dentin Matrix Formation Under Healthy and Inflammatory Conditions in the
Dentin-Pulp Complex

Odontoblasts are cells that form the dentin matrix during tooth development. Under
physiological conditions, odontoblasts form the primary and secondary dentin matrix.
Terminally differentiated odontoblasts form the primary dentin matrix during dental organ
development. After the dental organ erupts, enters occlusion, and the apical foramen
reaches its physiological diameter, terminally differentiated odontoblasts slowly form the
secondary dentin matrix throughout life in response to occlusal forces [154,276]. Follow-
ing carious lesions, odontoblasts form the tertiary dentin matrix to protect the dental
pulp against bacteria and their metabolic products [276,277]. In response to carious le-
sions in dentin, terminally differentiated odontoblasts form a reactive tertiary dentin
matrix [278-280]. When odontoblasts are degraded at their site, and dental pulp is exposed
by a deep carious lesion, pulp stem cells differentiate into odontoblast-like cells that form a
reparative tertiary dentin matrix [279,281]. Following deep carious lesions, odontoblast-like
cells differentiate from ectomesenchymal and glial stem cells, as well as from pericytes in
the dental pulp [159,163,167,282].

6.1.2. The Role of Endothelial Dysfunction in the Regenerative Functions of Odontoblasts

The dental pulp is highly vascularized [2,283,284]. The blood vessels of the dental
pulp pass through the apical foramen into the root pulp, accompanied by nerve fibres.
The pulp blood vessels run centrally through the dental pulp and branch into arteri-
oles. These arterioles then form a capillary network below the odontoblast layer at the
periphery of the pulp through further fine branches [285,286]. The endothelium of the
capillaries in the dental pulp is continuous beneath the odontoblast layer [3,287], which sug-
gests higher metabolic activity and increased ion exchange between endothelial cells and
odontoblasts [3,239]. Studies using ultrastructural electron microscopy have shown that
ischaemia can cause changes in the nuclei and organelles of odontoblast cells in human
dental pulp [288]. Following one hour of ischaemia in the dental pulp, chromatin clumping
and irregular changes in the nuclear membrane structure were observed in odontoblast
cell nuclei. The cytoplasm of the odontoblasts also contained numerous swollen mitochon-
dria. By contrast, no cellular changes were observed in the odontoblasts of the control
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groups [288]. These results show that the functions of odontoblasts are regulated depending
on the circulation of the dental pulp.

It has been reported that the formation of tertiary dentin matrix in response to carious
lesions depends on the intact endothelial function of human dental pulp [12]. Endothelial
dysfunction resulting from the uncoupling of eNOS, the phosphorylation of eNOS at Thr495,
and the formation of ROS and RNS in inflamed human dental pulp can significantly reduce
the regenerative capacity of odontoblasts. The treatment of endothelial dysfunction in
inflamed dental pulp can maintain pulp vitality in balance and improve the function of
dental pulp cells, thereby enabling the formation of a reactive or reparative tertiary dentin
matrix against carious lesions. The use of NO-GC stimulators and activators in combination
with PDES5i in dentin wounds or in pulp capping materials during caries treatment can
increase the intracellullar cGMP level in the cells of the blood vessels of inflamed dental
pulp, promoting the regeneration or repair potential of odontoblasts and odontoblast-like
cells in inflamed dental pulp.

6.2. NO as a Therapeutic Target in Endothelial Dysfunction of Inflamed Dental Pulp

The mechanisms that cause eNOS uncoupling include the oxidation of the NOS
cofactor BH4 to BH2, reduced L-arginine levels, the accumulation of the endogenous
NOS inhibitor ADMA, and S-glutathionylation of eNOS [89,185,206,218]. NO donors
(e.g., organic nitrates) that target the NO signaling pathway are used to treat cardiovas-
cular diseases. However, certain limitations have been identified in the use of organic
nitrates [33,37,206,229]. The following mechanisms could be responsible for this [33,289]:
One mechanism that has been identified is the oxidation of the heme group of NO-GC
under inflammatory conditions, which has been shown to render NO-GC insensitive to
NO [220,223]. Another mechanism is tolerance to organic nitrates, which develops after
long-term treatment with organic nitrates [34,289,290]. The third mechanism is the for-
mation of ONOO™ in inflammation. In inflammation, O, is produced by a number of
enzymes. Although organic nitrates increase NO levels, under inflammatory conditions,
this NO reacts with O, to form ONOO™ [256,291]. ONOO™ interacts with proteins and
lipids, resulting in the disruption of mitochondrial function and the induction of DNA
damage [292,293].

6.2.1. NO Donors

NO donors (e.g., organic nitrates) require enzymatic activation, which is subject to
tolerance, particularly in oxidative and inflammatory diseases [34]. The effect of NO donors
may be limited due to the scavenging effect of increased levels of oxygen radicals that arise
in blood vessels under inflammatory conditions [34]. The chronic administration of organic
nitrates has been demonstrated to result in endothelial dysfunction [34,294]. The resulting
ROS or RNS have been shown to induce the oxidation and dissociation of heme in NO-GC
by oxidizing NO-GC, which can then no longer be activated by NO [33,220]. Furthermore,
tolerance to organic nitrates has been observed to develop over time [34,229]. Therapeutic
interventions for the NO-cGMP signaling cascade have thus focused on the identification
of pharmacological agents that can directly activate the NO-sensitive enzyme NO-GC.

6.2.2. The S-Glutathionylation of eNOS

The S-glutathionylation of eNOS is a reversible process [207,295]. This post-
translational modification of eNOS could act as a regulatory mechanism to prevent the
irreversible oxidation of cell components and reduce the formation of O, and ONOO™
under inflammatory conditions. Thus, the reversible S-glutathionylation of eNOS provides
a unique redox mechanism by which the activity of eNOS may be regulated also in inflamed
dental pulp.
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6.2.3. BH4 Supplementation

Under inflammatory conditions, BH4 is oxidized by ONOO™ to BH2, leading to the
uncoupling of eNOS [32,196,198,201,296,297]. Therefore, BH4 is a potential therapeutic
target for treating endothelial dysfunction under inflammatory conditions [49-51,196,198].
In animal models and in patients, supplementation with BH4 has been shown to correct
endothelial dysfunction. In addition, folic acid and infusions of vitamin C are able to
restore endothelial dysfunction enhancing BH4 levels [50]. The combination of BH4 sup-
plementation and antioxidants is therefore recommended as a therapeutic approach to
treat endothelial dysfunction [50,196,198,298]. However, the therapeutic potential of BH4
supplementation remains controversial [203]. In cases of inflammation, the effectiveness
of oral BH4 supplementation is limited due to the rapid oxidation of BH4 to BH2 [299].
Furthermore, as iNOS is permanently active under inflammatory conditions, the supple-
mentation of BH4 enhances iNOS activity, resulting in increased formation of ONOO™ in
inflamed blood vessels [300].

6.3. NO-GC as a Therapeutic Target in Endothelial Dysfunction of Inflamed Dental Pulp

The binding of NO to the heme group of NO-GC catalyses the synthesis of cGMP,
which in turn leads to vasodilation via a series of downstream mechanisms and inhibits the
proliferation of VSMCs, platelet aggregation and leukocyte recruitment [18,301]. Impaired
NO-cGMP signal transduction in the blood vessels of the inflamed dental pulp can lead
to endothelial dysfunction and exacerbate proinflammatory processes. The oxidation of
Fe?* to Fe®* in the heme group of NO-GC by ONOO™ desensitizes NO-GC to NO. In
such instances, the activation of NO-cGMP by NO in the inflamed dental pulp becomes
unfeasible. The loss of NO function in the endothelium and the impairment of NO-GC
function in VSMCs under inflammatory conditions represent a pharmacological interven-
tion target that can be achieved directly by activating NO-GC without NO [35,302]. In
order to counteract the deleterious effects of NO-based treatments (e.g., organic nitrates)
associated with inflammation, NO-GC activators could be used in dentin wounds and pulp
capping materials to increase the synthesis of cGMP in the blood vessels of the inflamed
dental pulp. In addition, identifying cellular factors that modulate NO-GC activity could
lead to the development of new therapeutic strategies and improve the efficacy of existing
NO-GC-targeted drugs [303] (Figure 5).

6.3.1. NO-GC Stimulators and Activators

NO/NO-GC/cGMP signaling regulates VSMCs, fibroblasts, cardiomyocytes, mus-
cle fibers, platelets, neurons and immune cells [36,119]. Thus, NO/NO-GC/cGMP sig-
naling is involved in cell-specific regulation of processes such as vasodilation [17,18],
fibrosis [35,304,305], neurotransmission [123,134], platelet aggregation [22,23], and in-
flammation [27,50]. The NO-GC stimulators and NO-GC activators target the NO/NO-
GC/cGMP signaling by stimulating the heme-containing NO-GC and the heme-free NO-
GC, respectively. This process triggers the formation of cGMP, which in turn mediates the
beneficial effects in cells and tissues [33,109,302,306].

The usual endogenous oxidants of NO-GC include O, and ONOO™, which have been
detected in inflamed dental pulp [12,234]. Consequently, NO-GC can be oxidized within
the blood vessels of inflamed dental pulp. NO-GC stimulators and activators may exert
their effectiveness in cases of inflammation of the dental pulp by restoring or improving
NO/NO-GC/cGMP functions in the blood vessels (Figure 5).
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NO-GC Stimulators

NO-GC stimulators target the redox state of NO-GC, in which the enzyme is NO-
sensitive and reduced. NO-GC stimulators directly stimulate the native form of the
enzyme independently of NO [36,307-309]. The action of NO-GC stimulators at the
heme-containing enzyme is independent of NO but is enhanced in the presence of
NO [36,109,302,308]. At the same time, NO-GC stimulators stabilise the nitrosyl heme
complex of reduced NO-GC and therefore exhibit strong synergy with NO. NO-GC stimu-
lators improve the responsiveness of NO-GC to low NO concentrations by stabilising its
binding to NO [33,36,302] (Figure 5).

NO-GC Activators

NO-GC activators target the redox state of NO-GC, in which the enzyme is NO-
insensitive and oxidized [33,109,220,223]. The presence of ROS and RNS can shift the redox
balance of NO-GC in VSMCs to an oxidized, Fe**-containing state, resulting in NO-GC
developing a heme deficiency or becoming heme-free [33,222]. NO-GC activators bind to
the unoccupied heme-binding complex or displace the prosthetic heme of NO-GC [36,302].
In certain cases, NO-GC activators have also been observed to protect the enzyme from
degradation by proteasomes [33,302].

——healthy dental pulp caries

l

inflammation of the dental pulp
uncoupled eNOS, formation of ROS and RNS

l

L heme [reduced {Fe?*)] NO-GC
native NO-GC

!

oxidized [Fe®*) NO-GC
heme-free NO-GC

l

+—— stimulators of NO-GC

activators of NO-GC

cGMP-gated ion Channels

4+—— ¢GMP-dependent Kinase [PKGs) CGUP
cGMP-regulated PDEs —
|—PDESi
PDES

Figure 5. A deep carious lesion in a human premolar and a proposed caries treatment using NO-
GC-stimulators and NO-GC-activators in dentin wound or pulp capping materials during caries
treatment. (A) The overview image (I) shows deep dentin caries (c), inflamed pulp (dp), and tertiary
dentin (td) formed in response to the carious lesion. The overview image (I) also shows areas of
primary dentin (pd) and secondary dentin (sd). The detailed image (II) shows deep caries lesions
(c), inflammatory cells (infl), dilated blood vessels, and the odontoblast layer (o) in the dental pulp.
Reactive tertiary dentin matrix (one asterisk) and reparative tertiary dentin matrix (two asterisks)
formed in response to the carious lesion are also visible. (B) A proposed schematic representation
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of the regulation of NO-GC activity in the blood vessels of the dental pulp by NO-GC stimulators,
NO-GC activators, and the inhibition of cGMP degradation by PDES5i. The carious lesions induce an
inflammatory response in the dental pulp. ROS and RNS are generated in higher concentrations in the
inflamed pulp. In the inflamed dental pulp, eNOS is uncoupled. The uncoupled eNOS produces O, ™~
instead of NO. In inflamed vascular smooth muscle cells, the NO-GC3-subunit contains a heme group
that can exist either in an oxidized Fe®* state or in a heme-free NO-GC state. NO-GC stimulators
exhibit a dual mode of action, directly stimulating the native form of the enzyme and rendering it
more sensitive to endogenous NO. The NO-GC activators have been shown to selectively activate
dysfunctional, oxidized, and heme-free NO-GC. The stimulation of native NO-GC (Apo-NO-GC) by
NO-GC-stimulators and the activation of heme-free NO-GC by NO-GC-activators have been shown
to result in an increased formation of cGMP, which has been demonstrated to exert a significant,
multifaceted, tissue-protective effect [302,309]. PDE5, which catalyzes the degradation of cGMP to
GTP, is activated by ROS and RNS. The additional inhibition of cGMP degradation by PDES5 inhibitors
has the potential to enhance NO-GC/cGMP signaling in vascular smooth muscle cells in inflamed
dental pulp, exerting vasodilation, anti-proliferation, anti-migration and anti-inflammatory effects.
Scale bar: (I) = 1 mm; (IT) = 200 um.

6.4. Phosphodiesterase-5 Inhibitors

Phosphodiesterases (PDEs) are ubiquitously expressed hydrolases that regulate the
intracellular levels of cyclic nucleotides by hydrolysing cAMP to 5 AMP and ¢cGMP to
5'GMP. To date, twenty-one human genes encoding phosphodiesterases (PDEs) have been
identified. Based on their sequence homology, enzymatic properties and sensitivity to
inhibitors, PDEs are classified into 11 distinct families [310-312]. In accordance with their
activity, PDEs are divided into three groups. PDE4, PDE7 and PDES, which belong to group
I, have been shown to specifically hydrolyse only cAMP. PDE5, PDE6 and PDE9, which
belong to group II, are responsible for the specific hydrolysis of only cGMP. PDE1, PDE2,
PDE3, PDE10 and PDE11, which belong to group III, have the capacity to hydrolyse both
cAMP and cGMP [310-312].

PDES5 has been demonstrated to be particularly effective in the degradation of
c¢GMP [313,314], with evidence indicating that the inhibition of PDES5 can result in vasodi-
lation [314,315]. The blood vessels of the dental pulp contain a significant concentration
of cGMP [122]. Since inflammation of the dental pulp leads to the formation of ROS and
RNS [12,234], and the activity of phosphodiesterases is increased by ROS and RNS [32,218],
PDES5 inhibitors can be used pharmacologically to achieve an anti-inflammatory effect in the
blood vessels of the inflamed dental pulp. Using PDES inhibitors in pulp capping materials
during caries treatment has the potential to inhibit cGMP degradation in blood vessels
of the dental pulp. This could improve NO-cGMP-dependent signaling in blood vessels
of the inflamed dental pulp including vasodilation, the inhibition of platelet aggregation
and leukocyte adhesion, and the inhibition of the proliferation and migration of VSMCs,
exerting an anti-inflammatory effect (Figure 5).

7. Conclusions

In the context of carious lesions, endothelial dysfunction develops due to reduced
endogenous NO levels and impaired NO-cGMP signaling in the blood vessels of the
inflamed dental pulp. Endothelial dysfunction in inflamed dental pulp can be caused by a
number of factors, including a reduction in the bioavailability of L-arginine, the uncoupling
of eNOS through the oxidation of BH4 to BH2, the inactivation of endogenous NO by O~
forming ONOO™, increased cellular concentrations of the eNOS inhibitor ADMA, and
ROS- and RNS-oxidized, heme-free and thus NO-insensitive NO-GC. In the blood vessels
of the inflamed dental pulp, a number of PDEs, particularly PDES5, are activated by ROS
and RNS to regulate the enzymatic cleavage of cGMP (Figure 6). The results of research in
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A. Endothelial function in healthy dental pulp

the field of NO-cGMP pharmacology in the cardiovascular system could also provide a
scientific basis for the treatment of endothelial dysfunction in blood vessels of the inflamed
dental pulp. To treat endothelial dysfunction of the inflamed dental pulp, NO donors, PDE
inhibitors, NO-GC stimulators, and NO-GC activators may be used in indirect and direct
pulp capping materials.

B. Endothelial dysfunction in inflamed dental pulp
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Figure 6. Endothelial function in healthy and inflamed dental pulp. (A) Endothelial function in
healthy dental pulp. In the endothelial cells of healthy dental pulp, nitric oxide (NO) and L-citrulline
are produced from L-arginine by endothelial nitric oxide synthase (eNOS), using existing cofactors
such as reduced tetrahydrobiopterin (BH4). In comparison with other tissues, the relatively high
intrapulpal tissue pressure in the dental pulp under physiological conditions can result in increased
shear stress in endothelial cells [10]. This can trigger increased phosphorylation of eNOS at Ser1177
and weak phosphorylation of the enzyme at Thr495 in healthy dental pulp [12]. After formation, NO
diffuses to underlying smooth muscle cells, binding to reduced heme (Fe?*) in nitric oxide-sensitive
guanylyl cyclase (NO-GC) to activate the enzyme. This leads to the formation of cyclic guanosine
3',5’-monophosphate (cGMP) from guanosine 5'-triphosphate (GTP). The downstream signaling
cascade is activated by cGMP-dependent protein kinase (PKG), which leads to a reduction in Ca®* con-
centrations in the smooth muscle cells, resulting in their relaxation. NO production in the endothelial
cells of healthy dental pulp also prevents the expression of endothelial cell adhesion molecules
and chemokines, thereby preventing platelet activation, aggregation, and leukocyte adhesion.
(B) Endothelial dysfunction in inflamed dental pulp. In inflamed dental pulp following a cari-
ous lesion, ROS and RNS are produced at higher concentrations. ROS and RNS cause the uncoupling
of eNOS by oxidizing the cofactor BH4 to dihydrobiopterin (BH2). Uncoupled eNOS then forms
superoxide (O, ™) instead of NO. Under inflammatory conditions, eNOS phosphorylation at Thr495
increases and at Ser1177 decreases. This can additionally reduce eNOS activity and lead to the for-
mation of O, instead of NO. Under inflammatory conditions in the dental pulp, the bioavailability
of NO is thus severely restricted. The formed O, ™ reacts with NO to form peroxynitrite (ONOO™).
ONOO™ then oxidizes the heme group in NO-GC from Fe?* to Fe3*. The oxidized NO-GC is then
insensitive to NO. The formation of ROS and RNS, as well as the proinflammatory activation of the
endothelium, leads to the expression of endothelial cell adhesion molecules and chemokines. This
results in platelet activation and aggregation, as well as leukocyte adhesion, in the blood vessels of
the inflamed dental pulp.
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8. Perspective

The dental pulp is located within a rigid dentin chamber and is only accessible to
blood vessels and nerve fibers through the apical foramen. This unique structure exhibits
intrapulpal tissue pressure, which can be altered under physiological and inflammatory
conditions. Changes in intrapulpal tissue pressure can affect the production of NO in
endothelial cells, which influences the activity of the NO-GC/cGMP signaling cascade
in vascular smooth muscle cells in blood vessels of the dental pulp. Due to complicated
accessibility, studies on endothelial function and dysfunction in the dental pulp are limited.
In this review, we present evidence from our studies and those of other researchers showing
that NO/NO-GC/cGMP signaling in the dental pulp plays an important role in endothelial
function and dysfunction. The formation of ROS and RNS in an inflamed dental pulp
should be considered a trigger for endothelial dysfunction. Further studies are needed to
characterize the formation of ROS and RNS in inflamed dental pulp. These compounds
could therefore represent an attractive therapeutic target for treating caries in inflamed
dental pulp.
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