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Abstract: Pyroptosis is a type of programmed cell death that induces proinflammatory cytokine release and is closely related to
inflammatory diseases. Pulpitis and apical periodontitis are common inflammatory diseases that lead to alveolar bone destruction and
tooth loss. Recent studies have revealed that pyroptosis is crucial in the progression of pulpitis and apical periodontitis, which involves
various cell types and leads to different results. Odontoblasts are located at the periphery of dental pulp tissue and are susceptible to
various irritants, the lysates from odontoblasts act as alerts and induce immune reactions in the inner pulp after pyroptosis. The
expression levels of inflammasomes in dental pulp cells (DPCs) change with the progression of pulpitis, which may serve as
a diagnostic marker of pulpitis. Periodontal ligament fibroblasts (PDLFs) undergo pyroptosis when stimulated by bacterial infection
or cyclic stretch and are associated with both infection-induced and trauma-induced apical periodontitis. Immune cells can undergo
pyroptosis directly after infection or are influenced by the pyroptotic secretome of other cells, which changes their composition. In this
review, we briefly introduce the location and function of different cell types involved in the progression of pulpitis and apical
periodontitis, summarize the roles of pyroptosis in different cells, and discuss the effects of drugs targeting pyroptosis in the treatment
of pulpitis and apical periodontitis.
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Introduction

Pyroptosis is a type of programmed cell death. Similar to apoptosis, pyroptosis is induced in most cases by the activation
of caspase, a type of aspartate-specific cysteine proteases. After activation, caspases cleave the executioner of pyroptosis,
gasdermin family proteins, which contain an autoinhibitory C- terminus and an N-terminus with a pore-forming effect.
However, unlike apoptosis, pyroptosis results in plasma membrane rupture and release of proinflammatory cytokines.
Therefore, pyroptosis is a proinflammatory type of cell death that plays an important role in immune defense. When
microbes enter the cytoplasm, they are recognized by intracellular pattern recognition receptors (PRRs), a type of
receptor that directly recognize some molecules, and then pyroptosis is induced. Bacteria are subsequently released into
the extracellular space after cell lysis and are eaten by phagocytes.! However, pyroptosis is a double-edged sword.
During severe infection, many cells simultaneously undergo pyroptosis and cause a “cytokine storm”, which results in
elevated cytokine levels, leads to acute systemic inflammatory symptoms and is life-threatening.” In addition, in some
cases of chronic inflammation, persistent infection sustainably induces pyroptosis and the release of proinflammatory
cytokines, which ultimately results in tissue destruction. Furthermore, some molecules involved in pyroptosis are related
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to the initiation and progression of inflammatory diseases, such as periodontitis.>> Therefore, it is important to discuss
the roles of pyroptosis in inflammatory diseases.

Pulpitis and apical periodontitis are the most common oral inflammatory diseases, and are closely related to
pyroptosis. The dental pulp is located in a separate space surrounded by hard tissue, and connects to the outer space
through the apical foramen. Therefore, bacterial infection in the dental pulp tissue is difficult to eliminate and often leads
to irreversible pulpitis. During the progression of irreversible pulpitis, proinflammatory cytokines play an important role.®
Pyroptosis is a type of lytic cell death, which induces the release of numerous proinflammatory cytokines and is closely
related to pulpitis. Apical periodontitis is typically induced by caries and pulpitis, and several environmental factors, such
as stress, health status and smoking, also influence the progression of apical periodontitis.”® Following pulp necrosis,
intracanal pathogens invade the extraradicular space and induce inflammation in periapical tissue. During the progression
of apical periodontitis, immunoreactions, such as pyroptosis, have both protective and destructive effects.'” The immune
response eliminate microbial infection and induces resorption of alveolar bone. Therefore, it is vital to elucidate the roles
of pyroptosis in pulpitis and apical periodontitis.

Dental pulp tissue and periapical tissues contain various cell types. Each cell type is located in a specific niche and
has unique functions. This review aims to discuss the roles of pyroptosis in different cell types and the effects of drugs
that target pyroptosis in pulpitis and apical periodontitis.
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Different Signaling Pathways Involved in Pyroptosis

Typically, pyroptosis can be classified into canonical pyroptosis and noncanonical pyroptosis. Canonical pyroptosis is
induced by caspase-1 and noncanonical pyroptosis is mediated by mouse caspase-11 (human caspase-4/5). Recently,
novel pyroptosis pathways, such as the apoptotic caspase-induced pyroptosis pathway and the caspase-independent
pyroptosis pathway, have been identified (Figure 1).

Canonical Pyroptosis Pathway

The canonical pyroptosis pathway is mediated by the canonical inflammasome formation and caspase-1 activation. All
types of canonical inflammasomes contain cytoplasmic PRRs and pro-caspase-1, and some inflammasomes, such as
NLRP3, AIM2, and pyrin inflammasomes, also require apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) to act as an adaptor protein to link PRRs to pro-caspase-1."" When PRRs detect stimuli, they
induce inflammasome formation. Subsequently, pro-caspase-1 is cleaved and activated caspase-1 hydrolyses pro-IL-1p
and pro-IL-18 into their mature forms. Moreover, activated caspase-1 also causes the cleavage of gasdermin
D (GSDMD), after which the GSDMD NT fragment, which has pore-forming activity, is liberated and forms pores in
the plasma membrane.'? Finally, mature IL-1p and IL-18, which are cleaved by caspase-1, are released from the pores
formed by GSDMD NT into the extracellular space and induce inflammation.

Noncanonical Pyroptosis Pathway

In contrast to caspase-1 in canonical pyroptosis, caspase-4/5/11 binds to cytoplasmic lipopolysaccharide (LPS) and
cleaves GSDMD directly in noncanonical pyroptosis.'*'* However, the binding process can be promoted when
guanylate-binding proteins (GBPs) are present.'>'® After binding to LPS, caspase-4 is cleaved at Asp 289 (Asp 285
of caspase-11), producing active P31 fragments, leading to noncanonical pyroptosis.'” Like caspase-1, caspase-4/5/11
can cleave GSDMD and induce pyroptosis after activation. However, activated caspase-4/5/11 cannot cleave pro-1L-1§
into the mature form, and only caspase-4 and —5, not caspase-11, have the ability to cleave pro-IL-18."®

Apoptotic Caspase-Induced Pyroptosis Pathways

Traditionally, members of the caspase protein family have been divided into inflammatory caspases (caspase-1/4/5/11)
and apoptotic caspases (caspase-3/6/7/8/9/10).">*° It was previously speculated that only inflammatory caspases induce
pyroptosis. However, recent studies have shown that apoptotic caspases also induce pyroptosis in some cases. Caspase-3,
an apoptotic caspase, cleaves gasdermin E (GSDME) and induces pyroptosis in certain GSDME-expressing cancer
cells.>! Moreover, Yersinia outer protein J (Yopl) of Yersinia induces the cleavage of another apoptotic caspase, caspase-
8, by inhibiting transforming growth factor-p-activated kinase 1 (TAK1) expression, leading to the release of GSDMD
NT and pyroptosis.?*> Caspase-8 also cleaves gasdermin C (GSDMC) and switches the death mode of tumor cells from
apoptosis to pyroptosis with the help of programmed death ligand 1 (PD-L1).%

Caspase-Independent Pyroptosis Pathways

In most cases, pyroptosis relies on caspase activation; however, there are also several caspase-independent pyroptosis
pathways. Granzymes released from natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) are delivered to target
cells by perforin, cleave gasdermin family proteins, and induce pyroptosis independent of caspases.’** In addition,
a recent study revealed that S-palmitoylation of intact GSDMD induces pyroptosis with the help of reactive oxygen
species (ROS) rather than caspases.”® Coincidentally, another study reported that poly(ADP-ribosyl)ation (PARylation) of
full-length GSDME is sufficient to induce pyroptosis without caspase.”’

Roles of Pyroptosis in Pulpitis

Dental pulp is the unique soft tissue in the tooth, that contains a variety of cells, such as odontoblasts, fibroblasts, stem
cells, endothelial cells, and glial cells.”® These cells are located in different niches and perform various functions. In this
section, we discuss the roles of pyroptosis in different cell types during the progression of pulpitis (Figure 2).
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Figure | Schematic diagrams of different pyroptosis pathways. (a) In the canonical pyroptosis pathway, pyroptotic stimuli induce inflammasome formation and caspase-|
activation, leading to GSDMD cleavage and proinflammatory cytokines release. (b) Caspase-4/5/11 bind to cytoplasmic LPS directly and result in noncanonical pyroptosis.
This process can be promoted by GBPs. (c) In some cases, apoptotic caspases, such as caspase-3 and caspase-8, also induce the cleavage of gasdermin family proteins and

pyroptosis. (d) Granzymes derived from NK cells and CTLs induce caspase-independent pyroptosis in target cells. In addition, the S-palmitoylation and PARylation of
gasdermin family proteins can also cause pyroptosis in the absence of caspases.
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Figure 2 Roles of pyroptosis in pulpitis. (a) Odontoblasts are located at the periphery of the dental pulp tissue and form a barrier to protect the dental pulp from infection.
Odontoblasts are susceptible to various irritants and undergo pyroptosis. After pyroptosis, the lysates from odontoblasts act as an alarm and induce immune reactions in
inner pulp. (b) DPCs are the major cell type of dental pulp tissue and respond to various oral microbes. The expression of inflammasomes, such as NLRP3 and AIM2, are
related to the progression of pulpitis. (c) Immune cells react to the oral microbiome and undergo pyroptosis, which depends on NLRP3, NLRC4 and AIM2. The release of
proinflammatory cytokines from pyroptotic immune cells leads to immune reactions and tissue repair processes in the dental pulp. (d) Microglia play important roles in pain
conduction. LPS enters microglia via the P2X7 receptor and activates the NLRP3 inflammasome, which is vital for pain conduction during pulpitis.

In Vitro Studies

Odontoblasts

Odontoblasts are located at the periphery of dental pulp tissue and constitute a barrier that protects the inner pulp. Owing
to their special location, odontoblasts are the first line of defense against various irritants. Recent studies have shown that
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a variety of pyroptosis-related PRRs, including AIM2,?%*° NLRP3,>'3? and NLRP6,** are expressed in odontoblasts,
suggesting that pyroptosis may play a crucial role in the immune defense of odontoblasts.

Bacterial infection is the most common cause of pulpitis, and several virulence factors, such as LPS and ATP, are involved
in the progression of pulpitis. It has been showed that LPS plus ATP activates the NLRP3 inflammasome and leads to
pyroptosis in odontoblasts, which subsequently induces proinflammatory cytokines release.®> In addition to infection, pulpitis
can also be induced by physical and chemical stimulation. Odontoblast, which has a process close to the tooth surface, is
susceptible to external stimuli, such as heat and chemical agents, leading to the release of mitochondrial DNA (mtDNA).>%’
A previous study revealed that mtDNA induces NLRP3-mediated canonical pyroptosis in odontoblasts.*® Taken together,
these studies showed that odontoblasts react to different stimuli and undergo NLRP3-mediated canonical pyroptosis, which
results in the secretion of proinflammatory cytokines into the surrounding environment.

After pyroptosis, the cell lysates and cytokines from odontoblasts influence inner pulp cells. It has been reported that
odontoblast cell lysates induce the proliferation and migration of dental pulp cells (DPCs) and lead to immune reactions in
immune cells.*® Therefore, odontoblasts, which are located at the periphery of dental pulp tissue, act as sentries to warn inner
cells when facing different irritants, and the cell lysates released by odontoblasts act as signals during this process.

Dental Pulp Cells
Fibroblasts in dental pulp tissue are called DPCs. As the major cell type in the dental pulp tissue, DPCs have crucial
effects on the progression of pulpitis. The DPCs react to various stimuli. Porphyromonas gingivalis (P.g.) and
Fusobacterium nucleatum (Fn.) are common pathogens leading to pulpitis.*’ A previous study used Pg. or Fn. or
their combination with an additional of ATP to induce pyroptosis in DPCs, showing that NLRP3, AIM2 and IL-1f were
upregulated in all of the infection groups. Moreover, bacterial infection induced the dysregulation of some inflammasome
regulatory proteins, such as CARDI16, suggesting that the proinflammatory effects of pathogens may be due to the
dysregulation of inflammasomes and IL-IB.41 In addition, some bacterial virulence factors, such as LPS, muramyl
dipeptide (MDP) and LTA, also activate NLRP3 and induce pyroptosis in DPCs.>****® After inflammasome formation
and caspase activation, mature IL-1f is subsequently released, which shows proinflammatory effect. Knockdown of
NLRP3 or AIM2 expression in DPCs significantly inhibits the secretion of IL-1p and relieves local inflammation,*?
suggesting that inflammasomes and pyroptosis in DPCs play crucial roles in the release of proinflammatory cytokines.
To further elucidate the role of DPC pyroptosis in the progression of pulpitis, several studies have investigated the
level of pyroptosis in different stages of pulpitis. In healthy pulp, NLRP3 is primarily expressed in the odontoblastic
layer. In moderate caries, which means that bacteria invade the dentin, NLRP3 expression is slightly increased and
detected in DPCs. After pulp exposure, the expression of NLRP3 is significantly increased, especially in DPCs close to
the site of bacterial infection.*” In addition, NLRP3 expression also increases during the transformation from reversible
pulpitis to irreversible pulpitis.>® These studies suggest that the pyroptosis of DPCs may be involved in the progression
from caries to reversible pulpitis and ultimately to irreversible pulpitis.

Immune Cells

Healthy dental pulp tissue acts as an immune surveillance system with only a few immune cells.”® However, the number
of immune cells increases significantly after bacterial infection.** The reactions of immune cells to common pathogens,
such as Shigella flexneri and Salmonella typhimurium, have been extensively studied, but the oral cavity has a unique
microbiome. For example, Streptococcus mutans (S.m.) is a pathogen that causes caries and is mainly detected in the oral
cavity. A study investigating the reactions of immune cells after S.m. infection showed that the release of IL-1 by THP-1
cells increased. However, the release of IL-1p is significantly reduced when AIM2, NLRP3 or NLRC4 expression was
knocked down, demonstrating that this process relies on canonical pyroptosis and inflammasomes.*’

Pyroptosis and the release of proinflammatory cytokines from immune cells are double-edged swords. On the one
hand, the pyroptotic secretome leads to local inflammation and tissue destruction. However, some cytokines accelerate
DPC differentiation and wound healing.** A study showed that IL-1p released from THP-1 cells affects odontoblastic
differentiation of DPCs, which depends on the NLRP3 inflammasome,*® suggesting that proinflammatory cytokines
released by pyroptotic immune cells can promote tissue repair.
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Microglia

Microglia are local macrophages in the central nervous system that play important roles in pain conduction. Pulpitis
causes severe inflammatory pain due to the high pressure in the pulp chamber. Pulpitis pain is transmitted along the
trigeminal nerve to the trigeminal ganglion, then to the dorsal horn of the medulla, and finally to the brain.*®
However, the underlying mechanism and regulatory method of pulpitis pain conduction are unclear. A recent study
revealed that the degree of pulpitis pain is positively correlated with the expression of NLRP3 and caspase-1 in the
trigeminal ganglion and dorsal horn of the medulla, suggesting that canonical pyroptosis is involved in pain
conduction during pulpitis. The study also revealed that the ligand-gated ion channel P2X7 plays an important role
in the pyroptosis of microglia, which is crucial in pain conduction.*’ Therefore, inhibiting the activation of the
NLRP3 inflammasome and canonical pyroptosis may be a promising treatment strategy for alleviating the inflamma-

tory pain induced by pulpitis.

In Vivo Studies

To date, in vivo studies regarding the effects of pyroptosis in pulpitis are limited. Wang et al established an experimental
pulpitis model through pulp exposure in rats and reported that AIM2, a type of inflammasome related to canonical
pyroptosis, is detected only in the odontoblast layer in healthy pulp. In contrast, the expression of AIM?2 is significantly
upregulated in inflammatory cells and DPCs after pulp exposure.”’ Another study used a rat experimental pulpitis model
to investigate the role of canonical pyroptosis in pain conduction, suggesting that pulpitis pain is related to the expression

of NLRP3 and caspase-1 in the trigeminal ganglion and medullary dorsal horn.*’

Drugs That Target Pyroptosis in Pulpitis
Although pyroptosis is an important process in immune defense, it also causes local inflammation. Bacterial infection in
dental pulp is difficult to eliminate, resulting in persistent infection and extensive pyroptosis. Therefore, several studies
have investigated the effects of some drugs that target pyroptosis in the treatment of pulpitis. Considering that NLRP3
and caspase-1 are key molecules in pyroptosis, some inhibitors of NLRP3 and caspase-1 have been investigated for their
ability to treat inflammatory diseases. The use of NLRP3 inhibitor MCC950 and caspase-1 inhibitor Ac-YVAD-CHO has
been shown to reduce the release of proinflammatory cytokines, such as IL-1p, in pulpitis.**>° In addition, the expression
of some noncoding RNAs, such as microRNA-223 and microRNA-22, also regulates the formation of inflammasomes
during the progression of pulpitis.*'** Dimethyl fumarate (DMF) is an FDA-approved drug that is typically used for the
treatment of multiple sclerosis. Previous studies have shown that DMF treatment blocks pyroptosis in DPCs and
macrophages, suggesting that this drug might be used in the treatment of pulpitis.*®*°

An unavoidable problem in the treatment of pulpitis is that the dental pulp is surrounded by hard tissue and
communicates to the outside space only through the apical foramen. Therefore, local drug delivery is almost
inaccessible when hard tissue is intact. However, blocking pyroptosis may be a treatment strategy in cases where
the pulp is exposed. For example, local administration of drugs that inhibit pyroptosis might relieve local inflam-
mation and prevent irreversible pulpitis during vital pulp therapy (VPT). Considering that the initiation and
progression of pulpitis is a prolonged process, controlled release of drugs may be needed. A recent study showed
that composite hydrogels are ideal delivery materials that have desirable biological properties for VPT.>® Therefore,
we expect that drugs that target pyroptosis together with hydrogels may be used as potential pulp capping agents
in VPT.

Roles of Pyroptosis in Apical Periodontitis

Apical periodontitis usually results from caries and pulp necrosis. Various cell types are involved in the progression of
apical periodontitis. For example, periodontal ligament fibroblasts (PDLFs) constitute the periapical ligament, immune
cells contribute to immune defense against pathogens, and osteoblasts and osteoclasts participate in the regulation of
alveolar bone homeostasis (Figure 3).
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Figure 3 Roles of pyroptosis in apical periodontitis. (a) PDLFs undergo pyroptosis when stimulated by bacterial infection or cyclic stretch and are associated with both infection-
induced and trauma-induced apical periodontitis. (b) Some intracanal bacteria, such as E. faecalis and P. gingivalis, induce pyroptosis and proinflammatory cytokines release in immune
cells. Immune cells are also influenced by the pyroptotic secretome of other cells. Then, the composition and proportions of immune cells may be changed. (c) Bone metabolism is
mediated by osteoblasts and osteoclasts. The pyroptotic secretome, which includes IL-13 and HMGBI, promotes osteoclastogenesis and bone resorption. In refractory apical
periodontitis, the pyroptosis of osteoblasts might account for delayed healing. (d) Cementoblasts are located on the root surface and respond actively to microbial infection. After
invading extra-radicular space, (P)g. infection induces pyroptosis and the release of proinflammatory cytokines in cementoblasts.
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In Vitro Studies

Periodontal Ligament Fibroblasts

PDLFs are the major cell type in the periodontal ligament (PDL). In a healthy state, the PDL forms a barrier between the
intracanal space and periapical tissue, preventing bacteria from invading the outside space. Therefore, the immune response of
PDLFs is crucial in the progression of infection-induced apical periodontitis. P. gingivalis is commonly detected in contaminated
root canals.”’ Pg. LPS has been shown to induce pyroptosis in PDLFs.>* Moreover, another virulence factor, MDP, also induces
NLRP3-mediated canonical pyroptosis in PDLFs.> In addition to being involved in canonical pyroptosis, PDLFs also respond to
stimuli of noncanonical pyroptosis, such as cytoplasmic LPS.**? These studies suggested that both canonical and noncanonical
pyroptosis are crucial in apical periodontitis.

In addition to bacterial infection, acute and chronic dental trauma also leads to apical periodontitis. The PDL is
sensitive to mechanical stimulation, and PDLFs are crucial in the sensing of biting force applied to the tooth. A previous
study revealed that cyclic stretch activates GSDMD and induces pyroptosis in PDLFs, resulting in maturation and
secretion of IL-1f and IL-18. In addition, inhibition of caspase-1 blocks cyclic stretch-induced pyroptosis,>* suggesting
that canonical pyroptosis in PDLFs is also related to trauma-induced apical periodontitis.

Immune Cells
When bacteria invade the periapical tissue, immune cells begin to gather around the periapical lesion and react actively to the
bacterial infection. Enterococcus faecalis (E. faecalis) is a common intracanal bacterium. Recently, it was reported that
E. faecalis infection can induce pyroptosis in both human and mouse macrophages.”>~® However, this process is blocked by the
inhibition of either NLRP3 or caspase-1 activity, suggesting that the canonical pyroptosis pathway plays important roles in this
process.” In addition to E. faecalis, P. gingivalis, another common intracanal microbe, is also related to pyroptosis. Pg. OMVs
induce pyroptotic cell death and the release of proinflammatory cytokines in immune cells, which also depends on caspase-1.>’
Immune cells not only respond directly to bacterial infection but are also influenced by the pyroptotic secretome released
by other cells. The pyroptotic secretome, which includes cytokines and chemokines, can influence immune cell composition
and proportions to exert proinflammatory or anti-inflammatory effects. Thus, immune cells indirectly participate in apical
periodontitis. For example, the NLRP3 inflammasome in dendritic cells (DCs) is activated under P. gingivalis stimulation,
after which activated DCs affect the balance between regulatory T cells (Tregs) and T helper 17 cells, thus determining the
direction of the inflammatory response.’® Moreover, stem cells from the apical papilla (SCAPs) undergo NLRP3-mediated
canonical pyroptosis when stimulated with LPS in addition to ATP, and the inflammatory cytokines released from SCAPs
affect the stability of Treg cells in periapical lesions.>

Osteoclasts

Apical periodontitis can induce alveolar bone resorption and osteoclasts play an important role in bone destruction. Both
canonical and noncanonical pyroptosis pathways induce the release of proinflammatory cytokines into the extracellular space.
Some cytokines, such as IL-1p and HMGBI, promote the differentiation and maturation of osteoclasts.’™®' In this way,
pyroptosis is related to osteoclasts and bone resorption. Moreover, several pyroptosis-related genes participate in the regulation
of osteoclastogenesis. Compared with those from wild-type (WT) mice, monocytes from Nlirp3 " mice exhibit impaired
osteoclastogenesis ability.”® Similarly, osteoclasts from Gsdmd '~ mice presented increased lysosome numbers and enhanced
bone resorption activity compared to those from WT mice.®

Osteoblasts

Root canal treatment reduces the amount of intracanal bacteria and leads to the healing of bone defects. However, persistent
bacterial infection may delay alveolar bone healing. Osteoblasts mediate the healing process of bone destruction; therefore,
investigating the function of osteoblasts in refractory apical periodontitis is crucial. E. faecalis is commonly associated with
persistent root canal infection and treatment failure. Ran et al reported that E. faecalis infection activated the NLRP3
inflammasome and induced canonical pyroptosis in osteoblasts.®> This study provides a possible explanation for E. faecalis-
induced persistent periapical lesions. IL-17 is a proinflammatory cytokine that plays an important role in the progression of
apical periodontitis.®**> Recently, IL-17 stimulation was shown to induce the activation of NLRP3 inflammasome and
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canonical pyroptosis in osteoblasts,’® which may account for the delayed healing of bone defects. Taken together, these studies
revealed that pyroptosis of osteoblasts may be a reason for refractory apical periodontitis.

Cementoblasts

The cementum is the hard tissue that covers the root surface. Cementoblasts, the major cells in the cementum, can
secrete collagen and promote cementum formation. When intracanal bacteria invade periapical tissue, they induce
immunoreactions in adjacent cells, such as cementoblasts.®” It has been reported that P. gingivalis infection
induces caspase-11 activation and noncanonical pyroptosis of cementoblasts and the release of proinflammatory
cytokines, including IL-1p and IL-18. The underlying mechanism is associated with decreased expression of tet
methylcytosine dioxygenase 1 (TET1) and increased mitochondrial ROS.®*®° Considering that proinflammatory
cytokines released by pyroptotic cells promote local inflammation, extraradicular bacteria, such as Pg., may
facilitate the process of apical periodontitis by inducing pyroptosis in cementoblasts.

In Vivo Studies
During the progression of apical periodontitis, different cell types cooperate with one another and work in concert; therefore,
some studies have investigated the roles of pyroptosis in apical periodontitis through animal models. Pulp exposure is
commonly used to establish an experimental apical periodontitis model. In a rat pulp exposure model, the expression of
NLRP3, caspase-1, and caspase-11 was upregulated in periapical lesions, and the level of pyroptosis was positively
correlated with the level of inflammatory infiltration.”®’" Moreover, compared with WT mice, Nirp3~~ mice showed
reduced periapical bone destruction after pulp exposure, suggesting an important role of pyroptosis in apical periodontitis.>’
Estrogen influences bone metabolism and plays a crucial role in apical periodontitis, but the underlying mechanisms
remain unclear. One study revealed that the expression of NLRP3 and caspase-1 is elevated in the periapical lesions of
postmenopausal patients compared to that in premenopausal patients. In addition, the levels of NLRP3 and caspase-1 are
significantly higher in ovariectomized (OVX) rats than in sham-surgery rats after pulp exposure,’? indicating that
pyroptosis also plays an important role in estrogen-mediated apical periodontitis.

Drugs That Target Pyroptosis in Apical Periodontitis

Considering that pyroptosis plays an important role in apical periodontitis, whether some drugs that target
pyroptosis can be a treatment method for apical periodontitis has received widespread attention. MicroRNAs
can regulate gene expression profile. Some microRNA mimics and inhibitors are promising drugs for the treatment
of inflammatory diseases. Previous studies have reported that microRNA-590-3p and microRNA-155 can regulate
pyroptosis in apical periodontitis, demonstrating that these drugs might be potential treatment options.”>’*
Furthermore, some caspase inhibitors, such as VX765 and dioscin, are also used to treat apical periodontitis
and have positive effects.””’® DMF is a methyl ester of fumaric acid, and our previous study revealed that DMF
attenuates pyroptosis in PDLFs by targeting GSDMD.*® DMF also inhibits osteoclastogenesis by blocking ROS
signaling.”” Therefore, this drug may be a potential intracanal medication agent that alleviates inflammation by

inhibiting pyroptosis and reducing bone destruction by blocking ROS signaling.

Limitations and Future Perspectives

Effects of Noncanonical Pyroptosis in Pulpitis and Apical Periodontitis

Canonical and noncanonical pyroptosis pathways are the two most extensively studied pathways and are widely related to
various diseases. To date, studies on the effects of pyroptosis on pulpitis and apical periodontitis models have focused
mainly on the canonical pyroptosis pathway, and few studies have investigated the roles of noncanonical pyroptosis
(Table 1 and Table 2). However, noncanonical pyroptosis is crucial for the progression of many inflammatory diseases.”® %
Moreover, fibroblasts are the main cell components in dental pulp tissue and periapical lesions. Previous studies have shown
that different types of dental fibroblasts, such as DPCs, PDLFs and periodontal ligament stem cells, are more sensitive to
noncanonical pyroptosis than to canonical pyroptosis,*®' suggesting that noncanonical pyroptosis is important in the

development of pulpitis and apical periodontitis. However, their effects have been neglected in previous studies.
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Table | Studies Regarding Pyroptosis in Pulpitis

In vitro/in vivo Pyroptosis Inflammasomes Study Materials Stimuli References
Pathway Involved
In vitro Canonical AIM2 Clinical pulpitis samples, human DPCs IFN-y, poly(dA:dT) | [30]
In vitro Canonical AIM2 Human DPCs IFN-y, poly(dA:dT) | [87]
In vitro Canonical NLRP3 Human DPCs LPS, ATP [43]
In vitro Canonical NLRP3 Human DPCs LPS [88]
In vitro Canonical NLRP3 Human DPCs MDP [42]
In vitro Canonical NLRP3 Clinical pulpitis samples, human DPCs LPS plus ATR, [33]
hypoxia
In vitro Canonical NLRP3 Clinical pulpitis Samples, human DPCs LPS plus ATP [31]
In vitro Canonical NLRP3 Clinical pulpitis samples, human DPCs LPS plus ATP [89]
In vitro Canonical NLRP3 Clinical pulpitis samples, human DPCs, THP- | LPS, LTA [32]
I cell line
In vitro Canonical NLRP3 Clinical pulpitis samples, human DPCs n/a* [90]
In vitro Canonical NLRP3 THP-1 cells Odontoblast cell [39]
lysate
In vitro Canonical NLRP3 mDPC6T (mouse dental pulp papilla) cells mtDNA [38]
In vitro Canonical NLRP3 Clinical pulpitis samples, mDPC6T cells LPS plus ATP [35]
In vitro Canonical NLRP3, AIM2 Human DPCs Pg, Fn., ATP [41]
In vitro Canonical NLRP3, AIM2, THP-1 cells S.m. [45]
NLRC4
In vitro Canonical NLRPé6 Clinical pulpitis samples, human DPCs LPS [34]
In vitro Noncanonical Caspase-4 Human DPCs LPS [48]
In vitro + in vivo Canonical AIM2 Rat DPCs, rat experimental pulpitis model LPS, IFN-y [29]
In vitro + in vivo Canonical NLRP3 BV2 (mouse microglial) cells, rat LPS [47]
experimental pulpitis model
Notes: *n/a: The data were not mentioned in the study.
Table 2 Studies Regarding Pyroptosis in Apical Periodontitis
In vitro/in vivo Pyroptosis Inflammasomes | Study Materials Stimuli References
Pathway Involved
IN vitro Canonical NLRP3 THP-1 cells E. faecalis [55]
In vitro Canonical NLRP3 RAW?264.7 cells LTA [75]
IN vitro Canonical NLRP3 Clinical periapical lesion samples, human PDLFs | LPS, MDP [53]
In vitro Canonical NLRP3 MG63 (human osteosarcoma) cells E. faecalis [63]
In vitro Canonical NLRP3, AIM2 Clinical periapical lesion samples, THP-1 cells LPS [91]
In vitro Canonical NLRPé6 Clinical periapical lesion samples, human PDLFs | LPS [92]
In vitro Canonical n/a* Human PDLFs Cyclic stretch [54]
In vitro Noncanonical | Caspase-4 Human PDLFs LPS [48]
In vivo Canonical NLRP3 Rat experimental apical periodontitis model Oral microbes [71]
(pulp exposure)
In vitro + in vivo Canonical NLRP3 Clinical periapical lesion samples, human LPS [76]
PDLFs, rat experimental apical periodontitis
model
In vitro + In vivo Canonical NLRP3 Clinical periapical lesion samples, rat Oral microbes [72]
experimental apical periodontitis model (pulp exposure)
In vitro + in vivo Canonical NLRP3 RAW264.7 cells, rat experimental apical E. faecalis, LTA [56]
periodontitis model
(Continued)
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Table 2 (Continued).

In vitro/in vivo Pyroptosis Inflammasomes | Study Materials Stimuli References
Pathway Involved
In vitro + in vivo Canonical NLRP3 Clinical periapical lesion samples, mDPC6T LPS plus ATP [59]

cells, mouse experimental apical periodontitis
model (WT mice and Nirp3™" mice)

In vitro + in vivo Canonical NLRP3 Clinical periapical lesion samples, mouse Heat-killed Pg. [58]
dendritic cells, mouse experimental apical
periodontitis model

In vitro + in vivo Noncanonical | Caspase-| | OCCM-30 (mouse cementoblast) cells, mouse | Pg. [68]
experimental apical periodontitis model
In vitro + in vivo Canonical + Caspase-1/4/5/11 Clinical periapical lesion samples, THP-I cells, | LPS [70]
noncanonical rat experimental apical periodontitis model

Notes: *n/a: The data were not mentioned in the study.

Cleavage of Gasdermin Family Proteins in Pulpitis and Apical Periodontitis

Currently, it is believed that the cleaved N terminals of gasdermin family proteins are the final executors of pyroptosis in
most cases. However, some studies regarding pyroptosis in pulpitis and apical periodontitis have verified only the
expression of PRRs and the activation of caspases without confirming the cleavage of gasdermin family proteins.
Notably, inflammasome formation and caspase activation do not guarantee the occurrence of pyroptosis.®*** The widely
accepted hallmark of pyroptosis is the cleavage of gasdermin family proteins.®* ¢ Therefore, the cleavage of gasdermin
family proteins in pulpitis and apical periodontitis needs further research.

Conclusion

Studies on pyroptosis in pulpitis (Table 1) and apical periodontitis (Table 2) have focused on various cell types. The
effects of pyroptosis are distinct and related to cell type and function. For example, the pyroptosis of odontoblasts serves
as alerts and induces immune reactions in the inner pulp after pyroptosis, and the expression levels of some pyroptotic
markers in DPCs may reflect the progression of pulpitis. In addition, studies on pyroptosis have revealed several potential
drug targets, such as NLRP3 and caspase-1, which might be used for the treatment of pulpitis and apical periodontitis.
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