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Abstract. Inflammasomes are cytosolic multimeric protein
complexes that typically comprise a sensor, an adaptor and
the zymogen, procaspase-1. Inflammasomes are a central
hub for signaling and the regulation of innate immunity. An
inflammasome assembles in response to a diverse range of
pathogen-associated molecular patterns or danger-associated
molecular patterns. Inflammasomes further induce the matu-
ration of interleukin (IL)-1p and 18 through the proteolytic
cleavage of pro-IL-1f and pro-IL-18. A number of previous
studies have highlighted the importance of the appropriate
activation of the inflammasome in homeostasis and in the
pathogenesis of periodontal disease. Inflammasomes function
as a homeostatic checkpoint to regulate the extent of inflam-
mation in health and disease. Thus, further research is required
to uncover the modulators and regulators of the inflammasome
assembly. The enhanced knowledge of various strategies which
may be used to regulate an excessive inflammatory response at
the cellular and molecular level may lead to the development
of more effective strategies for the treatment and prevention of
periodontal disease, as well as its associated systemic diseases.
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1. Introduction

Periodontitis is a chronic multifactorial inflammatory disease
associated with dysbiotic plaque biofilms and is characterized
by the progressive destruction of the tooth supporting
apparatus (1). This tissue destruction is initiated by an excessive
inflammatory host response to periodontal pathogenic
bacteria. The production of the key pro-inflammatory
cytokine, interleukin (IL)-1pB, by various host-immune cells
such as macrophages, oral fibroblasts, oral epithelial cells and
osteoblasts induces the production of inflammatory mediators,
matrix metalloproteinases and osteoclasts in periodontal
tissues, leading to the destruction of connective tissue and
alveolar bone (2).

Theroleof IL-1,particularly IL-1f,in the pathogenesis of peri-
odontal diseases was initially documented by Jandinski ez al (3)
in 1991. They demonstrated that the number of cells stained
with anti-human IL-1f antibody was almost 3-fold higher in
periodontally diseased tissue compared with normal tissue,
suggesting that IL-1f3 produced by cells in periodontal tissues
was related to the pathological processes associated with peri-
odontal disease. Kinane et al (4) measured the amount of IL-1
in gingival crevicular fluid during human experimental gingi-
vitis; an increase in IL-1 levels was observed with subsequent
gingival inflammation, suggestive of IL-1, an early biomarker of
gingival inflammation. In addition, it has been well-established
that an increased IL-1 production is a strong indicator of the
susceptibility to severe periodontitis and peri-implantitis (5).
This IL-1p remains in an inactive form as pro-IL-1p. A series
of processes results in the formation of a multiprotein complex
termed the ‘inflammasome’ in the cytosol, which is responsible
for converting pro-IL-1 into its activated form, IL-1f3 (6). The
inhibition of inflammasome activation by periodontal pathogens
may allow other bacteria in the subgingival ecosystem to survive
for longer period of time, thus contributing to persistent chronic
inflammation and further periodontal damage (7). It has also
been reported that titanium ions also stimulate inflammasome
activation, which may be responsible for inflammation around
implants in peri-implantitis (8). Current evolving evidence
suggests that the inflammasome plays an essential role in the
pathogenesis and progression of periodontal and peri-implant
disease. Thus, the main objective of the present review was to
provide a short overview of the inflammasome and to discuss
various strategies that may target inflammasomes that may be
used as novel approaches for periodontal treatment.
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2. Background, role and function of inflammasomes

Inflammation is a double-edged sword. Inadequate inflamma-
tion leads to persistent pathogenic infection whereas excessive
inflammation leads to the development of chronic inflamma-
tory diseases. Therefore, it is essential for the host to balance
the extent of inflammation by proper inflammasome activation.

As regards the characterization of the inflammasome,
according to Martinon et al (9), the inflammasome is defined
as ‘the set of intracellular protein complexes that enable
autocatalytic activation of inflammatory caspases, which
drives host immune responses by releasing mature cytokines
and alarmins into circulation and by inducing pyroptosis’.
The role of the inflammasome in the innate immunity was
first documented by Martinon ef al (9) in 2002, followed by
Bostanci et al (10) in 2009, who reported its involvement in
the pathogenesis of periodontal disease. Since then, studies
focusing on the inflammasome in periodontal diseases have
been published (7,10-15).

The cytosolic multimeric protein structures of inflam-
masomes mainly comprise of three components: i) a sensor
molecule; ii) an adaptor, and iii) a zymogen procaspase-1.
The sensor molecule has a ‘nucleotide-binding domain
leucine-rich repeat-containing receptor (NLR)’ and the adaptor
has ‘apoptosis-associated speck-like protein containing a
caspase-recruitment domain (ASC)’ (16).

To date,>10 different inflammasomes have been reported in
the literature, which include NLR family pyrin domain (PYD)
containing protein (NLRP)I, NLRP3,NLRP6,NLRP12, pyrin,
NLR family apoptosis inhibitory protein (NAIP)/NLR family
caspase activation and recruitment domain (CARD) domain
containing (NLRC)4, retinoic acid inducible gene 1 (RIG-1),
absent in melanoma-2 (AIM2), interferon (IFN), gamma-induc-
ible protein 16 (IF116), NLRC3 and NLP6 (15,17,18). NLRP1
is recognized as the first protein forming an inflammasome
along with its potential role in the host innate immunity and
inflammatory diseases (7). A well-documented inflammasome
is NLRP3. NLRP3 also known as cryopyrin, is predominantly
expressed in macrophages, and is encoded by the NLRP3 gene
on human chromosome 1 (19).

Inflammasome triggering is associated with high levels of
inflammation; thus, it should be strictly regulated to prevent
its aberrant activation. Under normal healthy conditions,
the host balances the extent of inflammation by the proper
activation of inflammasomes. Inflammasomes function as
intracellular sensors for various pathogen-associated molec-
ular patterns (PAMPs) and damage-associated molecular
patterns/danger-associated molecular patterns (DAMPs).
Although myeloid cells (dendritic cells, macrophages and
monocytes) and neutrophils are usually responsible for
inflammasome activation, inflammasomes can also be trig-
gered in gingival fibroblasts, keratinocytes and mucosal
epithelial cells (20). The main function of this inflammasome
is to convert pro-active forms of inflammation-associated
cytokines into their biologically active forms. Inflammasome
activation leads to the maturation of the pro-inflammatory
cytokines, IL-1p and IL-18 through their cleavage by an
enzyme known as caspase-1 (7). Various pleiotropic actions,
such as the activation of B cells, the recruitment of neutrophils
and other innate immune cells, antibody production and the

differentiation of T-cells occurs once mature IL-1§ and IL-18
are recognized by their receptors. Moreover, inflammasome
activation induces pyroptosis in host immune cells. Pyroptosis
occurs through the cleavage of caspase-1, leading to the
oligomerization of the N-terminal gasdermin D fragment of
gasdermin D protein (cytoplasmic protein) and insertion into
the plasma cell membrane, resulting in pore formation. This
pore formation by gasdermin D induces cell lysis and the
release of intracellular components (DAMPS) into the extra-
cellular environment, accentuating inflammation.

3. Inflammasome activation

Inflammasome activation involves a two-step signaling
process, i.e., cell priming along with cell recognition and
formation. Cell priming process serves two purposes: i) The
transcriptional and translational upregulation of inflam-
masome components (comprising of the sensor molecule,
caspase-1 and pro-IL-1p); and ii) the post-translational altera-
tion of the sensor molecule and adaptor molecule (ASC).

The transcriptional upregulation of inflammasome compo-
nents occurs through the activation of the transcription factor,
NF-«B, caused by the recognition of various PAMPs or DAMPs
that engage multiple Toll-like receptors or by the cytokines,
TNF and IL-1f. These host cell receptors and molecules are
recognized by bacterial components, which initiate different
signaling pathways. The second step is recognizing a PAMP
or DAMP specific to each inflammasome, which then induces
inflammasome formation and activation (7). Once PAMPs or
DAMPs specific for certain sensor molecules, such as pattern
recognition receptors (PRRs) are recognized, the oligomeriza-
tion of the PRR is induced.

4. Inflammasomes in periodontal disease

Various in vitro, animal and clinical studies have demonstrated
the role of inflammasomes (mainly NLRP3) in periodontal
inflammation (10,11,21,22). Higher levels of inflammasome
expression have been detected in the gingival and salivary
samples of patients with periodontal disease (13,23). Mature
cytokines processed by caspase-1, mainly IL-1f3, control osteo-
clastic differentiation and activity by exerting direct effects
on osteoclasts and indirectly by modulating the expression
of receptor activator of nuclear factor-kB ligand (RANKL)
in other immune cells. It has been demonstrated that osteo-
blasts express inflammasome components and NALP3, which
is a core protein of NLRP3. The interaction of osteoblastic
cells with Aggregatibacter actinomycetemcomitans induces
the production of IL-1p, IL-18 and pyroptosis mediated by
NLRP3 activation. The activation of caspase-1 also induces
cell death by the pyroptosis of osteoprogenitor cells (7). These
events may be responsible for bone turnover and inflammatory
bone resorption in vivo. Higuchi et al (24) recently reported
that conventional periodontal treatment modifies the inflam-
masome priming status of peripheral blood mononuclear cells
in patients with chronic periodontitis. Yamaguchi er al (25)
further suggested that the NLRP3 inflammasome plays a
critical role in periodontal disease and atherosclerosis induced
by Porphyromonas gingivalis through sustained inflamma-
tion. Isaza-Guzman et al (23) also revealed that salivary levels
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Figure 1. Schematic illustration of the inflammasome pathway and potentially novel therapeutic approaches targeting inflammasomes at different blockade

sites during steps of its priming and activation.

of NLRP3, ASC and IL-1f function as strong and independent
indicators of the extent of periodontal breakdown (potential
biomarkers) in both chronic periodontitis and aggressive
periodontitis; thus they may have potential for use for the
prevention and treatment of periodontitis (23).

5. Therapeutics targeting the inflammasome

Host modulation in the treatment of periodontal disease
constitutes an important approach. Sudden and abrupt inflam-
masome activation leads to the continuous production of
pro-inflammatory cytokines, which results in periodontitis.
Therefore, regulators or inhibitors/antagonists aiming at
inflammasome components and their improper activation can
be considered as an effective approach for the early interven-
tion and management of periodontal disease. The release of
various PAMPs and DAMPs accelerates the priming events
by binding to their associated receptors; the overexpression
of these proteins (priming) in diseased tissues can be used as
an alert signal for therapeutics (18,26). Drugs such as lipoxins
and resolvins, targeting TNF and IL-1, are already used as
periodontal therapeutic agents, which affect inflammasomes
at their priming stage (27). Recently, three approaches have
been advocated for the therapeutic inhibition/downregulation
of inflammasomes. These include the following (7): i) the inhi-
bition of the upstreaming intracellular signaling mechanism;
ii) the blocking of inflammasome components; and iii) the

inhibition of inflammasome-mediated cytokines (IL-1$ and
IL-18).

Inhibition of the upstreaming intracellular signaling mecha-
nism. Periodontitis is associated with decreased salivary and
gingival crevicular fluid (GCF) antioxidants, and increased
oxidative stress. Trigger factors that lead to NLRP3 inflam-
masome activation are the upregulation of ion flux (K*, Ca*
and CI), mitochondrial damage, lysosomal disruption and the
release of reactive oxygen species. Reactive oxygen species
produced by mitochondria, directly or indirectly lead to inflam-
masome activation. As the role of oxidative parameters in the
pathogenesis of periodontal disease is well documented (28,29),
drugs that effectively decrease reactive oxygen species produc-
tion, further leading to decreased inflammasome activation
maybe considered as novel approaches. These drugs include
(Fig. 1): Allopurinol (Zyloprim/Aloprim®), cardiolipin SS-31
(Elamipretide, Bendavia, MTP-131) and nicotinamide riboside
(NR).

Allopurinol is a prototypical xanthine oxidase inhibitor
that is already being used for the treatment of diseases,
such as gout (a form of arthritis which is NLRP3 inflam-
masome-dependent) (30), kidney stones (31) and type 2
diabetic neuropathy (32). Another antioxidant drug being
considered to play a potential role in stabilizing a cardio-
lipin, a phospholipid solely expressed in the inner membrane
of mitochondria is Szeto-Schiller peptide (SS-31). This
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therapeutic drug (SS-31) selectively targets and stabilizes
cardiolipin. This drug prevents the excessive production of
reactive oxygen species and conserves the electron carrying
action of cytochrome ¢ (33). The local application of these
drugs can decrease reactive oxygen species produced during
periodontitis, thus preventing periodontal tissue and bone
damage. SS-31 has already been approved for the treat-
ment of gout and kidney stones and is under research for
its application in heart failure (NCT01572909) and primary
mitochondrial disease (34). NR is currently available as a
dietary supplement. Its therapeutic usage has been clinically
tested for various diseases (35), such as atherosclerosis,
diabetes and coronary artery disease (36). However, to the
best of our knowledge, no significant studies related to these
drugs in the periodontal field have been reported to date. As
periodontal disease has a two-way association with various
systemic diseases, it can be hypothesized that these drugs
may aid in the treatment of periodontal diseases associated
with these conditions. Therefore, further research on these
drugs is encouraged.

Blocking of inflammasome components. The activation of
caspase-1 leads to the conversion of the inactive form/precursor
form of pro-inflammatory cytokines (pro-IL-1 and pro-1L-18)
into IL-1p and IL-18. This activation of caspase-1 can be
regulated directly through the PYD and CARD interactions.
Thus, targeting PYD only proteins (POPs) and CARD only
proteins (COPs) as modifiers of inflammasomes may gain
importance. POPs and COPs are key components due to their
ability to regulate NF-xB (involved in the priming stage),
as well as inflammasome activation. Recent studies have
demonstrated that the downregulation of various COPs and
POPs in periodontal disease may stimulate the abrupt activa-
tion of the inflammasome followed by the activation of IL-1p
expression, leading to periodontal tissue breakdown (12,14).
Two POPs, which are well known are POP1 (PYDCI) and
POP2 (PYDC2). POPI1 exhibits ~88% similarity to the
PYD domain of ASC and also targets NF-kB activation by
inhibiting IkappaB kinase (IKK), thus indirectly inhibiting
NLRP3 activation, whereas POP2 directly binds to NLRs
and blocks TNF-o-mediated NF-xB activation at the level of
po65, thus preventing inflammasome activation. Various drugs
included under this approach are the following: Caspase-1
inhibitors [Emricasan (IDN-6556), VX-740 (Pralnacasan)
and VX-765], Bruton's tyrosine kinase (BTK) inhibitors [ibru-
tinib (PCI-32765, Imbruvica)], Acalabrutinib (ACP-196) and
NLRP3 tubulin assembly blockers [colchicine (Colcrys) and
OLT-1177 (Dapansutrile)].

Drugs targeting caspase-1 are VX-765, VX-740
(Pralnacasan) and Emricasan (IDN-6556), which have been
successfully tested in humans (26,37-39). A commonly
used caspase-1 inhibitor is VX-765, a reversible inhibitor
that becomes active when metabolized by plasma esterase
enzyme (40). VX-765 is already undergoing clinical trials
(NCTO01501383) for the treatment of epilepsy and psoriasis (41).
IDN-6556 is already tested for its potential use in diabetes
and nonalcoholic steatohepatitis cirrhosis. Marchesan et al
documented that the use of VX-765 in male murine models
of experimental periodontitis, led to the inhibition of alveolar
bone destruction (7). The results of micro-computed tomog-

raphy revealed that the inhibition of caspase-1 via VX-765
significantly prevented ~50% of alveolar bone loss (7).

BTK inhibitors may also represent novel therapeutic agents
for the management of periodontal disease. The interaction of
BTK with adaptor proteins is essential for ASC oligomeriza-
tion during the activation of the NLRP3 inflammasome (42).
The inhibition of BTK by pharmacological means, impairs
NLRP3 activation, which is responsible for periodontal
inflammation. Recently used BTK inhibitors are ibrutinib
(PCI-32765, Imbruvica) and Acalabrutinib (ACP-196) (42.,43).
Ibrutinib is an FDA-approved drug for the treatment of various
carcinogenic tumors and chronic graft vs. host disease. BTK
inhibitors has also been shown to inhibit alveolar bone destruc-
tion in experimental periodontitis models by inhibiting ASC
phosphorylation (43). Another drug, ACP-196, has also exhib-
ited similar effects on alveolar bone (43). Pokhrel ez al (43)
suggested that ACP-196 may be used as a potential therapeutic
agent, as it suppresses the differentiation of osteoclastic cells
and Porphyromonas gingivalis lipopolysaccharide-induced
alveolar bone resorption by ~50%. Their study suggested
that that BTK inhibitors maybe an acceptable treatment for
periodontitis (43).

During activation, the spatial arrangement of NLRP3
components is governed by microtubulin dynamics (44).
NLRP3 components are one of the main targets currently
being evaluated for the treatment of osteoarthritis, cardiac
diseases, psoriasis, leukemia, diabetes and non-alcoholic
steatohepatitis (26). Colchicine (Colcrys) and OLT-1177 are
FDA-approved therapeutic agents used in the treatment of
these diseases. Colchicine has been advocated for its anti-
oxidant, anti-mitotic, anti-inflammatory and bone-protective
effects. The principal mechanism of colchicine is tubulin
disruption by blocking microtubule assembly, thus influencing
the innate immune pathway and the activation of the NLRP3
inflammasome (44,45). Aral et al (45) assessed colchicine
as a therapeutic measure in experimental periodontitis and
concluded that colchicine treatment significantly reduced
IL-1B, IL-8, RANKL, RANKL/osteoprotegerin (OPG), total
oxidative stress and bone volume ratio levels, and increased
total antioxidant status levels in periodontitis cases compared
with the controls. Gingival IL-1f levels were also shown to
decrease significantly by half during colchicine treatment (45).
These results suggested that the administration of colchicine
reduced NLRP3-induced periodontal inflammation and
destruction.

Inhibition ofinflammasome-mediated cytokines.This approach
targets IL-1f3, IL-18 and type-1 IFN. Drugs targeting inflam-
masome mediated cytokines include: IL-1p [canakinumab,
ACZ885 (Ilaris), anakinra (Kineret) and rilonacept (Arcalyst)],
IL-18 (GSK1070806) and type-1 IFN.

IL-1p is the most potent pro-inflammatory cytokine
released by inflammasome activation and is involved as
an effector molecule in a number of inflammasome-driven
diseases. Globally used inhibitors of IL-1f are canakinumab,
anakinra and rilonacept (46). Canakinumab is a monoclonal
antibody targeting IL-1f, anakinra is a modified IL-1f
receptor antagonist and rilonacept is a soluble decoy receptor.
Promising results of these approved drugs have been demon-
strated in rheumatoid arthritis, atherosclerotic disease and



diabetes. Oates et al (2), in an experimental model of periodon-
titis, concluded that IL-1p antagonist significantly reduced
radiographic bone loss by 50% compared with the control
sites. Another study by Yoshinari ef al (47) demonstrated that
at 1 month following conventional non-surgical therapy, IL-1$
levels in GCF were still elevated in patients with periodon-
titis (47). Thus, targeting inflammasome components prior to
IL-1p secretion may provide an effective alternate measure for
modulating the periodontal host response.

As only a limited number of studies on the role of IL-18
in the pathogenesis of periodontal disease have been docu-
mented, fewer clinical trials considering IL-18 antagonist
as a newer therapy have been reported. GSK1070806 (an
anti-IL-18 monoclonal antibody) may be used as one of the
therapeutic agents in the future, although its exact mechanisms
of action require further investigation (48). Type 1 IFNs stimu-
late anti-inflammatory cytokines (such as IL-10) that further
utilize STAT3 for inhibiting pro-IL-1f and pro-IL-1a, thus
regulating inflammasome activation (49). Type 1 IFNs also use
transcription factor (STAT1) to decrease caspase-1 expression,
although the exact underlying mechanisms require further
validation (49). Notably, to date, to the best of our knowledge,
there are no studies available evaluating type-1 IFN and IFN-y
as inflammasome regulators in periodontal disease, which
may provide direction for future research.

Other inflammasome modulators include CD40L,
Bcl-2 and Bcel-xL (14). Additional inflammasome inhibitors
targeting NLRP3, reactive oxygen species and caspase-1 for
the treatment of various autoimmune and systemic inflamma-
tory diseases investigated to date are parthenolide, FC11A-2,
glyburide, AZD 9056, CE-224535, GSK 1482169, JC124,
Bay 11-7082, tranilast (TR), f-hydroxybutyrate (BHB),
16673-34-0, MCC950, 3,4-methylenedioxy-f-nitrostyrene
(MNS), oridonin (ORI) and CY-09 (16) (Fig. 1). Another
approach is TRIM (tripartite motif) proteins which are asso-
ciated with several physiological processes, including cell
proliferation, signal transduction, transcription, DNA repair
and pluripotency. TRIM16, which is generally expressed
in keratinocytes, is a unique pro-IL-1f binding protein. It
enhances IL-1p production by interacting with pro-caspase-1
to enhance innate immunity, whereas its knockdown results
in the reduction of IL-1f secretion (50). Another protein
TRIM30 which is a negative regulator of TLR signaling, also
suppresses NLRP3 activation by hindering reactive oxygen
species production in macrophages (51). Although limited
data are available, these modulatory mechanisms of inflam-
masomes may play a potential role in periodontal disease and
its treatment.

6. Conclusion and future perspectives

Inflammasomes are intracellular sensors that play an essen-
tial role in maintaining host homeostasis by monitoring the
inflammation produced. The inappropriate activation of
inflammasomes leads to the development of inflammatory
diseases, such as periodontitis and peri-implantitis. Various
clinical regenerative treatment options are available once the
disease has occurred and progressed, causing inflammatory
damage to the periodontium; however, to date, there is no
treatment available to prevent inflammation at its initial/early
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stage, at least to the best of our knowledge. Therefore, targeting
the disease at the molecular and cellular level may diminish
cytokine production and may prevent disease progression to
a stage where inflammatory damage has occurred. Targeting
inflammasomes directly may provide a novel potential thera-
peutic approach for the treatment of inflammasome-related
periodontal and peri-implant disease. This may modulate the
excessive inflammatory response observed in periodontal
disease by the use of inflammasome regulators that target
abrupt intracellular signaling pathways, inflammasomes
components, cytokines and various others proteins (COPs,
POPs and TRIM family proteins) at various levels during
inflammasome activation.
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