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Abstract— Continuous stimulation of inflammation is harmful to tissues of an organism.
Inflammatory mediators not only have an effect on metabolic and inflammatory bone
diseases but also have an adverse effect on certain genetic and periodontal diseases associated
with bone destruction. Inflammatory factors promote vascular calcification in various dis-
eases. Vascular calcification is a pathological process similar to bone development, and va-
scular diseases play an important role in the loss of bone homeostasis. The NLRP3 inflam-
masome is an essential component of the natural immune system. It can recognize pathogen-
related molecular patterns or host-derived dangerous signaling molecules, recruit, and acti-
vate the pro-inflammatory protease caspase-1. Activated caspase-1 cleaves the precursors of
IL-13 and IL-18 to produce corresponding mature cytokines or recognizes and cleaves
GSDMD to mediate cell pyroptosis. In this review, we discuss the role of NLRP3
inflammasome in bone diseases and vascular calcification caused by sterile or non-sterile
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inflammation and explore potential treatments to prevent bone loss.
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INTRODUCTION

Inflammasomes play a vital role in inflammatory
responses. They activate immune responses by releas-
ing cytokines and inducing pyroptosis [1, 2]. The
NOD, LRR, and pyrin domain-containing protein 3
(NLRP3) is an essential inflammasome of immune
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response and can be activated by various stimuli
[3]. The inflammasome contains NLRP3, apoptosis-
associated speck-like protein containing a CARD
(ASC) and pro-caspase-1 [4]. Activated NLRP3 can
cleave pro-caspase-1 into p20 and plO subunits, in-
ducing the maturation and release of pro-
inflammatory cytokines such as interleukin-13 (pro-
IL-1) and IL-18 [5]. IL-1f3 can induce secretion of
RANKL (receptor activator of NF-kB ligand) and
activate osteoclasts, causing a series of inflammatory
responses [6]. Activated caspase-1 specifically recog-
nizes and cleaves gasdermin D (GSDMD) causing
cell pyroptosis [7, 8]. It is currently believed that
both pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) can activate the innate immune system
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and inflammatory responses through the pattern rec-
ognition receptor (PRR). Common PAMPs include
lipopolysaccharide (LPS), lipoteichoic acid (LTA),
peptidoglycan (PGN) [9], viral double-stranded RNA
(dsRNA) [10], and others. DAMPs include misfolded
or aggregated proteins, metabolites and wear frag-
ments of prosthetic implants. Furthermore, several
cytokines such as IL-1(3, interferon (IFN), and tumor
necrosis factor (TNF) are described as “inducible
DAMPs and conditional DAMPs” [11, 12]. The
PAMPs and DAMPs can be recognized by the cor-
responding PRR, which activates downstream signal-
ing pathways causing inflammation or antibacterial
responses. The expression of NLRP3 inflammasome
requires at least two steps. (1) Priming the transcrip-
tion of the NLRP3 gene. Initiation is achieved
through activation of PRR of nuclear factor kappa-B
(NF-kB) including toll-like receptors (TLRs),
interleukin-1 receptor (IL-1R), and tumor necrosis
factor receptor (TNFR) [13, 14]. The transcriptionally
active form of NF-kB is predominantly a heterodimer
formed through the combination of p65 and p50. NF-
kB and IkB (inhibitor of NF-kB) form a trimer in
the cytoplasm. When IkB phosphorylation is activat-
ed, NF-kB is released into the nucleus [15]. As a
result, the expression of the inflammasome compo-
nents NLRP3, caspase-1, and pro-IL-1{3 is upregulat-
ed. Before activation, NLRP3 needs to be bound to
NEK7 by bridging adjacent NLRP3 subunits with
bipartite interactions [16]. (2) Activation of NLRP3.
The specific molecular mechanism of activation is
still unclear, but there are several NLRP3
inflammasome activation models: (1) certain NLRP3
activators such as MLKL and P2X7 form pores in
the plasma membrane, causing K+ efflux [17]; (2)
chloride intracellular channel (CLIC) can also acti-
vate NLRP3 by promoting Cl— outflow [18, 19]; (3)
in addition to lysosomal rupture [20] and mitochon-
drial dysfunction [21], metabolic dysfunction can ac-
tivate NLRP3 inflammasome [22]; (4) trans-Golgi
was found to be disassembled to form vesicles called
dispersed trans-Golgi network (dTGN). The phospho-
lipid phosphatidylinositol-4-phosphate (PtdIns4P) on
dTGN can combine with NLRP3 and promote the
latter to aggregate, thereby making NLRP3 activated
[23]. Inflammasomes play a crucial role in numerous
cell types including myeloid cells, osteoclasts, osteo-
blasts, and vascular endothelial cells. However, the
role of NLRP3 inflammasome in bone disease and
vascular calcification is still unclear (Fig. 1).
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Osteopenia is a disease characterized by decreas-
ing bone mass, increasing bone fragility, and a ten-
dency of fracture. The internal mechanism involves
imbalance between bone formation and bone resorp-
tion. Excessive bone resorption results in low bone
density. The key factors that contribute to bone loss
are reduced osteogenic differentiation of stem cells
and mature osteoclasts. The key transcription factors
of osteogenesis such as runt-related transcription fac-
tor 2 (RUNX2), Osterix, and osteogenically related
proteins including osteopontin (OPN), osteocalcin
(OCN), and bone morphogenetic protein (BMP2)
are upregulated, indicating that osteogenic differenti-
ation has occurred in bone marrow mesenchymal
stem cells (BMSCs). The formation of osteoclasts
requires macrophage colony-stimulating factor (M-
CSF) and receptor activator of RANKL.
Preosteoclasts are fully differentiated by recruitment
of TNF receptor—related factor 6 (TRAF6) after the
stimulation of RANKL [24].

Bone loss is manifested in not only osteoporosis
but also a change in bone homeostasis which can
occur in osteomyelitis, arthritis, and periodontitis.
Numerous autoinflammatory diseases can cause bone
destruction or arthritis because the process of bone
remodeling is regulated by inflammatory response. In
addition, joint replacement surgery is increasingly
being applied clinically to treat fractures or arthritis.
However, a few patients experience aseptic loosen-
ing. Biological factors primarily include sterile in-
flammatory response caused by the prosthetic mate-
rial and its wear particles. The NLRP3 inflammasome
regulates bone remodeling and inflammation around
the prosthesis through inflammatory factors.

Vascular calcification, the deposition of hy-
droxyapatite minerals in the arterial wall, is a com-
mon pathological manifestation of atherosclerosis, di-
abetic vascular disease, vascular injury, chronic kid-
ney disease, and aging [25-27]. Vascular calcification
is also essentially affected by the mechanism of
osteogenesis and osteoclast balance, which is similar
to the process of bone development. Vascular smooth
muscle cells (VSMCs) are the predominant cell types
that constitute the arterial wall and are instrumental
in the regulation of vascular tone and maintenance of
the dynamic stability of blood pressure [28]. In the
basal state, VSMCs exhibit a contractile phenotype.
In the vascular calcification model, VSMCs are trans-
formed from a contractile phenotype to a synthetic
phenotype and eventually develop into an osteoblast-
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Fig. 1. Mechanisms of activation of the NLRP3 inflammasome. A canonical NLRP3 gene transcription is initiated by PRR including TLRs, TNFR, and IL-
IR. PRR is activated by the corresponding PAMPs and phosphorylated IkB, followed by release of NF-«B into the nucleus to initiate expression of NLRP3
gene. The outflow of K¥, CI, and influx of Ca** activates the NLRP3 inflammasome. Mitochondria continually produce ROS and are the major source of
cellular ROS. The phagocytosis of the lysosome on the particles will lead the lysosome to rupture and release the cathepsin into the cytoplasm. NLRP3
activators were found to promote trans-Golgi network disassembly into dTGN. The PtdIns4P on dTGN recruits NLRP3 and promotes NLRP3 aggregation.
Activated NLRP3 inflammasome cleaves pro-caspase-1 into caspase-1. Caspase-1 promotes the maturation and release of pro-IL-1f3 and pro-IL-18 to induce

inflammation and cleaves GSDMD to form GSDMD-assembled pores in the cell membrane, thereby triggering cell pyroptosis.

like cell phenotype [29]. Previous experiments have
confirmed that VSMCs express bone formation—
related transcription factors such as Runx2, Osterix,
Msx2 under high phosphorus, high glucose (HG),
inflammatory factors, oxidative stress, and other cal-
cification stimulating factors [30]. The OPG/RANKL/
RANK signaling pathway is one of the significant
pathways that regulate bone metabolism. A combina-
tion of RANK and RANKL can promote vascular
calcification, whereas OPG inhibits vascular calcifi-
cation [31]. Previous studies have revealed that the
activation of NLRP3 inflammasome can accelerate
vascular calcification in vivo and in vitro. The pres-
ent study reviews the known and potential roles of
NLRP3 inflammasome in bone disease and vascular
calcification caused by sterile or non-sterile inflam-
mation (Fig. 2).

MECHANISMS OF BONE DISEASES
AND VASCULAR CALCIFICATION
THAT ARE RELEVANT TO THE NLRP3
INFLAMMASOMES

Evidence suggests that the NLRP3 inflammasome is
implicated in a wide range of diseases of bone diseases and
vascular calcification (Table 1).

Osteoporosis and Inflammatory Osteolysis

Inflammasomes are associated with osteoporosis
caused by aging, diabetes, and menopause. Chronic in-
flammation is manifested through continuous secretion of
inflammatory mediators and other factors, which conse-
quently cause the destruction of bone tissues and impaired
bone homeostasis. Several studies have established that
inhibiting inflammation within the fracture
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Fig. 2. The NLRP3 inflammasome significantly contributes to diseases such as bone loss, arthritis, osteomyelitis, periodontal disease, and vascular calcif-
ication by regulating inflammatory response and calcification. Overexpression of NLRP3 inflammasome exacerbates inflammatory osteolysis and inhibits
calcium deposition in metabolic bone disease. Bone formation in vivo regularly requires neovascularization to facilitate blood perfusion, but NLRP3 infla-
mmasome suppresses the expression of angiogenesis-related genes. Pro-inflammatory cytokines promote calcification of vascular endothelial cells in blood
vessels. These findings present potential and relevant treatment strategies for targeted bone diseases and vascular calcification.

microenvironment can promote osteogenic differentiation
of stem cells. The level of pro-inflammatory cytokines is
increased in the absence of estrogen. Blocking TNF-« or
IL-1f3 in postmenopausal women causes a reduction in the
expression of bone resorption markers [58]. Therefore, the
inhibition of TNF-&« or NLRP3 can prevent bone loss
caused by ovariectomy in mice [59, 60]. High glucose in
the bloodstream increases bone resorption capacity and
efferocytosis of osteoclasts by inducing NOX2-dependent
reactive oxygen species (ROS) production and the expres-
sion of p-p38-, p-pERK NF-«kB-, and NLRP-related pro-
teins in HG-induced osteoclasts, resulting in diabetes-
induced osteoporosis in the male rats induced by
streptozotocin (STZ) [61]. Aging may be associated with
a low level of chronic inflammation indicated by elevated
levels of IL-1f3, IL-6, and IL-18. NLRP3 inflammasome
regulates age-related inflammation and bone loss in pe-
ripheral tissues of mice, although the underlying mecha-
nism is still unclear [62—64]. LPS is the most common
form of stimulus that induces inflammation. Previous stud-
ies have revealed that the expression of NLRP3 and
caspase-1 increases after administration of LPS in human

umbilical cord mesenchymal stem cells (HUCMSCs) and
can inhibit osteogenic differentiation and enhance
adipogenic differentiation [65]. The inhibition of NLRP3
inflammasome with MCC950 can ameliorate migration of
osteoblasts and restore the expression of osteogenic-
related proteins [66]. The inhibition of NLRP3
inflammasome by shRNA targeting NLRP3 can also
increase the expression of osteogenic markers and
enhance healing of alveolar bone defects in diabetic
rats [37].

Therefore, it is imperative to identify suitable NLRP3
inflammasome inhibitors or related signaling pathways that
inhibit osteoclast activity and bone loss. The calcitonin
gene—related peptide (CGRP) inhibits the expression of
NLRP3 and IL-13 in mouse osteoblasts in a dose-
dependent manner to promote osteogenic differentiation,
and reduce the production of ROS [32]. Dendritic cell-
derived IFN-A1 inhibits both LPS and RANKL-induced
osteoclastogenesis and release of pro-inflammatory cyto-
kines in RAW264.7 cells by preventing the classic NF-xkB
signaling pathway that is associated with NLRP3
inflammasome and activating the JAK/STAT signaling
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pathway [33]. Similarly, irisin inhibits NLRP3 and IL-13
by upregulating Nrf2, thereby inhibiting apoptosis of oste-
oblasts in ovariectomized rats [36]. Bone matrix compo-
nents such as bone particles can considerably promote
osteoclast production in wild mice, but this effect is effec-
tively eliminated in Nlrp3™~ mice [60]. Moreover, poly
ADP-ribosylation, also known as PARylation is another
biochemical modification that has a potential impact on
osteoclasts. Poly ADP-ribosylation is catalyzed by ADP-
ribosyltransferase diphtheria toxin (ARTD) or poly ADP-
ribose polymerase (PARP). PARP is the cleaving substrate
of caspase-1. ARTD1, also known as PARP1, is associated
with DNA repair and cell proliferation. Studies have dem-
onstrated that activation of the NLRP3 inflammasome can
trigger a cascade reaction, causing fragmentation of
ARTDI. In the case of Artd1P2'"*NP2IN mice with
uncleaved ARTDI, it was established that high bone
mass in mice was not necessarily associated with
increased osteogenic activity, but it was associated with
damage to the intrinsic ability of osteoclastogenesis [39,
67]. The Wnt/f-catenin pathway is a classic signaling
pathway that promotes osteogenic differentiation.
Melatonin inhibits the activation of NLRP3 inflammasome
by mediating the Wnt/3-catenin pathway in BMSCs from
ovariectomized (OVX) mice, thereby enhancing osteopo-
rosis in OVX-treated mice [34]. This finding is consistent
with previous research. However, Huang et al. found that
[3-catenin promotes NLRP3 inflammasome activation in
mouse peritoneal macrophages independent of its tran-
scriptional activity and has no effect on the expression of
NLRP3 components, while promoting the NLRP3
inflammasome assembly [68]. Results revealed that the
Wnt/(3-catenin signaling pathway had a distinct effect on
NLRP3 inflammasome. We hypothesized that {3-catenin
affects NLRP3 inflammasome in different ways. The Wnt
signaling pathway targets activation and assembly of the
NLRP3 inflammasome or its transcriptional activity.
Additionally, the application of different types of inhibitors
to various types of cells may cause the difference. For
example, {3-catenin inhibitor DKKI1 is applied to mouse
mesenchymal stem cells [34], but inhibitors XAV939 and
siRNA-[3-catenin are applied to primary peritoneal macro-
phages of mice [68]. Glyburide, which has been demon-
strated to be an effective NLRP3 inflammasome inhibitor,
can significantly reduce the expression of IFN-y, TNF-«,
and IL-6 in the STZ-induced male mice [42] and amelio-
rate bone destruction in male rats caused by traumatic
occlusion [41]. IL-18BP is a natural antagonist of IL-18,
and IL-18 is another significant effector of NLRP3
inflammasome. The modulation of the NLRP3
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inflammasome pathway by IL-18BP enhances osteoblast
differentiation and restores trabecular bone microstructure
in OVX mice [40]. Researchers generated a mouse line in
which the NLRP3 locus was humanized by syntenic re-
placement to further explore the role of NLRP3
inflammasome in vivo. Results revealed that both mouse
and human NLRP3/Nlrp3 mRNA expression levels exhib-
ited a rapid but transient increase after LPS stimulation. IL-
13 was not detected in lysates prepared from the paws of
normal mice, but it was increased in samples of mutant
animals. Osteoporosis and arthritis were detected in
Nlrp3(D305N) mice in comparison with wild type (WT)
mice, providing an NLRP3-dependent arthritis model plat-
form for testing therapeutic agents against inflammasomes
[69]. Nevertheless, systemic inflammation may indirectly
affect bone homeostasis. The present study revealed that
systemic inflammation did not occur in mouse osteoclasts
specifically expressing NLRP3. The number of osteoclasts
did not change, but the bone mass decreased by approxi-
mately 50% [70]. Furthermore, NLRP3 inflammasome has
different roles in elderly and young individuals. Bone loss
in older mice lacking Nlrp3 is enhanced through bone
resorption rather than bone formation. Similarly,
MCC950 inhibited osteoclast differentiation and reduced
caspase-1 activation. This phenomenon was not observed
in young mice [71].

Cell death can be classified as apoptosis, necroptosis,
pyroptosis, autophagic cell death, and other forms of cell
death. Pyroptosis is a newly discovered form of pro-
grammed cell death in inflammatory cells. Pyroptosis is
chiefly mediated through activation of various caspases
including caspase-1 by the NLRP3 inflammasome.
Caspase-1 causes shearing of various members of the
Gasdermin family including GSDMD, subsequently
resulting in cell perforation and death [72]. Pyroptosis
occurs rapidly and is accompanied by the release of nu-
merous pro-inflammatory factors in comparison with apo-
ptosis. Treatment with LPS causes the NLRP3
inflammasome to mediate cell death in MG-63 cells and
reduce cell migration, resulting in osteogenic dysfunction.
Moreover, LPS increases the release of lactate dehydroge-
nase (LDH) in a time and dose-dependent manner. The
inhibitory effect of N-acetyl-L-cysteine on ROS attenuated
LPS-treated pyroptosis and enhanced cell migration in
osteoblasts [66]. RIPK1 and RIPK3 are two homologous
serine/threonine kinases, which are key elements in the
mediation of cell death [73]. A series of innate immune
receptors such as TNFR, IFNR, and TLR activate RIPK1
and RIPK3 and then initiate NF-kB/MAPKSs signaling
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pathway and NLRP3 inflammasome in RANKL-treated
bone marrow macrophages (BMMs) [35].

Previous researchers have attempted to conduct stud-
ies on the NLRP3 inflammasome in patients with fractures.
The studies indicated that the levels of TNF-«, IL-1{3, and
IL-6 in the serum of children with ankle fractures were
significantly higher than in healthy children. Furthermore,
with reference to inflammation induced by bradykinin
(BK) in MG-63 cells, treatment with propofol can decrease
BK-induced p-p38, p-p65, COX-2, and NLRP3 in a dose-
dependent manner [38]. This indicates that propofol has an
effect on the MAPK/NF-«kB/NLRP3 signaling pathway.
The researchers did not further investigate the relationship
of propofol and elevated inflammatory mediators in chil-
dren with fractures possibly because of safety concerns.
Similarly, the expressions of NLRP3 and IL-1f3 in the
cartilaginous endplate tissues of patients with low back
pain and Modic changes on MRI were upregulated in
comparison with vertebral burst fractures that were not
observed in MRI [74]. Notably, the NLRP3 inflammasome
was detected in degenerated human tissues.

Arthritis

Inflammasomes are activated in several types of arthri-
tis. IL-10 is an anti-inflammatory cytokine with crucial
immunoregulatory functions, and it inhibits the expression
of inflammatory cytokines such as TNF-«, IL-6, and IL-1f3
in activated macrophages. IL-10 knockout (KO) mice ex-
hibited severe arthritis in a previous study. The expression
of IL-1f3, IL-33, and NLRP3 in the synovium and the
activity of osteoclasts was significantly increased [43]. The
expression of NLRP3 inflammasome was upregulated in
patients with rheumatoid arthritis (RA) and ankylosing
spondylitis (AS), and this was associated with high levels
of pro-inflammatory cytokines [75—77]. Suppression of the
ROS/NF-kB/NLRP3 axis can effectively regulate inflam-
matory processes of human RA fibroblast-like synoviocytes
(RA-FLS). Correspondingly, gentiopicroside was able to
alleviate RA symptoms in rats [44]. The interaction between
these inflammatory mediators and other cytokines may
cause systemic and focal osteolysis in arthritis. Triggering
receptor expressed on myeloid cells (TREM) is a type of
immunoglobulin-like receptor on cell surfaces, which per-
forms a negative regulatory role in autoimmunity and in-
flammation [78]. In mice with type II collagen-induced
arthritis (CIA), nucleosides and nucleoside analogs can
activate the innate immune system through surface TREM
receptors and intracellular NLRP3 inflammasome. This
consequently produces IL-1f3 that stimulates osteoclasts
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and recruits more preosteoclasts to the joint space to en-
hance inflammatory osteolysis [45].

Osteomyelitis

Osteomyelitis regularly causes severe bone de-
struction. Osteoblasts exposed to the primary patho-
gen of osteomyelitis are prone to apoptosis.
Salmonella can induce osteoblast apoptosis by acti-
vating NLRP3 and caspase-1 [79]. The products of
Staphylococcus aureus including «-toxin and Panton-
Valentine leukocidin (PVL) stimulate the NLRP3
inflammasome in human phagocytes through K*
efflux and cathepsin B activation [80]. Pyroptosis is
usually accompanied by the release of numerous pro-
inflammatory cytokines which promote the formation
of osteoclasts. Therefore, inhibitory effect of cell
pyroptosis can restore bone formation characteristics
and effectively reduce bone destruction in osteomye-
litis. The expressions of pyroptosis-related proteins,
NLRP3, caspase-1, and GSDMD were significantly
increased in mouse osteomyelitis model induced by
Staphylococcus aureus and infectious bone fragments
of patients with osteomyelitis. NLRP3 and caspase-1
inhibitors both attenuated S. aureus—induced
pyroptosis in MC3T3-El cells and mice [81].
DICERI1 is an endoribonuclease that can recognize
and cleave dsRNA in cells. Staphylococcus infection,
inhibition of DICERI1, or administration of dsRNA
can activate the NLRP3 inflammasome in osteoblasts,
increase the expression of IL-18 and IL-13, and
reduce the viability of MG-63 cells. Moreover, the
inhibition of caspase-1 can completely block death of
human fetal osteoblast cells (hFOB) induced by
DICERI deficiency or dsRNA accumulation [47].

Self-inflammatory reactions of unknown etiology can
cause localized chronic nonbacterial osteomyelitis (CNO)
or systemic chronic recurrent multifocal osteomyelitis
(CRMO). Previous researches on humans have indicated
the expression of NLRP3 inflammasome in osteoclasts
from bone specimens of patients with CRMO [82]. In
animals, the progression of disease in Pstpip2°™™® mice is
mediated by IL-1{3, which is similar to human CRMO
[83]. Spleen tyrosine kinase (SYK) performs a key role
upstream of caspase-1 and caspase-8, primarily upregulat-
ing NF-kB and IL-1§ signaling in Pstpip2°™® mice, and
induction of chronic multifocal osteomyelitis (CMO).
RIPK3 plays a vital role in disease progression.
Remarkably, SYK does not activate the NLRP3
inflammasome [46].
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Wear Debris—Induced Osteolysis

Clinically, aseptic loosening is the principal reason
that limits the long-term service life of artificial joint pros-
theses, in which wear particles such as cobalt-titanium-
chromium (Co-Ti—Cr) implants activate macrophages to
produce pro-inflammatory cytokines around the prosthesis
[84]. Osteolysis is considered the most significant factor in
the occurrence of aseptic loosening. Abrasion particles can
activate the PRR of macrophages to induce activation
signal of the NLRP3 inflammasome, thereby producing
TNF-« and IL-1$3 and resulting in osteolysis around the
prosthesis. Macrophages induced by Ti particles activate
NLRP3 inflammasome to secrete IL-1[3 and simultaneous-
ly trigger the recruitment of neutrophils. The administra-
tion of IL-1 receptor antagonist (IL-1RA) alleviates this
effect [85]. Blocking DAMP can remarkably reduce the
responses of macrophages associated with IL-1[3 and TNF-
« to wear particles compared to blocking TLR4 [86]. In
addition, a previous study indicated that Ti particles coated
with LTA stimulated macrophages to increase the expres-
sion of NLRP3 inflammasome associated with TNF-oc and
TLR2. Although TNF-« was released, no increased secre-
tion of IL-13 was detected [87]. Macrophages pretreated
with LPS can produce IL-13 when engulfing polymethyl
methacrylate (PMMA) and Ti particles. Inhibiting the ac-
tivation of NF-kB induced by PMMA particles can effec-
tively prevent osteoclastogenesis and reduce PMMA-
induced inflammation and osteolysis in mice [88].
Inflammatory factors induced by metal components are
also regulated by the inflammatory response pathway.
Preosteoblasts were placed on a nanoscaled
hydroxyapatite—blasted Ti texturing surface, and it was
established that sonic hedgehog (SHH) signaling pathway
and osteoblast differentiation were positively regulated
[89]. However, the interaction between SHH pathway
and NLRP3 inflammasome had not been explored. The
nicotinamide mononucleotide (NMN) inhibits the expres-
sion of inflammatory factors through the TXNIP-NLRP3
inflammasome pathway, significantly reducing aluminum-
induced bone damage. The knocking down of TXNIP has
a similar protective effect to that of NMN in MC3T3-E1
cells [52].

Genetic Diseases

Autoinflammatory diseases (AIDs) are a group of
hereditary, recurrent, and non-invasive inflammatory dis-
eases, which are largely caused by abnormal expression or
clearance of inflammatory factors caused by gene muta-
tions [90]. The clinical manifestations of AIDs such as

fever, rash, arthralgia, and arthritis can affect multiple
organ systems, and IL-1{3 is implicated in the occurrence
and development of the disease [91]. AIDs include
cryopyrin-associated periodic syndrome (CAPS), familial
Mediterranean fever (FMF), and NLRP12-related periodic
fever among others. CAPS is a genetic disease caused by
an autosomal dominant mutation in the NLRP3-NACHT
domain. CAPS include neonatal-onset multisystem inflam-
matory disease (NOMID), familial cold autoinflammatory
syndrome (FCAS), and Muckle-Wells syndrome (MWS).
Skeletal abnormalities, knee protrusion, and low bone
mass are unique features of patients with NOMID [92].
The pluripotent stem cells induced in patients with
NOMID have a higher proliferative capacity and higher
differentiation potential than normal cells, which is consis-
tent with the tumor-like characteristics of bone growth
[93]. Researchers have generated NOMID mice that can
integrally express the NLRP3 D301N mutation. NOMID
mice exhibited increased neutrophils and serum inflamma-
tory mediators in the blood and knee joints, accelerated
bone resorption accompanied by increased osteoclasts,
growth retardation, and severe postpartum bone loss [92].
Epiphyseal abnormalities undoubtedly increase the risk of
joint instability and osteoarthritis in patients with NOMID
[94]. Conversely, the lack of the IL-1 receptor in NOMID
mice completely prevents systemic inflammation and var-
ious organ diseases including skeletal abnormalities [95].
Previous studies have reported that residual inflammation
persists in FCAS mice and MWS mice lacking IL-1 sig-
naling [96, 97]. Nonetheless, other results indicate that the
activation of IL-13 by NLRP3 is not the prime driver of
skeletal pathology in CAPS. The release of TNF mediated
by a mutant gain-of-function NLRP3 inflammasome in the
serum of patients with CAPS is not blocked by IL-1RA. By
contrast, the neutralization of TNF-« activity improves the
inflammatory endpoints of CAPS mice [96]. Excessive
activation of pyrin inflammasome caused by MEFV-
activating mutations can cause FMF [98, 99]. However,
the symptoms of systemic inflammation disappear in cells
from 111r17", As¢”[100], and GSDMD '~ mice [101].
Approximately 20% of patients suffering from FMF are
below 2 years of age, and two-thirds of patients develop
FMF disease before the age of 10 years. This feature
corresponds to macrophage activation syndrome (MAS).
MAS is a common complication of systemic juvenile
idiopathic arthritis (sJIA), with the ability to cause osteo-
porosis and periostitis around the joints. Joint bone destruc-
tion can be observed during later stages [102]. Although
the level of IL-13 in MAS is usually lower than that of
CAPS, the IL-1RA anakinra is effective in the treatment of
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sJIA. No changes have been detected in the expression of
NLRP3-associated transcription products [103, 104].

Gaucher disease (GD) is caused by the accumulation
of glucocerebroside in the lysosomes of macrophages in
multiple tissues and organs, resulting in the formation of
lesions in affected tissues and organs. GD is an autosomal
recessive genetic disorder. Most patients have a bone in-
trusion. A patient with mild GD presents osteopenia,
whereas a patient with severe GD presents local osteolysis,
pathological fractures, and joint damage [105]. A few
children may experience growth retardation. Osteoblasts
from patients with GD reveal suppressed osteogenic dif-
ferentiation. /n vitro experiments have demonstrated that
the conditioned media from culture supernatants of MSCs
in patients with GD increases the number of osteoclasts.
Moreover, expressions of NLRP3 and PPAR-y genes were
promoted in MSCs of patients with GD [106], indicating
that the NLRP3 inflammasome is involved in the negative
regulation of bone changes in GD.

Periodontitis

Enterococcus faecalis is the most common pathogen
of refractory periapical periodontitis that develops after a
root canal treatment. Dioscin, the NLRP3 inflammasome
inhibitor, promotes osteogenesis by inhibiting the nuclear
transport of NF-kB and the expression of ROS induced by
LTA from the Enterococcus faecalis [48]. Although
glyburide can effectively repair bone defects, its role in
inflammation caused by bacteria associated with periodon-
tal disease is slightly different. THP-1 (a human monocyte
cell line) differentiates into macrophage-like cells after
infection with periodontal pathogens such as
Porphyromonas gingivalis (P.g) and Fusobacterium
nucleatum. THP-1 induces the secretion of IL-1[3, which
is inhibited by NLRP3 inhibitor, MCC950 and caspase-1
inhibitor z-YVAD-FMK. Treatment with glibenclamide
inhibits the expression of IL-1f3 in the cell supernatant,
but its protein expression is increased in cell lysates, sug-
gesting that glibenclamide can inhibit secretion of IL-1(3 in
THP-1. Glimepiride presents a similar effect, whereas
biguanide hypoglycemic drugs such as metformin cannot
inhibit secretion of IL-1p [49]. Nevertheless, metformin
treatment can ameliorate diabetes mice with experimental
periodontitis and inhibit cell pyroptosis through the down-
regulation of the NEK7/NLRP3/GSDMD pathway [50]. A
previous study revealed that PKR was activated in
MC3T3-El cells infected with P.g, which subsequently
activated NF-kB to enhance the expression of NLRP3,
but shRNA-PKR reversed this effect [51]. Heat-killed
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Aggregatibacter actinomycetemcomitans were injected in-
to the gum tissues of Nlrp3-KO and Caspl1-KO mice to
induce alveolar bone resorption. Strikingly, bone resorp-
tion in Casp-1 KO mice decreased significantly, but the
number of osteoclasts increased significantly. Bone resorp-
tion in Nlrp3-KO mice did not significantly change in
comparison with WT mice [107], implying that caspase-1
is instrumental in modulating inflammation caused by
bacteria of periodontal disease, and may be regulated by
genes other than NLRP3.

Vascular Calcification

NLRP3 inflammasome performs a pivotal role in the
calcification of vascular smooth muscle cells (VSMCs).
When calcification occurs in rat and human VSMCs, the
NLRP3 inflammasome is activated. Furthermore, previous
research has revealed upregulation of the NLRP3
inflammasome in the popliteal artery specimens from 5
clinical samples [108]. Atherosclerosis of the large and
middle arteries or arterial media calcification is a prevalent
complication of diabetes. Endothelial cells also undergo
osteogenic changes in high-glucose environments. Plasma
trimethylamine N-oxide (TMAO) and puerarin inhibit cal-
cification of rat VSMCs by targeting the classic NF-kB/
NLRP3 inflammatory pathway [55, 56]. The calcification
of human aortic smooth muscle cells (HASMCs) is atten-
uated by 6-Shogaol through inhibition of Akt/NLRP3/IL-
13 signaling [53]. Similarly, caffeic acid phenethyl ester
(CAPE) inhibits calcification of aortic valve interstitial
cells (AVICs) via PI3K-AKT/ERK/NF-kB/NLRP3 signal-
ing pathway [54]. Double-stranded RNA (dsRNA) acts as
a PAMP in the cytoplasm, thereby triggering an immune
response [ 109]. Polyinosinic-polycytidylic acid [poly(I:C)]
is a synthetic mimic of dsRNA that can be recognized by
TLR3 and inflammatory stimulating factors. Poly(I:C)
upregulates the production of BMP-2, ALP and promotes
the formation of calcium deposits in AVICs through me-
diation of the TLR3/NF-kB/ERK pathways. However,
dsRNA has no significant effect on the NLRP3
inflammasome in AVICs [110].

For a long time, vascular calcification is a recognized
risk factor for cardiovascular disease morbidity and mor-
tality. As mentioned above, ectopic calcification is a path-
ological phenotype with high incidence, which is related to
chronic kidney disease, atherosclerotic cardiovascular dis-
ease, and diabetes. However, the role of NLRP3
inflammasome in human kidney disease is still indetermi-
nate. Research conducted in the past has revealed that
NLRP3 of lupus nephritis and non-diabetic chronic kidney
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Fig. 3. Effects of signaling pathways and gene regulation on NLRP3 inflammasome. The regulatory effects of different signaling pathways on NLRP3
inflammasome in diseases associated with bone loss and vascular calcification were evaluated. JAK positively regulates NLRP3 inflammasome through the
PI3K/Akt and JAK/STAT pathways. The Wnt pathway exhibits a different regulatory pathway for NLRP3 inflammasome, which may differ from the effect
of 3-catenin on NLRP3 inflammasome. MAPK is a common upstream pathway node of NF-kB and several studies have established that MAPK has a similar
regulatory effect to the classic NF-kB/NLRP3 inflammatory response pathway. Numerous studies have established that Nrf2 can indirectly inhibit the MAPK
signaling pathway, thus inhibiting the production of inflammatory mediators. RIPK1 undergoes polyubiquitination under TNF stimulation. Subsequently,
RIPK1 and RIPK3 are phosphorylated to form a necrosome complex and promote necroptosis by stimulating NLRP3 inflammasome. Thioredoxin-
interacting protein (TXNIP), a multifunctional protein involved in the maintenance of homeostasis and is isolated from thioredoxin (TRX) in response to
ROS, activates the NLRP3 inflammasome. TREM is a glycoprotein molecule on the plasma membrane, which works together with the TLR of monocyte-
macrophages to activate NLRP3 inflammasome and enhance pro-inflammatory effect. Previous studies have established that PKR is activated by binding to
dsRNA derived from viruses. DICER, a member of the RNase III family, specifically recognizes and cleaves dsRNA. Activated PKR induces immune
response through phosphorylation of elF2c.

disease (CKD)in human are substantially upregulated on related indicators of renal calcification in mice. This

[111]. The NLRP3 inflammasome inhibitor, f3-
hydroxybutyrate, alleviates CKD associated with renal
calcification in mice [57]. The most extensively studied
component of the NLRP3 inflammasome associated with
kidney disease is IL-18. In addition to mediating acute
forms of kidney injury and diseases, the 1L-1/IL-18 axis
can cause CKD-related complications such as acute ath-
erosclerosis and vascular calcification [112]. Inflammation
contributes to vascular calcification, and IL-18 causes
inflammation-related vascular damage, atherosclerotic
plaque formation, and plaque instability by producing
INF-y [113-115]. Although IL-1f is considered to be a
key inflammatory factor activated by the NLRP3
inflammasome, the IL-1 inhibitor anakinra has no effect

indicates that NLRP3 inflammasome and ASC promote
the development of CKD associated with renal calcifica-
tion but have no effect on the secretion of IL-13 induced
by the inflammasome (Fig. 3) [57].

THERAPEUTIC PERSPECTIVE

Bone loss and vascular calcification stem from system-
ic or local inflammation. Anti-osteoporosis drugs can effec-
tively prevent metabolic bone diseases, but they do not
affect inflammatory process. Bone healing process is affect-
ed by the inflammatory environment surrounding the bone.
Osteogenic differentiation and neovascularization promote
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fracture healing. Evidence shows that the inhibition of
TLR4/NF-kB/NLRP3 inflammation signaling pathway en-
hances angiogenesis; poor blood perfusion caused by vas-
cular calcification can adversely affect bone formation
[116]. Moreover, the VSMC phenotypic change related to
calcification may also have significant differences in the
factors that drive calcification at different anatomical sites.
For instance, patients with renal failure manifest accelerated
medial calcification, but the calcification of both the media
and intima may be accelerated in diabetes [117]. The block-
ade of branching arteries belonging to the abdominal aorta
cause lumbar spine ischemia due to poor perfusion, leading
to degeneration and asymptomatic vertebral fractures [118].
A 10-year prospective study found that older women with
significant abdominal aortic calcification had a higher risk
of fracture [119]. In addition, atherosclerotic lesions release
local and systemic osteochondrogenic factors, thereby af-
fecting local and systemic bone homeostasis [120, 121].
Recent epidemiological studies have shown that there is a
close relationship between bone loss and vascular calcifica-
tion, and vascular calcification is not related to age [122].
Although therapies that blocking IL-1 can protect bones
from destruction by inhibiting inflammation as evidenced
in various animal models, the efficacy of such therapies in
human has been inconsistent. Therefore, it is crucial to
design suitable inhibitors or gene regulatory network to
inhibit inflammasome. Such strategies can inhibit inflam-
mation and osteoclast maturation and prevent vascular cal-
cification. Several issues remain unresolved concerning the
role of the inflammasome in bone and blood vessels. For
instance, (1) Are pathways that inhibit inflammasome re-
stricted to assembly, activation, or other reaction mecha-
nisms? (2) Is the role of the inflammasome in bone functions
limited to the maturation of IL-13, IL-18, and GSDMD? (3)
The effective strategies with the purpose of reducing the
activity of osteoclasts or inhibiting osteoblast apoptosis by
blocking the NLRP3 inflammasome and integrating several
signaling ways such as Wnt/3-catenin pathway, MAPK
pathway, and SHH pathway are required to explore. (4)
Little is known on how to target the NLRP3 inflammasome
to simultaneously weaken inflammatory response in the
osteolysis and vascular endothelium. (5) Research is advo-
cated to design suitable materials with good drug release
dynamics to facilitate local delivery of anti-inflammatory
drugs. This will prevent the occurrence of aseptic inflam-
mation on the surface of joint replacements. Findings an-
swers to these questions will lead to the development of
drugs targeting the NLRP3 inflammasome as a therapeutic
approach to treat bone disease and vascular calcification.

Yu, Zhang, Kuang, and Zheng

ACKNOWLEDGMENTS

We have tried to cite primary work in most cases, but due
to abundant research in the area of NLRP3 inflammasome, we
are sure to have missed some important papers. We apologize
in advance to authors who have been omitted. The drawings
were modified from Attps://smart.servier.com.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduc-
tion in any medium or format, as long as you give appro-
priate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party
material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in
a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use
is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Schroder, K., and J. Tschopp. 2010. The inflammasomes. Cell 140
(6): 821-832. https://doi.org/10.1016/j.cell.2010.01.040.

2.  Lamkanfi, M., and V.M. Dixit. 2012. Inflammasomes and their
roles in health and disease. Annual Review of Cell and
Developmental Biology 28: 137-161. https://doi.org/10.1146/
annurev-cellbio-101011-155745.

3. Lamkanfi, M., and V.M. Dixit. 2014. Mechanisms and functions
of inflammasomes. Cell 157 (5): 1013-1022. https://doi.org/
10.1016/j.cell.2014.04.007.

4. Zhong, Y., A. Kinio, and M. Saleh. 2013. Functions of NOD-like
receptors in human diseases. Frontiers in Immunology 4: 333.
https://doi.org/10.3389/fimmu.2013.00333.

5. Menu, P., and J.E. Vince. 2011. The NLRP3 inflammasome in
health and disease: The good, the bad and the ugly. Clinical and
Experimental Immunology 166 (1): 1-15. https://doi.org/10.1111/
j-1365-2249.2011.04440.x.

6. Nakashima, T., Y. Kobayashi, S. Yamasaki, A. Kawakami, K. Eguchi,
H. Sasaki, and H. Sakai. 2000. Protein expression and functional
difference of membrane-bound and soluble receptor activator of NF-
kappaB ligand: Modulation of the expression by osteotropic factors
and cytokines. Biochemical and Biophysical Research
Communications 275 (3): 768-775. https://doi.org/10.1006/
bbrc.2000.3379.

7. Wang, K., Q. Sun, X. Zhong, M. Zeng, H. Zeng, X. Shi, Z. Li, Y.
Wang, Q. Zhao, F. Shao, and J. Ding. 2020. Structural mechanism
for GSDMD targeting by autoprocessed caspases in pyroptosis.


https://smart.servier.com/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://dx.doi.org/10.1146/annurev-cellbio-101011-155745
http://dx.doi.org/10.1146/annurev-cellbio-101011-155745
http://dx.doi.org/10.1016/j.cell.2014.04.007
http://dx.doi.org/10.1016/j.cell.2014.04.007
http://dx.doi.org/10.3389/fimmu.2013.00333
http://dx.doi.org/10.1111/j.1365-2249.2011.04440.x
http://dx.doi.org/10.1111/j.1365-2249.2011.04440.x
http://dx.doi.org/10.1006/bbrc.2000.3379
http://dx.doi.org/10.1006/bbrc.2000.3379

The Role of NLRP3 Inflammasome Activities in Bone Diseases

15.

16.

17.

20.

Cell 180 (5): 941-955 ¢920. https://doi.org/10.1016/
j-cell.2020.02.002.

Boucher, D., M. Monteleone, R.C. Coll, K.W. Chen, C.M. Ross,
J.L. Teo, G.A. Gomez, C.L. Holley, D. Bierschenk, K.J. Stacey,
A.S. Yap, J.S. Bezbradica, and K. Schroder. 2018. Caspase-1 self-
cleavage is an intrinsic mechanism to terminate inflammasome
activity. The Journal of Experimental Medicine 215 (3): 827—
840. https://doi.org/10.1084/jem.20172222.

Brown, J., H. Wang, G.N. Hajishengallis, and M. Martin. 2011.
TLR-signaling networks: An integration of adaptor molecules,
kinases, and cross-talk. Journal of Dental Research 90 (4): 417—
427. https://doi.org/10.1177/0022034510381264.

Amari, K., and A. Niehl. 2020. Nucleic acid-mediated PAMP-
triggered immunity in plants. Current Opinion in Virology 42:
32-39. https://doi.org/10.1016/j.coviro.2020.04.003.

Yatim, N., S. Cullen, and M.L. Albert. 2017. Dying cells actively
regulate adaptive immune responses. Nature Reviews. Immunology
17 (4): 262-275. https://doi.org/10.1038/nri.2017.9.

Shao, Y., G. Nanayakkara, J. Cheng, R. Cueto, W.Y. Yang, J.Y.
Park, H. Wang, and X. Yang. 2018. Lysophospholipids and their
receptors serve as conditional DAMPs and DAMP receptors in
tissue oxidative and inflammatory injury. Antioxidants & Redox
Signaling 28 (10): 973-986. https://doi.org/10.1089/
ars.2017.7069.

Franchi, L., T. Eigenbrod, and G. Nunez. 2009. Cutting edge:
TNF-alpha mediates sensitization to ATP and silica via the
NLRP3 inflammasome in the absence of microbial stimulation.
Journal of Immunology 183 (2): 792-796. https://doi.org/10.4049/
Jjimmunol.0900173.

Bauernfeind, F.G., G. Horvath, A. Stutz, E.S. Alnemri, K.
MacDonald, D. Speert, T. Fernandes-Alnemri, J. Wu, B.G.
Monks, K.A. Fitzgerald, V. Hornung, and E. Latz. 2009. Cutting
edge: NF-kappaB activating pattern recognition and cytokine re-
ceptors license NLRP3 inflammasome activation by regulating
NLRP3 expression. Journal of Immunology 183 (2): 787-791.
https://doi.org/10.4049/jimmunol.0901363.

Li, Q., and .M. Verma. 2002. NF-kappaB regulation in the im-
mune system. Nature Reviews. Immunology 2 (10): 725-734.
https://doi.org/10.1038/nri910.

Sharif, H., L. Wang, W.L. Wang, V.G. Magupalli, L. Andreeva, Q.
Qiao, A.V. Hauenstein, Z. Wu, G. Nufez, Y. Mao, and H. Wu.
2019. Structural mechanism for NEK7-licensed activation of
NLRP3 inflammasome. Nature 570 (7761): 338-343. https://
doi.org/10.1038/s41586-019-1295-z.

Prochnicki, T., M. S. Mangan, and E. Latz. 2016. Recent insights
into the molecular mechanisms of the NLRP3 inflammasome
activation. F/000Res 5. https://doi.org/10.12688/
f1000research.8614.1.

Tang, T., X. Lang, C. Xu, X. Wang, T. Gong, Y. Yang, J. Cui, L.
Bai, J. Wang, W. Jiang, and R. Zhou. 2017. CLICs-dependent
chloride efflux is an essential and proximal upstream event for
NLRP3 inflammasome activation. Nature Communications 8 (1):
202. https://doi.org/10.1038/s41467-017-00227-x.
Domingo-Fernandez, R., R.C. Coll, J. Kearney, S. Breit, and L.A.J.
O’Neill. 2017. The intracellular chloride channel proteins CLIC1
and CLIC4 induce IL-1beta transcription and activate the NLRP3
inflammasome. The Journal of Biological Chemistry 292 (29):
12077-12087. https://doi.org/10.1074/jbc.M117.797126.

Manna, S., W.J. Howitz, N.J. Oldenhuis, A.C. Eldredge, J. Shen,
F.N. Nihesh, M.B. Lodoen, Z. Guan, and A.P. Esser-Kahn. 2018.
Immunomodulation of the NLRP3 Inflammasome through
structure-based activator design and functional regulation via

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

3s.

445

Lysosomal rupture. ACS Central Science 4 (8): 982-995. https:/
doi.org/10.1021/acscentsci.8b00218.

Zhou, R., A.S. Yazdi, P. Menu, and J. Tschopp. 2011. A role for
mitochondria in NLRP3 inflammasome activation. Nature 469
(7329): 221-225. https://doi.org/10.1038/nature09663.

Hughes, M.M., and L.A.J. O'Neill. 2018. Metabolic regulation of
NLRP3. Immunological Reviews 281 (1): 88-98. https://doi.org/
10.1111/imr.12608.

Chen, J., and Z.J. Chen. 2018. PtdIns4P on dispersed trans-Golgi
network mediates NLRP3 inflammasome activation. Nature 564
(7734): 71-76. https://doi.org/10.1038/s41586-018-0761-3.
Boyle, W.J., W.S. Simonet, and D.L. Lacey. 2003. Osteoclast
differentiation and activation. Nature 423 (6937): 337-342.
https://doi.org/10.1038/nature01658.

Yahagi, K., F.D. Kolodgie, C. Lutter, H. Mori, M.E. Romero, A.V.
Finn, and R. Virmani. 2017. Pathology of human coronary and
carotid artery atherosclerosis and vascular calcification in diabetes
mellitus. Arteriosclerosis, Thrombosis, and Vascular Biology 37
(2): 191-204. https://doi.org/10.1161/ATVBAHA.116.306256.
Nicoll, R., and M.Y. Henein. 2014. The predictive value of arterial
and valvular calcification for mortality and cardiovascular events.
International Journal of Cardiology Heart Vessel 3: 1-5. https://
doi.org/10.1016/j.ijchv.2014.02.001.

Chow, B., and S.W. Rabkin. 2015. The relationship between
arterial stiffness and heart failure with preserved ejection fraction:
A systemic meta-analysis. Heart Failure Reviews 20 (3): 291-303.
https://doi.org/10.1007/s10741-015-9471-1.

Metz, R.P., J.L. Patterson, and E. Wilson. 2012. Vascular smooth
muscle cells: Isolation, culture, and characterization. Methods in
Molecular Biology 843: 169-176. https://doi.org/10.1007/978-1-
61779-523-7_16.

Shanahan, C.M., M.H. Crouthamel, A. Kapustin, and C.M.
Giachelli. 2011. Arterial calcification in chronic kidney disease:
Key roles for calcium and phosphate. Circulation Research 109
(6): 697-711. https://doi.org/10.1161/CIRCRESAHA.110.234914.
Leopold, J.A. 2015. Vascular calcification: Mechanisms of vascu-
lar smooth muscle cell calcification. Trends in Cardiovascular
Medicine 25 (4): 267-274. https://doi.org/10.1016/
j-tem.2014.10.021.

Weiss, R M., D.D. Lund, Y. Chu, R.M. Brooks, K.A. Zimmerman,
R. El Accaoui, M.K. Davis, G.P. Hajj, M.B. Zimmerman, and D.D.
Heistad. 2013. Osteoprotegerin inhibits aortic valve calcification
and preserves valve function in hypercholesterolemic mice. PLoS
One 8 (6): €65201. https://doi.org/10.1371/journal.pone.0065201.
Jun, C., L. Jun, L. Shiting, G. Qiangguo, and Z. Gang. 2016.
Calcitonin gene-related peptide inhibits the expression of nod-
like receptor protein 3 to Dromote osteoblast differentiation in
mouse osteoblasts in vitro. Hua Xi Kou Qiang Yi Xue Za Zhi 34
(1): 12-16.

Chen, Y., Y. Wang, R. Tang, J. Yang, C. Dou, Y. Dong, D. Sun, C.
Zhang, L. Zhang, Y. Tang, Q. Dai, F. Luo, J. Xu, and S. Dong.
2020. Dendritic cells-derived interferon-lambdal ameliorated in-
flammatory bone destruction through inhibiting osteoclastogene-
sis. Cell Death & Disease 11 (6): 414. https://doi.org/10.1038/
541419-020-2612-z.

Xu, L., L. Zhang, Z. Wang, C. Li, S. Li, L. Li, Q. Fan, and L.
Zheng. 2018. Melatonin suppresses estrogen deficiency-induced
osteoporosis and promotes osteoblastogenesis by inactivating the
NLRP3 Inflammasome. Calcified Tissue International 103 (4):
400-410. https://doi.org/10.1007/s00223-018-0428-y.

Liang, S., Z. Nian, and K. Shi. 2020. Inhibition of RIPK1/RIPK3
ameliorates osteoclastogenesis through regulating NLRP3-
dependent NF-kappaB and MAPKs signaling pathways.


http://dx.doi.org/10.1016/j.cell.2020.02.002
http://dx.doi.org/10.1016/j.cell.2020.02.002
http://dx.doi.org/10.1084/jem.20172222
http://dx.doi.org/10.1177/0022034510381264
http://dx.doi.org/10.1016/j.coviro.2020.04.003
http://dx.doi.org/10.1038/nri.2017.9
http://dx.doi.org/10.1089/ars.2017.7069
http://dx.doi.org/10.1089/ars.2017.7069
http://dx.doi.org/10.4049/jimmunol.0900173
http://dx.doi.org/10.4049/jimmunol.0900173
http://dx.doi.org/10.4049/jimmunol.0901363
http://dx.doi.org/10.1038/nri910
http://dx.doi.org/10.1038/s41586-019-1295-z
http://dx.doi.org/10.1038/s41586-019-1295-z
http://dx.doi.org/10.12688/f1000research.8614.1
http://dx.doi.org/10.12688/f1000research.8614.1
http://dx.doi.org/10.1038/s41467-017-00227-x
http://dx.doi.org/10.1074/jbc.M117.797126
http://dx.doi.org/10.1021/acscentsci.8b00218
http://dx.doi.org/10.1021/acscentsci.8b00218
http://dx.doi.org/10.1038/nature09663
http://dx.doi.org/10.1111/imr.12608
http://dx.doi.org/10.1111/imr.12608
http://dx.doi.org/10.1038/s41586-018-0761-3
http://dx.doi.org/10.1038/nature01658
http://dx.doi.org/10.1161/ATVBAHA.116.306256
http://dx.doi.org/10.1016/j.ijchv.2014.02.001
http://dx.doi.org/10.1016/j.ijchv.2014.02.001
http://dx.doi.org/10.1007/s10741-015-9471-1
http://dx.doi.org/10.1007/978-1-61779-523-7_16
http://dx.doi.org/10.1007/978-1-61779-523-7_16
http://dx.doi.org/10.1161/CIRCRESAHA.110.234914
http://dx.doi.org/10.1016/j.tcm.2014.10.021
http://dx.doi.org/10.1016/j.tcm.2014.10.021
http://dx.doi.org/10.1371/journal.pone.0065201
http://dx.doi.org/10.1038/s41419-020-2612-z
http://dx.doi.org/10.1038/s41419-020-2612-z
http://dx.doi.org/10.1007/s00223-018-0428-y

446

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Biochemical and Biophysical Research Communications 526:
1028-1035. https://doi.org/10.1016/j.bbrc.2020.03.177.

Xu, L., L. Shen, X. Yu, P. Li, Q. Wang, and C. Li. 2020. Effects of
irisin on osteoblast apoptosis and osteoporosis in postmenopausal
osteoporosis rats through upregulating Nrf2 and inhibiting NLRP3
inflammasome. Experimental and Therapeutic Medicine 19 (2):
1084-1090. https://doi.org/10.3892/etm.2019.8313.

Li, H., X. Zhong, Z. Chen, and W. Li. 2019. Suppression of
NLRP3 inflammasome improves alveolar bone defect healing in
diabetic rats. Journal of Orthopaedic Surgery and Research 14 (1):
167. https://doi.org/10.1186/s13018-019-1215-9.

Zhou, P., H. Liu, Y. Wu, and D. Chen. 2018. Propofol promotes
ankle fracture healing in children by inhibiting inflammatory re-
sponse. Medical Science Monitor 24: 4379-4385. https://doi.org/
10.12659/MSM.908592.

Wang, C., C. Qu, Y. Alippe, S.L. Bonar, R. Civitelli, Y. Abu-
Amer, M.O. Hottiger, and G. Mbalaviele. 2016. Poly-ADP-
ribosylation-mediated degradation of ARTDI by the NLRP3
inflammasome is a prerequisite for osteoclast maturation. Cell
Death & Disease 7: €2153. https://doi.org/10.1038/cddis.2016.58.
Mansoori, M.N., P. Shukla, M. Kakaji, A.M. Tyagi, K. Srivastava,
M. Shukla, M. Dixit, J. Kureel, S. Gupta, and D. Singh. 2016. IL-
18BP is decreased in osteoporotic women: Prevents Inflammasome
mediated IL-18 activation and reduces Thl7 differentiation.
Scientific Reports 6: 33680. https://doi.org/10.1038/srep33680.
Arita, Y., Y. Yoshinaga, T. Kaneko, Y. Kawahara, K. Nakamura,
K. Ohgi, S. Arita, T. Ryu, M. Takase, and R. Sakagami. 2020.
Glyburide inhibits the bone resorption induced by traumatic occlu-
sion in rats. Journal of Periodontal Research 55: 464-471. https:/
doi.org/10.1111/jre.12731.

Yang, X., C. Qu, J. Jia, and Y. Zhan. 2019. NLRP3 inflammasome
inhibitor glyburide expedites diabetic-induced impaired fracture
healing. Immunobiology 224 (6): 786—791. https://doi.org/
10.1016/j.imbi0.2019.08.008.

Greenhill, C.J., G.W. Jones, M.A. Nowell, Z. Newton, A.K.
Harvey, A.N. Moideen, F.L. Collins, A.C. Bloom, R.C. Coll,
A.A.B. Robertson, M.A. Cooper, M. Rosas, P.R. Taylor, L.A.
O'Neill, LR. Humphreys, A.S. Williams, and S.A. Jones. 2014.
Interleukin-10 regulates the inflammasome-driven augmentation
of inflammatory arthritis and joint destruction. Arthritis Research
& Therapy 16 (4): 419. https://doi.org/10.1186/s13075-014-0419-

y.
Wang, M., H. Li, Y. Wang, Y. Hao, Y. Huang, X. Wang, Y. Lu, Y.
du, F. Fu, W. Xin, and L. Zhang. 2020. Anti-theumatic properties
of Gentiopicroside are associated with suppression of ROS-NF-
kappaB-NLRP3 Axis in fibroblast-like synoviocytes and NF-
kappaB pathway in adjuvant-induced arthritis. Frontiers in
Pharmacology 11: 515. https://doi.org/10.3389/fphar.2020.00515.
Pan, G., R. Zheng, P. Yang, Y. Li, J.P. Clancy, J. Liu, X. Feng,
D.A. Garber, P. Spearman, and J.M. McDonald. 201 1. Nucleosides
accelerate inflammatory osteolysis, acting as distinct innate im-
mune activators. Journal of Bone and Mineral Research 26 (8):
1913-1925. https://doi.org/10.1002/jbmr.400.

Dasari, T.K., R. Geiger, R. Karki, B. Banoth, B.R. Sharma, P.
Gurung, A. Burton, and T.D. Kanneganti. 2020. The nonreceptor
tyrosine kinase SYK drives caspase-8/NLRP3 inflammasome-
mediated autoinflammatory osteomyelitis. The Journal of
Biological Chemistry 295 (11): 3394-3400. https://doi.org/
10.1074/jbc.RA119.010623.

Greene, E., J. Flees, A. Dhamad, A. Alrubaye, S. Hennigan, J.
Pleimann, M. Smeltzer, S. Murray, J. Kugel, J. Goodrich, A.
Robertson, R. Wideman, D. Rhoads, and S. Dridi. 2019. Double-
stranded RNA is a novel molecular target in osteomyelitis

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Yu, Zhang, Kuang, and Zheng

pathogenesis: A translational avian model for human bacterial
chondronecrosis with osteomyelitis. The American Journal of
Pathology 189 (10): 2077-2089. https://doi.org/10.1016/
j-ajpath.2019.06.013.

Yin, W., S. Liu, M. Dong, Q. Liu, C. Shi, H. Bai, Q. Wang, X.
Yang, W. Niu, and L. Wang. 2020. A new NLRP3 Inflammasome
inhibitor, dioscin, promotes osteogenesis. Small 16 (1): €1905977.
https://doi.org/10.1002/smll.201905977.

Kawahara, Y., T. Kaneko, Y. Yoshinaga, Y. Arita, K. Nakamura,
C. Koga, A. Yoshimura, and R. Sakagami. 2020. Effects of sulfo-
nylureas on periodontopathic bacteria-induced inflammation. J
Dent Res:22034520913250. https://doi.org/10.1177/
0022034520913250.

Zhou, X., Q. Wang, L. Nie, P. Zhang, P. Zhao, Q. Yuan, N. Ji, Y.
Ding, and Q. Wang. 2020. Metformin ameliorates the NLPP3
inflammasome mediated pyroptosis by inhibiting the expression
of NEK7 in diabetic periodontitis. Archives of Oral Biology 116:
104763. https://doi.org/10.1016/j.archoralbio.2020.104763.
Yoshida, K., H. Okamura, Y. Hiroshima, K. Abe, J.I. Kido, Y.
Shinohara, and K. Ozaki. 2017. PKR induces the expression of
NLRP3 by regulating the NF-kappaB pathway in Porphyromonas
gingivalis-infected osteoblasts. Experimental Cell Research 354
(1): 57-64. https://doi.org/10.1016/j.yexcr.2017.03.028.

Liang, H., J. Gao, C. Zhang, C. Li, Q. Wang, J. Fan, Z. Wu, and Q.
Wang. 2019. Nicotinamide mononucleotide alleviates aluminum
induced bone loss by inhibiting the TXNIP-NLRP3
inflammasome. Toxicology and Applied Pharmacology 362: 20—
27. https://doi.org/10.1016/j.taap.2018.10.006.

Chen, T.C., CK. Yen, Y.C. Lu, C.S. Shi, R.Z. Hsieh, S.F. Chang,
and C.N. Chen. 2020. The antagonism of 6-shogaol in high-
glucose-activated NLRP3 inflammasome and consequent calcifi-
cation of human artery smooth muscle cells. Cell & Bioscience 10:
5. https://doi.org/10.1186/s13578-019-0372-1.

Liu, M., F. Li, Y. Huang, T. Zhou, S. Chen, G. Li, J. Shi, N. Dong,
and K. Xu. 2020. Caffeic acid phenethyl ester ameliorates calcifi-
cation by inhibiting activation of the AKT/NF-kappaB/NLRP3
Inflammasome pathway in human aortic valve interstitial cells.
Frontiers in Pharmacology 11: 826. https://doi.org/10.3389/
fphar.2020.00826.

Zhang, X., Y. Li, P. Yang, X. Liu, L. Lu, Y. Chen, X. Zhong, Z. Li,
H. Liu, C. Ou, J. Yan, and M. Chen. 2020. Trimethylamine-N-
oxide promotes vascular calcification through activation of NLRP3
(nucleotide-binding domain, Leucine-rich-containing family, pyrin
domain-containing-3) Inflammasome and NF-kappaB (nuclear
factor kappaB) signals. Arteriosclerosis, Thrombosis, and
Vascular Biology 40 (3): 751-765. https://doi.org/10.1161/
ATVBAHA.119.313414.

Liu, H., X. Zhang, X. Zhong, Z. Li, S. Cai, P. Yang, C. Ou, and M.
Chen. 2019. Puerarin inhibits vascular calcification of uremic rats.
European Journal of Pharmacology 855: 235-243. https://doi.org/
10.1016/j.¢jphar.2019.05.023.

Anders, H.J., B. Suarez-Alvarez, M. Grigorescu, O. Foresto-Neto,
S. Steiger, J. Desai, J.A. Marschner, M. Honarpisheh, C. Shi, J.
Jordan, L. Miiller, N. Burzlaff, T. Bauerle, and S.R. Mulay. 2018.
The macrophage phenotype and inflammasome component
NLRP3 contributes to nephrocalcinosis-related chronic kidney
disease independent from IL-1-mediated tissue injury. Kidney
International 93 (3): 656—669. https://doi.org/10.1016/
j-kint.2017.09.022.

Charatcharoenwitthaya, N., S. Khosla, E.J. Atkinson, L.K.
McCready, and B.L. Riggs. 2007. Effect of blockade of TNF-
alpha and interleukin-1 action on bone resorption in early


http://dx.doi.org/10.1016/j.bbrc.2020.03.177
http://dx.doi.org/10.3892/etm.2019.8313
http://dx.doi.org/10.1186/s13018-019-1215-9
http://dx.doi.org/10.12659/MSM.908592
http://dx.doi.org/10.12659/MSM.908592
http://dx.doi.org/10.1038/cddis.2016.58
http://dx.doi.org/10.1038/srep33680
http://dx.doi.org/10.1111/jre.12731
http://dx.doi.org/10.1111/jre.12731
http://dx.doi.org/10.1016/j.imbio.2019.08.008
http://dx.doi.org/10.1016/j.imbio.2019.08.008
http://dx.doi.org/10.1186/s13075-014-0419-y
http://dx.doi.org/10.1186/s13075-014-0419-y
http://dx.doi.org/10.3389/fphar.2020.00515
http://dx.doi.org/10.1002/jbmr.400
http://dx.doi.org/10.1074/jbc.RA119.010623
http://dx.doi.org/10.1074/jbc.RA119.010623
http://dx.doi.org/10.1016/j.ajpath.2019.06.013
http://dx.doi.org/10.1016/j.ajpath.2019.06.013
http://dx.doi.org/10.1002/smll.201905977
http://dx.doi.org/10.1177/0022034520913250
http://dx.doi.org/10.1177/0022034520913250
http://dx.doi.org/10.1016/j.archoralbio.2020.104763
http://dx.doi.org/10.1016/j.yexcr.2017.03.028
http://dx.doi.org/10.1016/j.taap.2018.10.006
http://dx.doi.org/10.1186/s13578-019-0372-1
http://dx.doi.org/10.3389/fphar.2020.00826
http://dx.doi.org/10.3389/fphar.2020.00826
http://dx.doi.org/10.1161/ATVBAHA.119.313414
http://dx.doi.org/10.1161/ATVBAHA.119.313414
http://dx.doi.org/10.1016/j.ejphar.2019.05.023
http://dx.doi.org/10.1016/j.ejphar.2019.05.023
http://dx.doi.org/10.1016/j.kint.2017.09.022
http://dx.doi.org/10.1016/j.kint.2017.09.022

The Role of NLRP3 Inflammasome Activities in Bone Diseases

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

postmenopausal women. Journal of Bone and Mineral Research
22 (5): 724-729. https://doi.org/10.1359/jbmr.070207.

Roggia, C., Y. Gao, S. Cenci, M.N. Weitzmann, G. Toraldo, G.
Isaia, and R. Pacifici. 2001. Up-regulation of TNF-producing T
cells in the bone marrow: A key mechanism by which estrogen
deficiency induces bone loss in vivo. Proceedings of the National
Academy of Sciences of the United States of America 98 (24):
13960-13965. https://doi.org/10.1073/pnas.251534698.

Alippe, Y., C. Wang, B. Ricci, J. Xiao, C. Qu, W. Zou, D.V.
Novack, Y. Abu-Amer, R. Civitelli, and G. Mbalaviele. 2017.
Bone matrix components activate the NLRP3 inflammasome and
promote osteoclast differentiation. Scientific Reports 7 (1): 6630.
https://doi.org/10.1038/s41598-017-07014-0.

An, Y., H. Zhang, C. Wang, F. Jiao, H. Xu, X. Wang, W. Luan, F.
Ma, L. Ni, X. Tang, M. Liu, W. Guo, and L. Yu. 2019. Activation
of ROS/MAPKs/NF-kappaB/NLRP3 and inhibition of
efferocytosis in osteoclast-mediated diabetic osteoporosis. The
FASEB Journal 33 (11): 12515-12527. https://doi.org/10.1096/
1j.201802805RR.

Youm, Y.H., RW. Grant, LR. McCabe, D.C. Albarado, K.Y.
Nguyen, A. Ravussin, P. Pistell, S. Newman, R. Carter, A.
Laque, H. Miinzberg, C.J. Rosen, D.K. Ingram, J.M. Salbaum,
and V.D. Dixit. 2013. Canonical Nlrp3 inflammasome links sys-
temic low-grade inflammation to functional decline in aging. Cell
Metabolism 18 (4): 519-532. https://doi.org/10.1016/
j.cmet.2013.09.010.

Furman, D., J. Chang, L. Lartigue, C.R. Bolen, F. Haddad, B.
Gaudilliere, E.A. Ganio, G.K. Fragiadakis, M.H. Spitzer, L.
Douchet, S. Daburon, J.F. Moreau, G.P. Nolan, P. Blanco, J.
Déchanet-Merville, C.L. Dekker, V. Jojic, C.J. Kuo, M.M. Davis,
and B. Faustin. 2017. Expression of specific inflammasome gene
modules stratifies older individuals into two extreme clinical and
immunological states. Nature Medicine 23 (2): 174—184. https:/
doi.org/10.1038/nm.4267.

Bruunsgaard, H., K. Andersen-Ranberg, B. Jeune, A.N. Pedersen,
P. Skinhoj, and B.K. Pedersen. 1999. A high plasma concentration
of TNF-alpha is associated with dementia in centenarians. The
Journals of Gerontology. Series A, Biological Sciences and
Medical Sciences 54 (7): M357-M364. https://doi.org/10.1093/
gerona/54.7.m357.

Wang, L., K. Chen, X. Wan, F. Wang, Z. Guo, and Z. Mo. 2017.
NLRP3 inflammasome activation in mesenchymal stem cells in-
hibits osteogenic differentiation and enhances adipogenic differen-
tiation. Biochemical and Biophysical Research Communications
484 (4): 871-877. https://doi.org/10.1016/j.bbrc.2017.02.007.
Liu, S., J. Du, D. Li, P. Yang, Y. Kou, C. Li, Q. Zhou, Y. Lu, T.
Hasegawa, and M. Li. 2020. Oxidative stress induced pyroptosis
leads to osteogenic dysfunction of MG63 cells. Journal of
Molecular Histology 51: 221-232. https://doi.org/10.1007/
$10735-020-09874-9.

Malireddi, R.K., S. Ippagunta, M. Lamkanfi, and T.D. Kanneganti.
2010. Cutting edge: Proteolytic inactivation of poly(ADP-ribose)
polymerase 1 by the Nlrp3 and Nlrc4 inflammasomes. Journal of
Immunology 185 (6): 3127-3130. https://doi.org/10.4049/
jimmunol.1001512.

Huang, L., R. Luo, J. Li, D. Wang, Y. Zhang, L. Liu, N. Zhang, X.
Xu, B. Lu, and K. Zhao. 2020. Beta-catenin promotes NLRP3
inflammasome activation via increasing the association between
NLRP3 and ASC. Molecular Immunology 121: 186-194. https://
doi.org/10.1016/j.molimm.2020.02.017.

Snouwaert, J.N., M. Nguyen, P.W. Repenning, R. Dye, E-W.
Livingston, M. Kovarova, S.S. Moy, B.E. Brigman, T.A.
Bateman, J.P.Y. Ting, and B.H. Koller. 2016. An NLRP3 mutation

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

447

causes Arthropathy and osteoporosis in humanized mice. Cell
Reports 17 (11): 3077-3088. https://doi.org/10.1016/
j-celrep.2016.11.052.

Qu, C., S.L. Bonar, C.L. Hickman-Brecks, S. Abu-Amer, M.D.
McGeough, C.A. Pena, L. Broderick, et al. 2015. NLRP3 mediates
osteolysis through inflammation-dependent and -independent
mechanisms. The FASEB Journal 29 (4): 1269-1279. https:/
doi.org/10.1096/1].14-264804.

Zang, Y.,J. H. Song, S. H. Oh, J. W. Kim, M. N. Lee, X. Piao, J. W.
Yang et al. 2020. Targeting NLRP3 Inflammasome reduces age-
related experimental alveolar bone loss. Journal of Dental Research
:22034520933533. https:/doi.org/10.1177/0022034520933533.

de Vasconcelos, N.M., and M. Lamkanfi. 2020. Recent insights on
inflammasomes, gasdermin pores, and pyroptosis. Cold Spring
Harbor Perspectives in Biology 12 (5). https://doi.org/10.1101/
cshperspect.a036392.

Najjar, M., D. Saleh, M. Zelic, S. Nogusa, S. Shah, A. Tai, J.N.
Finger, A. Polykratis, P.J. Gough, J. Bertin, M.J. Whalen, M.
Pasparakis, S. Balachandran, M. Kelliher, A. Poltorak, and A.
Degterev. 2016. RIPK1 and RIPK3 kinases promote cell-death-
independent inflammation by toll-like receptor 4. Immunity 45 (1):
46-59. https://doi.org/10.1016/j.immuni.2016.06.007.

Tang, P., R. Zhu, W.P. Ji, J.Y. Wang, S. Chen, S.W. Fan, and Z.J.
Hu. 2016. The NLRP3/caspase-1/interleukin- 1 beta axis is active in
human lumbar cartilaginous endplate degeneration. Clinical
Orthopaedics and Related Research 474 (8): 1818—1826. https://
doi.org/10.1007/s11999-016-4866-4.

Kolly, L., N. Busso, G. Palmer, D. Talabot-Ayer, V. Chobaz, and
A. So. 2010. Expression and function of the NALP3
inflammasome in rheumatoid synovium. Immunology 129 (2):
178-185. https://doi.org/10.1111/1.1365-2567.2009.03174.x.
Siebert, S., A. Tsoukas, J. Robertson, and I. Mclnnes. 2015.
Cytokines as therapeutic targets in rheumatoid arthritis and other
inflammatory diseases. Pharmacological Reviews 67 (2): 280—
309. https://doi.org/10.1124/pr.114.009639.

Kim, S.K., Y.J. Cho, and J.Y. Choe. 2018. NLRP3 inflammasomes
and NLRP3 inflammasome-derived proinflammatory cytokines in
peripheral blood mononuclear cells of patients with ankylosing
spondylitis. Clinica Chimica Acta 486: 269-274. https://doi.org/
10.1016/j.cca.2018.08.022.

Ford, J.W., and D.W. McVicar. 2009. TREM and TREM-like
receptors in inflammation and disease. Current Opinion in
Immunology 21 (1): 38—46. https://doi.org/10.1016/
j.€01.2009.01.009.

McCall, S.H., M. Sahraei, A.B. Young, C.S. Worley, J.A. Duncan,
J.P. Ting, and 1. Marriott. 2008. Osteoblasts express NLRP3, a
nucleotide-binding domain and leucine-rich repeat region contain-
ing receptor implicated in bacterially induced cell death. Journal of
Bone and Mineral Research 23 (1): 30—40. https://doi.org/10.1359/
jbmr.071002.

Holzinger, D., L. Gieldon, V. Mysore, N. Nippe, D.J. Taxman, J.A.
Duncan, P.M. Broglie, K. Marketon, J. Austermann, T. Vogl, D.
Foell, S. Niemann, G. Peters, J. Roth, and B. Loffler. 2012.
Staphylococcus aureus Panton-Valentine leukocidin induces an
inflammatory response in human phagocytes via the NLRP3
inflammasome. Journal of Leukocyte Biology 92 (5): 1069—1081.
https://doi.org/10.1189/j1b.0112014.

Zhu, X., K. Zhang, K. Lu, T. Shi, S. Shen, X. Chen, J. Dong, et al.
2019. Inhibition of pyroptosis attenuates Staphylococcus aureus-
induced bone injury in traumatic osteomyelitis. Annals of
Translational Medidicine 7 (8): 170. https://doi.org/10.21037/
atm.2019.03.40.


http://dx.doi.org/10.1359/jbmr.070207
http://dx.doi.org/10.1073/pnas.251534698
http://dx.doi.org/10.1038/s41598-017-07014-0
http://dx.doi.org/10.1096/fj.201802805RR
http://dx.doi.org/10.1096/fj.201802805RR
http://dx.doi.org/10.1016/j.cmet.2013.09.010
http://dx.doi.org/10.1016/j.cmet.2013.09.010
http://dx.doi.org/10.1038/nm.4267
http://dx.doi.org/10.1038/nm.4267
http://dx.doi.org/10.1093/gerona/54.7.m357
http://dx.doi.org/10.1093/gerona/54.7.m357
http://dx.doi.org/10.1016/j.bbrc.2017.02.007
http://dx.doi.org/10.1007/s10735-020-09874-9
http://dx.doi.org/10.1007/s10735-020-09874-9
http://dx.doi.org/10.4049/jimmunol.1001512
http://dx.doi.org/10.4049/jimmunol.1001512
http://dx.doi.org/10.1016/j.molimm.2020.02.017
http://dx.doi.org/10.1016/j.molimm.2020.02.017
http://dx.doi.org/10.1016/j.celrep.2016.11.052
http://dx.doi.org/10.1016/j.celrep.2016.11.052
http://dx.doi.org/10.1096/fj.14-264804
http://dx.doi.org/10.1096/fj.14-264804
http://dx.doi.org/10.1177/0022034520933533
http://dx.doi.org/10.1101/cshperspect.a036392
http://dx.doi.org/10.1101/cshperspect.a036392
http://dx.doi.org/10.1016/j.immuni.2016.06.007
http://dx.doi.org/10.1007/s11999-016-4866-4
http://dx.doi.org/10.1007/s11999-016-4866-4
http://dx.doi.org/10.1111/j.1365-2567.2009.03174.x
http://dx.doi.org/10.1124/pr.114.009639
http://dx.doi.org/10.1016/j.cca.2018.08.022
http://dx.doi.org/10.1016/j.cca.2018.08.022
http://dx.doi.org/10.1016/j.coi.2009.01.009
http://dx.doi.org/10.1016/j.coi.2009.01.009
http://dx.doi.org/10.1359/jbmr.071002
http://dx.doi.org/10.1359/jbmr.071002
http://dx.doi.org/10.1189/jlb.0112014
http://dx.doi.org/10.21037/atm.2019.03.40
http://dx.doi.org/10.21037/atm.2019.03.40

448

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Scianaro, R., A. Insalaco, L. Bracci Laudiero, R. De Vito, M.
Pezzullo, A. Teti, F. De Benedetti, and G. Prencipe. 2014.
Deregulation of the IL-1beta axis in chronic recurrent multifocal
osteomyelitis. Pediatric Rheumatology Online Journal 12: 30.
https://doi.org/10.1186/1546-0096-12-30.

Lukens, J.R., JM. Gross, C. Calabrese, Y. Iwakura, M. Lamkanfi,
P. Vogel, and T.D. Kanneganti. 2014. Critical role for
inflammasome-independent IL-1beta production in osteomyelitis.
Proceedings of the National Academy of Sciences of the United
States of America 111 (3): 1066-1071. https://doi.org/10.1073/
pnas.1318688111.

Cobelli, N., B. Scharf, G.M. Crisi, J. Hardin, and L. Santambrogio.
2011. Mediators of the inflammatory response to joint replacement
devices. Nature Reviews Rheumatology 7 (10): 600-608. https:/
doi.org/10.1038/nrrtheum.2011.128.

St Pierre, C.A., M. Chan, Y. Iwakura, D.C. Ayers, E.A. Kurt-
Jones, and R.W. Finberg. 2010. Periprosthetic osteolysis:
Characterizing the innate immune response to titanium wear-parti-
cles. Journal of Orthopaedic Research 28 (11): 1418—1424. https:/
doi.org/10.1002/jor.21149.

Samelko, L., S. Landgraeber, K. McAllister, J. Jacobs, and N.J.
Hallab. 2016. Cobalt alloy implant debris induces inflammation
and bone loss primarily through danger signaling, not TLR4 acti-
vation: Implications for DAMP-ening implant related inflamma-
tion. PLoS One 11 (7): e0160141. https://doi.org/10.1371/
journal.pone.0160141.

Naganuma, Y., Y. Takakubo, T. Hirayama, Y. Tamaki, J.
Pajarinen, K. Sasaki, S.B. Goodman, and M. Takagi. 2016.
Lipoteichoic acid modulates inflammatory response in macro-
phages after phagocytosis of titanium particles through toll-like
receptor 2 cascade and inflammasomes. Journal of Biomedical
Materials Research. Part A 104 (2): 435-444. https://doi.org/
10.1002/jbm.a.35581.

Clohisy, J.C., Y. Yamanaka, R. Faccio, and Y. Abu-Amer. 2006.
Inhibition of IKK activation, through sequestering NEMO, blocks
PMMA-induced osteoclastogenesis and calvarial inflammatory
osteolysis. Journal of Orthopaedic Research 24 (7): 1358-1365.
https://doi.org/10.1002/or.20184.

da, S., G. Feltran, F. Bezerra, C.J. da Costa Fernandes, M.R.
Ferreira, and W.F. Zambuzzi. 2019. Differential inflammatory
landscape stimulus during titanium surfaces obtained osteogenic
phenotype. Journal of Biomedical Materials Research. Part A 107
(8): 1597-1604. https://doi.org/10.1002/jbm.a.36673.

Krainer, J., S. Siebenhandl, and A. Weinhausel. 2020. Systemic
autoinflammatory diseases. Journal of Autoimmunity 109: 102421.
https://doi.org/10.1016/j.jaut.2020.102421.

Bettiol, A., G. Lopalco, G. Emmi, L. Cantarini, M.L. Urban, A.
Vitale, N. Denora, A. Lopalco, A. Cutrignelli, A. Lopedota, V.
Venerito, M. Fornaro, A. Vannacci, D. Rigante, R. Cimaz, and F.
Tannone. 2019. Unveiling the efficacy, safety, and tolerability of
anti-interleukin-1 treatment in monogenic and multifactorial
autoinflammatory diseases. International Journal of Molecular
Sciences 20 (8). https://doi.org/10.3390/ijms20081898.

Bonar, S.L., S.D. Brydges, J.L. Mueller, M.D. McGeough, C.
Pena, D. Chen, S.K. Grimston, C.L. Hickman-Brecks, S.
Ravindran, A. McAlinden, D.V. Novack, D.L. Kastner, R.
Civitelli, H.M. Hoffman, and G. Mbalaviele. 2012. Constitutively
activated NLRP3 inflammasome causes inflammation and abnor-
mal skeletal development in mice. PLoS One 7 (4): €35979. https:/
doi.org/10.1371/journal.pone.0035979.

Yokoyama, K., M. Ikeya, K. Umeda, H. Oda, S. Nodomi, A. Nasu,
Y. Matsumoto, K. Izawa, K. Horigome, T. Kusaka, T. Tanaka,
M.K. Saito, T. Yasumi, R. Nishikomori, O. Ohara, N. Nakayama,

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Yu, Zhang, Kuang, and Zheng

T. Nakahata, T. Heike, and J. Toguchida. 2015. Enhanced chon-
drogenesis of induced pluripotent stem cells from patients with
neonatal-onset multisystem inflammatory disease occurs via the
caspase l-independent cAMP/protein kinase a/CREB pathway.
Arthritis & Rhematology 67 (1): 302-314. https://doi.org/
10.1002/art.38912.

Hill, S.C., M. Namde, A. Dwyer, A. Poznanski, S. Canna, and R.
Goldbach-Mansky. 2007. Arthropathy of neonatal onset multisys-
tem inflammatory disease (NOMID/CINCA). Pediatric Radiology
37 (2): 145-152. https://doi.org/10.1007/s00247-006-0358-0.
Wang, C., C.X. Xu, Y. Alippe, C. Qu, J. Xiao, E. Schipani, R.
Civitelli, Y. Abu-Amer, and G. Mbalaviele. 2017. Chronic inflam-
mation triggered by the NLRP3 inflammasome in myeloid cells
promotes growth plate dysplasia by mesenchymal cells. Scientific
Reports 7 (1): 4880. https://doi.org/10.1038/s41598-017-05033-5.
McGeough, M.D., A. Wree, M.E. Inzaugarat, A. Haimovich, C.D.
Johnson, C.A. Pena, R. Goldbach-Mansky, L. Broderick, A.E.
Feldstein, and H.M. Hoffman. 2017. TNF regulates transcription
of NLRP3 inflammasome components and inflammatory mole-
cules in cryopyrinopathies. The Journal of Clinical Investigation
127 (12): 4488-4497. https://doi.org/10.1172/IC190699.

Brydges, S.D., L. Broderick, M.D. McGeough, C.A. Pena, J.L.
Mueller, and H.M. Hoffiman. 2013. Divergence of IL-1, IL-18, and
cell death in NLRP3 inflammasomopathies. The Journal of
Clinical Investigation 123 (11): 4695-4705. https://doi.org/
10.1172/JC171543.

Ben-Chetrit, E., and M. Levy. 1998. Familial Mediterranean fever.
Lancet 351 (9103): 659-664. https://doi.org/10.1016/S0140-
6736(97)09408-7.

Ibrahim, J.N., R. Jounblat, A. Delwail, J. Abou-Ghoch, N. Salem,
E. Chouery, A. Megarbane, M. Medlej-Hashim, and J.C. Lecron.
2014. Ex vivo PBMC cytokine profile in familial Mediterranean
fever patients: Involvement of IL-1beta, IL-lalpha and Th17-
associated cytokines and decrease of Thl and Th2 cytokines.
Cytokine 69 (2): 248-254. https://doi.org/10.1016/
j-cyt0.2014.06.012.

Chae, J.J., Y.H. Cho, G.S. Lee, J. Cheng, P.P. Liu, L. Feigenbaum,
S.I. Katz, and D.L. Kastner. 2011. Gain-of-function Pyrin muta-
tions induce NLRP3 protein-independent interleukin-1beta activa-
tion and severe autoinflammation in mice. Immunity 34 (5): 755—
768. https://doi.org/10.1016/j.immuni.2011.02.020.

Kanneganti, A., R.K.S. Malireddi, P.H.V. Saavedra, L. Vande
Walle, H. Van Gorp, H. Kambara, H. Tillman, et al. 2018.
GSDMD is critical for autoinflammatory pathology in a mouse
model of familial Mediterranean fever. The Journal of
Experimental Medicine 215 (6): 1519-1529. https://doi.org/
10.1084/jem.20172060.

Maruotti, N., A. Corrado, and F.P. Cantatore. 2014. Osteoporosis
and rheumatic diseases. Reumatismo 66 (2): 125-135. https://
doi.org/10.408 1/reumatismo.2014.785.

Quartier, P., F. Allantaz, R. Cimaz, P. Pillet, C. Messiaen, C.
Bardin, X. Bossuyt, A. Boutten, J. Bienvenu, A. Duquesne, O.
Richer, D. Chaussabel, A. Mogenet, J. Banchereau, J.M. Treluyer,
P. Landais, and V. Pascual. 2011. A multicentre, randomised,
double-blind, placebo-controlled trial with the interleukin-1 recep-
tor antagonist anakinra in patients with systemic-onset juvenile
idiopathic arthritis (ANAJIS trial). Annals of the Rheumatic
Diseases 70 (5): 747-754. https://doi.org/10.1136/
ard.2010.134254.

Tarp, S., G. Amarilyo, 1. Foeldvari, R. Christensen, J.M. Woo, N.
Cohen, T.D. Pope, and D.E. Furst. 2016. Efficacy and safety of
biological agents for systemic juvenile idiopathic arthritis: A sys-
tematic review and meta-analysis of randomized trials.


http://dx.doi.org/10.1186/1546-0096-12-30
http://dx.doi.org/10.1073/pnas.1318688111
http://dx.doi.org/10.1073/pnas.1318688111
http://dx.doi.org/10.1038/nrrheum.2011.128
http://dx.doi.org/10.1038/nrrheum.2011.128
http://dx.doi.org/10.1002/jor.21149
http://dx.doi.org/10.1002/jor.21149
http://dx.doi.org/10.1371/journal.pone.0160141
http://dx.doi.org/10.1371/journal.pone.0160141
http://dx.doi.org/10.1002/jbm.a.35581
http://dx.doi.org/10.1002/jbm.a.35581
http://dx.doi.org/10.1002/jor.20184
http://dx.doi.org/10.1002/jbm.a.36673
http://dx.doi.org/10.1016/j.jaut.2020.102421
http://dx.doi.org/10.3390/ijms20081898
http://dx.doi.org/10.1371/journal.pone.0035979
http://dx.doi.org/10.1371/journal.pone.0035979
http://dx.doi.org/10.1002/art.38912
http://dx.doi.org/10.1002/art.38912
http://dx.doi.org/10.1007/s00247-006-0358-0
http://dx.doi.org/10.1038/s41598-017-05033-5
http://dx.doi.org/10.1172/JCI90699
http://dx.doi.org/10.1172/JCI71543
http://dx.doi.org/10.1172/JCI71543
http://dx.doi.org/10.1016/S0140-6736(97)09408-7
http://dx.doi.org/10.1016/S0140-6736(97)09408-7
http://dx.doi.org/10.1016/j.cyto.2014.06.012
http://dx.doi.org/10.1016/j.cyto.2014.06.012
http://dx.doi.org/10.1016/j.immuni.2011.02.020
http://dx.doi.org/10.1084/jem.20172060
http://dx.doi.org/10.1084/jem.20172060
http://dx.doi.org/10.4081/reumatismo.2014.785
http://dx.doi.org/10.4081/reumatismo.2014.785
http://dx.doi.org/10.1136/ard.2010.134254
http://dx.doi.org/10.1136/ard.2010.134254

The Role of NLRP3 Inflammasome Activities in Bone Diseases

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Rheumatology (Oxford) 55 (4): 669—679. https://doi.org/10.1093/
rheumatology/kev382.

Maas, M., L.W. Poll, and M.R. Terk. 2002. Imaging and quanti-
fying skeletal involvement in Gaucher disease. The British Journal
of Radiology 75 (Suppl 1): A13—-A24. https://doi.org/10.1259/
bjr.75.suppl 1.750013.

Crivaro, A., C. Bondar, J.M. Mucci, M. Ormazabal, R.A. Feldman,
M.V. Delpino, and P.A. Rozenfeld. 2020. Gaucher disease-
associated alterations in mesenchymal stem cells reduce osteogen-
esis and favour adipogenesis processes with concomitant increased
osteoclastogenesis. Molecular Genetics and Metabolism 130: 274—
282. https://doi.org/10.1016/j.ymgme.2020.06.003.

Rocha, F.R.G., A.E. Delitto, J.A.C. de Souza, L.A. Gonzalez-
Maldonado, S.M. Wallet, and C. Rossa Junior. 2020. Relevance
of caspase-1 and Nlrp3 inflammasome on inflammatory bone
resorption in a murine model of periodontitis. Scientific Reports
10 (1): 7823. https://doi.org/10.1038/s41598-020-64685-y.

Wen, C., X. Yang, Z. Yan, M. Zhao, X. Yue, X. Cheng, Z. Zheng,
K. Guan, J. Dou, T. Xu, Y. Zhang, T. Song, C. Wei, and H. Zhong.
2013. Nalp3 inflammasome is activated and required for vascular

smooth muscle cell calcification. International Journal of

Cardiology 168 (3): 2242-2247. https://doi.org/10.1016/
j.ijeard.2013.01.211.

Martins, K.A., S. Bavari, and A.M. Salazar. 2015. Vaccine adju-
vant uses of poly-IC and derivatives. Expert Review of Vaccines 14
(3): 447-459. https://doi.org/10.1586/14760584.2015.966085.
Zhan, Q., R. Song, Q. Zeng, Q. Yao, L. Ao, D. Xu, D.A. Fullerton,
and X. Meng. 2015. Activation of TLR3 induces osteogenic re-
sponses in human aortic valve interstitial cells through the NF-
kappaB and ERK1/2 pathways. International Journal of Biological
Sciences 11 (4): 482—493. https://doi.org/10.7150/ijbs.10905.
Vilaysane, A., J. Chun, M.E. Seamone, W. Wang, R. Chin, S.
Hirota, Y. Li, S.A. Clark, J. Tschopp, K. Trpkov, B.R.
Hemmelgam, P.L. Beck, and D.A. Muruve. 2010. The NLRP3
inflammasome promotes renal inflammation and contributes to
CKD. Journal of the American Society of Nephrology 21 (10):
1732—-1744. https://doi.org/10.1681/ASN.2010020143.

Turner, C.M., N. Arulkumaran, M. Singer, R.J. Unwin, and F.W.
Tam. 2014. Is the inflammasome a potential therapeutic target in
renal disease? BMC Nephrology 15: 21. https://doi.org/10.1186/
1471-2369-15-21.

Mallat, Z., A. Corbaz, A. Scoazec, S. Besnard, G. Leseche, Y.
Chvatchko, and A. Tedgui. 2001. Expression of interleukin-18 in
human atherosclerotic plaques and relation to plaque instability.
Circulation 104 (14): 1598-1603. https://doi.org/10.1161/
hc3901.096721.

Ranjbaran, H., S.I. Sokol, A. Gallo, R.E. Eid, A.O. Iakimov, A.
D'Alessio, J.R. Kapoor, et al. 2007. An inflammatory pathway of

115.

116.

117.

118.

119.

120.

121.

122.

449

IFN-gamma production in coronary atherosclerosis. Journal of
Immunology 178 (1): 592—-604. https://doi.org/10.4049/
jimmunol.178.1.592.

Whitman, S.C., P. Ravisankar, and A. Daugherty. 2002.
Interleukin-18 enhances atherosclerosis in apolipoprotein E(—/—)
mice through release of interferon-gamma. Circulation Research
90 (2): E34-E38. https://doi.org/10.1161/hh0202.105292.

Li, Y., W. Liang, C. Guo, X. Chen, Y. Huang, H. Wang, L. Song,
D. Zhang, W. Zhan, Z. Lin, H. Tan, W. Bei, and J. Guo. 2020.
Renshen Shouwu extract enhances neurogenesis and angiogenesis
via inhibition of TLR4/NF-kappaB/NLRP3 signaling pathway fol-
lowing ischemic stroke in rats. Journal of Ethnopharmacology
253: 112616. https://doi.org/10.1016/}.jep.2020.112616.

Durham, A.L., M.Y. Speer, M. Scatena, C.M. Giachelli, and C.M.
Shanahan. 2018. Role of smooth muscle cells in vascular calcifi-
cation: Implications in atherosclerosis and arterial stiffness.
Cardiovascular Research 114 (4): 590-600. https://doi.org/
10.1093/cvr/cvy010.

Kauppila, L.I., R. Mikkonen, P. Mankinen, K. Pelto-Vasenius, and
1. Maenpaa. 2004. MR aortography and serum cholesterol levels in
patients with long-term nonspecific lower back pain. Spine (Phila
Pa 1976) 29 (19): 2147-2152. https://doi.org/10.1097/
01.brs.0000141168.77393.b8.

Lewis, J.R., C.J. Eggermont, J.T. Schousboe, W.H. Lim, G. Wong,
B. Khoo, M. Sim, M.X. Yu, T. Ueland, J. Bollerslev, J.M.
Hodgson, K. Zhu, K.E. Wilson, D.P. Kiel, and R.L. Prince. 2019.
Association between abdominal aortic calcification, bone mineral
density, and fracture in older women. Journal of Bone and Mineral
Research 34 (11): 2052-2060. https://doi.org/10.1002/jbmr.3830.

Szule, P. 2016. Abdominal aortic calcification: A reappraisal of
epidemiological and pathophysiological data. Bone 84: 25-37.
https://doi.org/10.1016/j.bone.2015.12.004.

Touw, W.A., T. Ueland, J. Bollerslev, J.T. Schousboe, W.H. Lim,
G. Wong, P.L. Thompson, D.P. Kiel, R.L. Prince, F. Rivadeneira,
and J.R. Lewis. 2017. Association of circulating Wnt antagonists
with severe abdominal aortic calcification in elderly women.
Journal of the Endocrine Society 1 (1): 26-38. https://doi.org/
10.1210/js.2016-1040.

Vassalle, C., M. Silvia, and 1. Giorgio. 2015. Bone remodeling
biomarkers: New actors on the old cardiovascular stage. /n
Biomarker Validation, 107-146.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://dx.doi.org/10.1093/rheumatology/kev382
http://dx.doi.org/10.1093/rheumatology/kev382
http://dx.doi.org/10.1259/bjr.75.suppl_1.750013
http://dx.doi.org/10.1259/bjr.75.suppl_1.750013
http://dx.doi.org/10.1016/j.ymgme.2020.06.003
http://dx.doi.org/10.1038/s41598-020-64685-y
http://dx.doi.org/10.1016/j.ijcard.2013.01.211
http://dx.doi.org/10.1016/j.ijcard.2013.01.211
http://dx.doi.org/10.1586/14760584.2015.966085
http://dx.doi.org/10.7150/ijbs.10905
http://dx.doi.org/10.1681/ASN.2010020143
http://dx.doi.org/10.1186/1471-2369-15-21
http://dx.doi.org/10.1186/1471-2369-15-21
http://dx.doi.org/10.1161/hc3901.096721
http://dx.doi.org/10.1161/hc3901.096721
http://dx.doi.org/10.4049/jimmunol.178.1.592
http://dx.doi.org/10.4049/jimmunol.178.1.592
http://dx.doi.org/10.1161/hh0202.105292
http://dx.doi.org/10.1016/j.jep.2020.112616
http://dx.doi.org/10.1093/cvr/cvy010
http://dx.doi.org/10.1093/cvr/cvy010
http://dx.doi.org/10.1097/01.brs.0000141168.77393.b8
http://dx.doi.org/10.1097/01.brs.0000141168.77393.b8
http://dx.doi.org/10.1002/jbmr.3830
http://dx.doi.org/10.1016/j.bone.2015.12.004
http://dx.doi.org/10.1210/js.2016-1040
http://dx.doi.org/10.1210/js.2016-1040

	The Role of NLRP3 Inflammasome Activities in Bone Diseases and Vascular Calcification
	Abstract
	INTRODUCTION
	MECHANISMS OF BONE DISEASES �AND VASCULAR CALCIFICATION �THAT ARE RELEVANT TO THE NLRP3 INFLAMMASOMES
	Osteoporosis and Inflammatory Osteolysis
	Arthritis
	Osteomyelitis
	Wear Debris–Induced Osteolysis
	Genetic Diseases
	Periodontitis
	Vascular Calcification

	THERAPEUTIC PERSPECTIVE
	References



