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Abstract

Chronic pain affects the life quality of the suffering patients and posts heavy problems to the health care system.
Conventional medications are usually insufficient for chronic pain management and oftentimes results in many
adverse effects. The NLRP3 inflammasome controls the processing of proinflammatory cytokine interleukin 13
(IL-1B) and is implicated in a variety of disease conditions. Recently, growing number of evidence suggests that
NLRP3 inflammasome is dysregulated under chronic pain condition and contributes to pathogenesis of chronic
pain. This review provides an up-to-date summary of the recent findings of the involvement of NLRP3
inflammasome in chronic pain and discussed the expression and regulation of NLRP3 inflammasome-related
signaling components in chronic pain conditions. This review also summarized the successful therapeutic
approaches that target against NLRP3 inflammasome for chronic pain treatment.
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Introduction

Pain accompanies with many chronic diseases. Chronic
pain due to tissue inflammation, nerve lesion, tumor inva-
sion, or chemotherapy represents a major health problem
in the health care system [1]. Chronic pain is among the
most common complaints in outpatient clinic [2]. It is es-
timated that 11-40% of adult population suffers from
chronic pain [1]. Moreover, chronic pain is usually accom-
panied with emotional changes, including anxiety, depres-
sion, or even suicidal tendencies [2]. Therefore, chronic
pain dramatically affects the life quality and posts heavy
economic and social burdens to the suffering patients.
However, conventional treatments for chronic pain are
still limited to nonsteroidal anti-inflammatory drugs
(NSAIDs), opioids, corticosteroids, antidepressants, etc.
These medications are usually insufficient for relieving
chronic pain and often bring in many severe side effects
(2, 3].
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A large body of evidence indicates that inflammatory me-
diators (e.g., proinflammatory cytokines) in local inflamed tis-
sues, peripheral nerves, and spinal cord make important
contributions to the initiation and maintenance of chronic
pain [3-5]. Among these proinflammatory cytokines, IL-1p
is the most extensively studied cytokines. It exerts robust
proinflammatory effects on many types of immune cells and
tissues, whereas its excessive production is implicated in the
pathophysiology of acute or chronic inflammation and pain.
IL-1B may contribute to pain via direct and indirect mecha-
nisms. On the one hand, IL-1f directly activates nociceptors
to elicit action potentials and induce pain [6]. On the other
hand, IL-1P contributes to peripheral or central sensitization
by sensitizing nociceptors or promoting neuron-glia crosstalk
[7-9]. Inhibition of IL-1p signaling has been shown to be ef-
fective for ameliorating pain in both animal models and hu-
man patients. Due to its important physiological function,
the production of the active form of IL-1p is usually under
tight regulation. One of the important mechanisms under-
lying such regulation is mediated via NLRP3 inflammasome.
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NLRP3 inflammasome and its activation
mechanism

The NLRP3 inflammasome consists of NLRP3, ASC adap-
tors, and caspase-1 enzymes [10, 11]. The NLRP3 inflam-
masome is present primarily in immune and
inflammatory cells, including mast cells, neutrophils, and
macrophages, following activation by inflammatory stimuli
[12—14]. Recent studies also identified NLRP3 inflamma-
some in neurons of the sensory nerve system [15]. NLRP3
inflammasome can be activated by a variety of stimuli and
ligands, including PAMPs (pathogen associated molecular
patterns), such as exogenous microbial molecules and bac-
terial lipopolysaccharide (LPS), and DAMPs (damage as-
sociated molecular patterns), such as HMGBI1, S100
proteins, ATP, IL-33, and monosodium urate (MSU) [16,
17]. The activation procedure of NLRP3 inflammasome
usually involves two phases (Fig. 1). The first phase is the
priming phase, mediated primarily by Toll-like receptors
(TLRs) and cytokine receptors (e.g., tumor necrosis factor
receptor (TNFR)), which recognize PAMPs, DAMPs, or
endogenous cytokines. This process results in upregula-
tion of inactive NLRP3 and pro-IL-1p transcription via
nuclear factor kappa B (NF-kB)-mediated transcriptional
regulation [25]. MyD88 and TRIF, two downstream
adaptor molecules of TLRs, regulate the induction of
NLRP3 and pro-IL-1f transcription in response to TLR li-
gands during priming phase. The second phase involves
the assembly of NLRP3 with ASC into the inflammasome
complex, initiated by the stimulation of NLRP3 by a pleth-
ora of stimuli, including Ca* influx, K efflux, mitochon-
drial damage, and ATP, and subsequent activation of pro-
caspase-1 with autocatalytic activity (Fig. 1) [25]. The ac-
tive caspase-1 ultimately cleaves pro-IL-1p and pro-IL-18,
leading to maturation and release of IL-1p and IL-18 with
proinflammatory activities [25]. The dysregulation of
NLRP3 inflammasome has been shown to be related with
a variety of diseases, including multiple sclerosis, diabetes,
atherosclerosis, Alzheimer’s disease, inflammatory bowel
disease, and many other autoimmune diseases [26]. More
recently, growing number of evidence suggests that
NLRP3 inflammasome is dysregulated under chronic pain
conditions and contributes to the pathogenesis of chronic
pain [27].

Here in this review, we provide an up-to-date review of
the recent findings of NLRP3 inflammasome in chronic
pain conditions, including inflammatory pain, neuropathic
pain, migraine, bone cancer pain, and morphine-induced
analgesic tolerance and hyperalgesia. We discussed the ex-
pression and regulation of NLRP3 inflammasome-related
genes and proteins during chronic pain. Furthermore, we
also discussed the mechanisms underlying NLRP3 inflam-
masome’s contribution to chronic pain. Finally, this review
summarized the successful therapeutic approaches that
target against NLRP3 inflammasome for chronic pain,
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including the specific NLRP3 inflammasome antagonist
MCC950 (Fig. 2, Table 2) [28] and other approaches (e.g.,
specific gene knockdown/knockout, electroacupuncture
treatment).

NLRP3 inflammasome in chronic pain

NLRP3 in neuropathic pain

Neuropathic pain is one of the most intractable pain
conditions and usually caused by injuries, lesions, or dys-
functions of the peripheral or central nervous system
[36]. Nerve injuries can result in neuron damage, apop-
tosis, or death that release an array of DAMPs (e.g.,
HMGBI, IL-33, and ATP) to initiate NLRP3 inflamma-
some activation [37, 38]. Neuropathic pain results in a
great decline of the life quality of patients, both physic-
ally and mentally. Up to date, there are a number of
studies showing that NLRP3 is involved in neuropathic
pain conditions, which are listed as follows:

NLRP3 in nerve injury-induced neuropathic pain

A study using partial sciatic nerve ligation (pSNL) model
showed that pSNL injury increased the protein expression
of NLRP3 inflammasome components, including NLRP3,
ASC, caspase-1, and increased IL-1f in the spinal cord
[39]. The authors found that NLRP3 inflammasome was a
direct downstream effector of chemokine receptor CXCR4
in spinal cord glial cells, which was implicated in neuro-
pathic pain [39]. Similar studies using chronic constriction
injury (CCI)-induced neuropathic pain model also found
that the expression of NLRP3 and its downstream effec-
tors were increased in neurons and glia cells of spinal cord
dorsal horn (Table 1) [42, 43]. Blocking connexin 43 he-
michannels results in a significant improvement in mech-
anical pain hypersensitivity, accompanied with reductions
in NLRP3, ASC, and caspase-1 protein expression in
spinal cord [43].

Another study by Xu et al. found that overexpressing
miR-34c improved CCI-induced neuropathic pain and
spinal cord infarction and further alleviated cell apop-
totic and inflammatory cytokine expression in CCI
model mice [42]. The therapeutic effect of miR-34c is
accompanied with decreased protein levels of NLRP3,
ASC, caspase-1, IL-1B, and IL-18 in the spinal cord of
CCI mice. Bioinformatic analyses and biochemical assays
further revealed that miR-34c suppressed the expression
of NLRP3 by directly binding to the 3'-untranslated re-
gion. Further experiments that specifically target against
NLRP3 inflammasome will be needed to further verify
its role in nerve injury-induced neuropathic pain [42].
Therefore, these studies suggest that NLRP3 inflamma-
some may be potentially involved in nerve injury-
induced neuropathic pain and inflammation.
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Fig. 1 Schematic picture showing NLRP3 inflammasome activation and expression in the sensory nerve system and its surrounding microenvironment
during chronic pain. The inset box depicts NLRP3 inflammasome activation procedure. The first phase (priming) involves Toll-like receptors (TLRs) and
cytokine receptor recognition of the PAMPs/ DAMPs or endogenous cytokines, which results in activation of nuclear factor kappa B (NF-kB) signaling in
the nucleus and upregulation of the transcription levels of inactive NLRP3 and pro-IL-1(3. The second phase (assembly) involves the assembly of NLRP3
with ASC into inflammasome complex, initiated by the stimulation of NLRP3 by a plethora of stimuli, and subsequent activation of pro-caspase-1 with
autocatalytic activity. The active caspase-1 ultimately cleaves pro-IL-13 and pro-IL-18, leading to maturation and release of IL-1(3 and IL-18. The expression
of NLRP3 inflammasome has been identified in the following types of cells related with the sensory nerve system and surrounding microenvironment
during chronic pain: peripheral inflamed tissues (including macrophages, neutrophils, mast cells) [14, 18, 19]; peripheral nerves and DRG (including DRG
neurons and infiltrated macrophages) [20, 21]; spinal cord dorsal horn (including neurons, astrocytes and microglia) [15, 22]; brain regions (including
neurons and astrocytes in DRN and microglia in PFC [23, 24]. This figure was created with BioRender.com

NLRP3 in chemotherapy-induced peripheral neuropathy
(CIPN)

CIPN is one of the most serious complications caused
by anticancer drugs [44]. Neuropathic pain is a major
clinical symptom accompanying CIPN, which includes
tingling, burning pain, and numbness in the feet and
hands. The sensory abnormalities and pain can even be-
come chronic and persist after chemotherapy is termi-
nated, which severely affect the life quality of the
patients [45]. Neoplastic cancer cells and chemothera-
peutic drugs can lead to the release of DAMPs by cancer

cells per se or by host cells [37]. In a paclitaxel-induced
peripheral neuropathic pain rat model, paclitaxel treat-
ment resulted in elevated expression of NLRP3, caspase-
1, and IL-1pB in dorsal root ganglion (DRG) and sciatic
nerve [20]. The expression of NLRP3 was primarily
expressed in macrophages that infiltrated in DRG and
sciatic nerve (Table 1). Paclitaxel also caused mitochon-
drial damage and production of reactive oxygen species
(ROS) in sciatic nerve, which triggered the activation of
NLRP3 inflammasome [20]. Application of phenyl-N-
tert-butylnitrone (a ROS scavenger) significantly reduced
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Fig. 2 The chemical structure of the specific NLRP3 inflammasome
antagonist MCC950. MCC950, a sulfonylurea molecule, was first
discovered by Matthew Cooper et al,, with original name CRID3, and
then renamed MCC950 for “Matthew Cooper compound 950" [28].
MCC950 is a potent, selective, and small-molecule inhibitor of NLRP3
working at nM concentration. It specifically inhibited NLRP3
activation but not other inflammasome activation, including NLRP1,
NLRC4, or AIM. Recent evidence suggests that the mechanism of
MCC950 involves the closing of the open conformation of active
NLRP3 [29].
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paclitaxel-induced mechanical allodynia and inhibited
NLRP3 inflammasome activation in DRG and sciatic
nerve [20].

In another CIPN animal model induced by bortezo-
mib, the expression of NLRP3 was significantly increased
in DRG. Further immunostaining results showed that
NLRP3 expression was primarily located in DRG neu-
rons and infiltrating macrophages, but not in satellite
glial cells (Table 1) [21]. Knockdown of Nlrp3 gene ex-
pression via intrathecal siRNA injection significantly pre-
vented bortezomib-induced mechanical allodynia. In
contrast, the overexpression of Nlrp3 gene in DRG sig-
nificantly reduced the paw withdrawal threshold in
treated animals [21].

In addition, in oxaliplatin-induced CIPN animal
model, the expression of NLRP3 and caspase-1 were in-
creased in spinal cord. Blocking NLRP3 activation by
daily intrathecal injection of MCC950 significantly allevi-
ated oxaliplatin-induced neuropathic pain (Table 2) [30].
In all, these results indicate NLRP3 inflammasome plays
an important role in CIPN-induced neuropathic pain.

Table 1 Expression of NLRP3 inflammasome components under different pain conditions

Tissue type Pain condition Marker Cell type Colocalized with References
DRG Bortezomib-induced neuropathic pain Neun Neuron NLRP3 [21]
B4 Non-peptidergic neuron NLRP3
NF200 Large diameter neuron NLRP3
ED1 Macrophage NLRP3
Paclitaxel-induced neuropathic pain CcDes Macrophage NLRP3 [20]
Sciatic nerve Paclitaxel-induced neuropathic pain CD68 Macrophage NLRP3 [20]
Skin CFA-induced inflammatory pain Cches Macrophage NLRP3 [40]
Cytokeratin Keratinocyte NLRP3
TCRa/B T cell NLRP3
Muscle Muscle pain CDes Macrophage NLRP3 [41]
Spinal cord ca Neun Neuron NLRP3 [42]
GFAP Astrocyte NLRP3
CD11b Microglia NLRP3
Bone cancer pain Neun Neuron NLRP3 [15]
ASC
Caspase-1
GFAP Astrocyte NLRP3
Caspase-1
Ibal Microglia NLRP3
CPIP P2Y12 Microglia IL-18 [8]
Morphine-induced hyperalgesia Ibal Microglia NLRP3 [22]
TNC Nitroglycerin-induced migraine Ibal Microglia NLRP3 [34]
IL-18
DRN Morphine- or fentanyl-induced hyperalgesia Neun Neuron NLRP3 [24]
GFAP Astrocyte NLRP3
PFC Morphine analgesic tolerance CcDes Microglia ASC [23]
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Table 2 Application of MCC950 for treating different pain conditions
Pain condition Species Administration Administration Dosage regimen References
route dosage
Oxaliplatin-induced CIPN SD rats it 5 pmol/day Once daily for 25 consecutive days [30]
CPIP SD rats it 30 pg/rat Once daily for 7 consecutive days [31]
RR-EAE C57 mice ig. 50 mg/kg Once daily for 21 consecutive days [32]
FSL1-induced inflammatory ~ C57 mice i.p. 10 mg/kg Single dose [33]
pain
NTG-induced migraine C57 mice i.p. 10 mg/kg Once daily for 11 consecutive days [34]
EAP NOD/Lt) non-obese dia- i.p. 10 mg/kg Once a day or every other day for a [35]
betic (NOD) mice total of 7 treatments
BCP SD rats i.p. 5 mg/kg; 10 For acute treatment: single dose [15]
mg/kg
5 mg/kg; 10 For chronic treatment: once daily for
ma/kg 5 consecutive days
Morphine- or fentanyl- Wistar rats i.p. 5 mg/kg Once daily for 7 consecutive days [24]

induced hyperalgesia

NLRP3 in complex regional pain syndrome type-l (CRPS-I)
CRPS-1 is a progressive and devastating neuropathic pain
condition that usually affects the limbs and is not ac-
companied with a clinically verifiable nerve injury [46].
CRPS-I usually develops after an initial injury, including
ischemia, trauma, surgery, or fractures to the extremity.
The pain is out of proportion to the severity of the initial
injury and becomes chronic. CRPS patients usually suffer
from excruciating and chronic pain in affected areas,
leading even to disabilities. Unfortunately, no specific
drugs haven been approved for CRPS-I treatment at
present. Conventional medications, including NSAIDs,
corticosteroids, and narcotics usually do not produce
satisfactory relieving effects on CRPS-I, making it a chal-
lenging pain condition in clinic [47, 48]. To explore the
mechanisms underlying CRPS-I, several preclinical ani-
mal models, including the rat chronic post-ischemic pain
(CPIP) model, have been developed to recapitulate
CRPS-I [49, 50].

To further explore the mechanisms underlying CRPS-
I, our recent study performed transcriptome profiling of
gene expression changes in ipsilateral DRG and spinal
cord dorsal horn (SCDH) of CPIP model rats by means
of RNA-Sequencing [31, 51, 52]. We identified Nilrp3
gene expression to be significantly upregulated in SCDH
of the CPIP model rats. We further identified that the
gene and protein expressions of NLRP3, caspase-1, and
IL-1P were all significantly increased in ipsilateral SCDH
of CPIP model rats. Pharmacological blockade of NLRP3
by intrathecal delivery of the specific NLRP3 antagonist
MCC950 reduced IL-1f overproduction and glial activa-
tion in ipsilateral SCDH as well as mechanical allodynia
of CPIP model rats (Table 2) [31]. It is known that spinal
IL-1P and glia cell activation mediate pain mechanisms
of CRPS-I (Table 1) [8, 53, 54]. Therefore, NLRP3
inflammasome is activated in SCDH of a rat model of

CRPS-I and it contributes to the mechanical allodynia
via promoting IL-1p overproduction and glia cell activa-
tion in SCDH. This study indicates that NLRP3 inflam-
masome may be a novel therapeutic target for CRPS-I
management.

NLRP3 in central neuropathic pain (CNP)

CNP is common among patients with neurological com-
plications of the central nervous system insult, such as
spinal cord injury, stroke, or multiple sclerosis [55].
However, at present, the provision of effective pain alle-
viations to CNP can be difficult due to many unwanted
side effects of conventional medications. Recently, Khan
and colleagues established an optimized relapsing-
remitting experimental encephalomyelitis (RR-EAE)
mouse model to mimic human multiple sclerosis [32].
The RR-EAE model mice developed obvious mechanical
allodynia in bilateral hind limbs. Daily oral administra-
tion of the NLRP3 antagonist MCC950 progressively
and effectively alleviated the established mechanical allo-
dynia in bilateral hind limbs of model mice (Table 2)
[32]. Furthermore, MCC950 also improved the disease
relapses in RR-EAE model mice, indicated by the im-
provement of hind limb weakness and tail limpness [32].
These results indicated that targeting NLRP3 inflamma-
some could be a potential method for alleviating mul-
tiple sclerosis-induced CNP and disease relapses.

In the mouse model of spinal cord injury (SCI), signifi-
cant locomotor dysfunction and mechanical/thermal
hyperalgesia were developed, accompanied with NLRP3
inflammasome activation and production of IL-1p and IL-
18 in spinal cord. Treatment with D-B-hydroxybutyrate
(DBHB), an endogenous ketone body NLRP3 inflamma-
some inhibitor, markedly improved locomotor function
and relieved SCI-induced pain hypersensitivities, accom-
panied with attenuated NLRP3 inflammasome activation
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and protein expression of IL-1f and IL-18 in the spinal
cord [56, 57], demonstrating a possible involvement of
NLRP3 inflammasome in SCI-induced CNP.

NLRP3 in inflammatory pain

Inflammatory pain is usually triggered by infection, trauma,
or tissue damage, which induces the release of an array of in-
flammatory mediators (e.g, bradykinin, prostaglandin, H",
ATP, nerve growth factor, endothelin), proinflammatory cy-
tokines, chemokines, etc. [3, 58—-60]. PAMPs (e.g., LPS) and
DAMPs (e.g, MSU, S100 proteins) may be both involved in
inflammatory pain, depending on specific inflammatory con-
ditions [37, 61, 62]. The inflammatory mediators, cytokines,
or chemokines can directly stimulate or sensitize the noci-
ceptors in surrounding tissues and mediate inflammatory
pain [3, 4.

NLRP3 in complete Freund’s adjuvant (CFA)-induced
inflammatory pain

In CFA-induced animal inflammatory pain model, the
expression of NLRP3 inflammasome components, in-
cluding ASC, caspase-1, and IL-1f, are significantly in-
creased in local inflamed hind paw tissues and spinal
cord [40, 63, 64]. Immunostaining revealed that NLRP3
was colocalized with markers for keratinocytes, T cells,
and macrophages (Table 1). Repetitive electroacupunc-
ture (EA) treatment produced analgesic effects on CFA-
induced pain model mice, accompanied with reduced
NLRP3 inflammasome activation and IL-1p production
in local inflamed tissues and especially in macrophages
[40, 63]. Since IL-1f is known to be an important con-
tributor to CFA-induced inflammatory pain, these re-
sults suggest that EA-induced analgesic effects may
possibly be related with its inhibitory effects on NLRP3
inflammasome activation in local inflamed tissues [7].
Experiments that specifically target against NLRP3, e.g.,
using specific antagonist or gene knockdown ap-
proaches, will be further needed to elucidate the exact
contributions of NLRP3 inflammasome in CFA-induced
inflammatory pain condition.

Recently, another study by Huang et al. reported that
the expression of TLR2 and TLR6 were significantly up-
regulated in plantar skin of CFA-induced inflammatory
pain model. Selective activation of TLR2/TLR6 by agon-
ist FSL1 triggered acute inflammatory pain, as well as a
significant increase in Nlrp3 gene expression in hind
paw tissues [33]. They found that the acute inflamma-
tory pain was significantly reduced in Nirp3 gene knock-
out animals or by MCC950 treatment (Table 2). Further
evidence showed that the pain response was mediated
via mechanisms involving NLRP3-dependent upregula-
tion of IL-33, a pain-producing cytokine known to be in-
volved in many pain conditions [65, 66]. Therefore, this
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study revealed an important role of NLRP3-dependent
upregulation of IL-33 in mediating inflammatory pain.

NLRP3 in monosodium urate crystal-induced gout pain
Gout is evoked by monosodium urate (MSU) crystal de-
position in joint and periarticular tissues. The deposition
of MSU crystals triggers the activation of innate immune
system, including neutrophil and macrophage influx,
which induces intense inflammation and pain in local
joint and periarticular tissues. Gout pain is the most
common type of inflammatory arthritis and dramatically
affects the life quality of patients [67]. Unfortunately, the
incidence of gout is still constantly rising due to the
aging population and dietary changes [68].

Mounting evidence indicates that MSU-induced in-
flammation and pain response depend on IL-1f release
[69, 70]. Blocking IL-1 signaling with either recombinant
IL-1 receptor antagonist or neutralizing antibodies of IL-
1 or IL-1 receptor attenuates neutrophil infiltration in
response to MSU challenge [71, 72]. In accordance, mice
deficient in IL-1 receptor showed much reduced ankle
edema and pain response after MSU injection into ankle
joint [73]. MSU stimulates macrophages to release IL-1f3
via NLRP3 inflammasome activation. In a mouse model
of MSU-induced peritonitis, macrophages from mice
lacking the key components of NLRP3 inflammasome,
e.g., NLRP3, caspase-1, or ASC, were incapable of pro-
ducing the active form of IL-1p in response to MSU
challenge [18]. Furthermore, in a mouse gout model by
intraarticular MSU injection, mice deficient in NLRP3,
caspase-1, or ASC showed much reduced pain response
as well as reduced neutrophil infiltration and IL-1f in
ankle joints [74]. In addition to macrophages, IL-13 pro-
duction from other cellular sources should not be
neglected. For example, IL-1B can be released from mast
cells by activation of NLRP3 inflammasome [13]. Mast
cell-derived IL-1B made important contributions to
MSU-induced ankle inflammation, especially during
early phase [19].

Despite much progress has been made in elucidating
the importance of NLRP3 inflammasome in gout path-
ology, the precise mechanisms through which NLRP3
inflammasome is activated under gout condition remain
elusive. Our recent work, together with others, demon-
strated that the production of endogenous ROS are in-
creased during gout condition and are critically involved
in mediating gout pain and inflammation [66, 75-77]. It
is known that the generation of ROS induces dissoci-
ation of ROS-sensitive NLRP3 ligand thioredoxin-
interacting protein (TXNIP) from its inhibitor
thioredoxin (TRX). TXNIP then binds to NLRP3 and
leads to NLRP3 inflammasome activation [78, 79]. We
further found that eliminating ROS productions by ap-
plying the natural product eucalyptol or classical
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antioxidants largely reduced NLRP3 inflammasome acti-
vation in vivo, which results in less caspase-1 and IL-1f
expression in local inflamed ankle tissues and gout pain
relief in a mouse MSU-induced gout model [75]. These
results suggest that ROS are important triggers for
NLRP3 inflammasome activation under gout condition
and eliminating ROS overproduction may represent
promising therapeutic options for gout arthritis.

At present, several clinical studies have proven that therap-
ies targeting against IL-1(3 are successful strategies for reliev-
ing pain, inflammation, and recurrent attacks of gout,
indicating that targeting IL-1f and its related pathways is ef-
fective for gout treatment [69]. Therefore, targeting ROS,
NLRP3 inflammasome, and its downstream signaling may
offer promising therapeutic options for gout.

NLRP3 in postoperative pain

The development of chronic postoperative pain after
surgery constitutes a major clinical problem [80]. Post-
operative pain possesses both inflammatory and neuro-
pathic pain properties, which arise from tissue damage
and incision of nerve endings at the surgery site. Studies
have shown that IL-1f is significantly increased at the
incision site [81, 82]. Inhibiting IL-1f signaling either by
receptor antagonist or deletion of receptor IL-1R1 allevi-
ated postoperative pain in both mouse model and hu-
man patients, suggesting IL-1p is a key contributor to
postoperative pain [83—86]. Many endogenous activators
of NLRP3 inflammasome, including ROS, ATP, and
DAMPs, are released due to tissue damage after surgery,
suggesting the possible activation of NLRP3 inflamma-
some during postoperative pain.

A recent study by Cowie et al. found that male mice
deficient in NLRP3 showed less inflammation at the sur-
gery site and recovered from surgery-induced pain faster
than wild type controls. In contrast, female mice defi-
cient in NLRP3 showed only modest attenuation of post-
operative pain and no change in postoperative
inflammation [82]. Further studies indicated that NLRP3
deletion reduced IL-1p expression only in males but not
in females, suggesting that IL-1p production in females
occurs via mechanisms independent of NLRP3 [82]. The
authors continued to investigate this intriguing sex di-
morphism by selectively deleting NLRP3 in peripheral
sensory neurons. They found that NLRP3 expressed in
non-neuronal cells and sensory neurons both contrib-
uted to the postoperative pain in male mice. In contrast,
in female mice, the contribution of sensory neurons to
postoperative pain is NLRP3 dependent, whereas the
contribution of other non-neuronal cells is NLRP3 inde-
pendent [82]. The exact immunological and neurological
mechanisms underlying such drastic sex dimorphism of
NLRP3’s contribution in postoperative pain is still un-
known and awaiting further investigation [87]. But this
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study suggests targeting NLRP3 may be a novel strategy
for alleviating postoperative pain and associated inflam-
mation. More importantly, it also suggests that gender
differences should be taken into consideration when
evaluating therapeutic effects of NLRP3 antagonism on
postoperative pain in preclinical animal models and fur-
ther translational studies.

NLRP3 in muscle pain
Muscle pain is a very common type of pain condition
and is usually induced by stress, tension, muscle overuse,
or minor injuries [88]. Muscle pain can take place in a
small area or even the whole body, ranging from mild to
severe conditions [89]. Although most of muscle pains
can recover on their own in a short period, it sometimes
persists over months under certain pathological condi-
tions (e.g., myofascial pain syndrome and fibromyalgia)
and significantly affects life quality of the patients [90].
The role of NLRP3 inflammasome activation in a
mouse model of muscle pain has recently been investi-
gated by Yoshida et al. [41]. They established a mouse
model of muscle pain using electrical stimulation to in-
duce excessive muscle contraction in the mouse hind leg
to mimic over exercise-induced muscle pain in humans.
They observed that the stimulated hind leg developed
obvious mechanical allodynia, accompanied with in-
creased levels of uric acid, NLRP3, caspase-1 activity, IL-
1B, and the number of macrophages, when compared
with that of non-stimulated leg. Muscle overuse can trig-
ger the increase of uric acid in the plasma [91]. When
the level of uric acid in the plasma reaches its limit of
solubility, MSU crystal formation then takes place and
triggers NLRP3 inflammasome activation [18]. The au-
thors continued to test the effects of caspase-1 inhib-
ition, macrophage depletion, and blocking uric acid
production using xanthine oxidase inhibitor. Adminis-
tration of these reagents all reduced mechanical pain hy-
persensitivities in model mice, suggesting IL-1p released
by NLRP3 inflammasome activation from macrophages
contributed to mechanical pain hypersensitivity [91]. It
should be noted that the electrical stimulation-induced
muscle pain model may not completely recapitulate the
pathophysiology underlying chronic muscle pain. This
study suggests that pharmacological blocking NLRP3
inflammasome may be potentially utilized to alleviate
muscle pain due to over-exercise in humans.

NLRP3 in migraine

Migraine is the most common type of disabling primary
headache worldwide, which is characterized with moder-
ate to severe throbbing or pulsing pain sensation [92].
Migraine usually lasts for hours or even days, which sig-
nificantly affects the daily activities of the suffering pa-
tients [92, 93]. It is found that the serum level of IL-1p
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is significantly increased among migraine patients com-
pared with healthy controls and correlated positively
with the level of calcitonin gene-related peptide (CGRP),
a well-established neuropeptide implicated in migraine
pathology [94-96]. Recently, He et al. established a
mouse migraine model by repeated nitroglycerin (NTG)
administration [34]. Repeated NTG application triggered
both acute and persistent mechanical pain hypersensitiv-
ity in periorbital area, an indication of migraine-like be-
havior in mouse [97]. Furthermore, the authors found
that NLRP3 and IL-1p expression was significantly up-
regulated in the microglia of trigeminal nucleus caudalis
(TNC) (Table 1), a place that receives and integrates
pain signals from the trigeminal area and is considered
as a central area relevant for migraine [98]. Pharmaco-
logical blocking NLRP3 (Table 2) or IL-1f with the
NLRP3 antagonist MCC950 or IL-1ra not only improved
NTG-induced hyperalgesia, but also inhibited the bio-
markers related to central sensitization of migraine in
TNC, such as p-ERK, c-Fos, and CGRP. These results
indicate that the activation of NLRP3 in TNC contrib-
utes to nitroglycerin (NTG)-induced migraine-like be-
havior via promoting neuroinflammation and central
sensitization [34]. Thus, inhibition of NLRP3 inflamma-
some may represent a potential therapeutic approach for
alleviating migraine.

NLRP3 in visceral pain

Visceral pain mainly refers to pain originating from in-
ternal organs of the body (e.g., thoracic, abdominal, or pel-
vic organs). Stretching, inflammation, ischemia, pH,
bacteria, immune mediators, and neurotransmitters can
all evoke visceral pain. Therefore, PAMPs and DAMPs
may both be involved in visceral pain. Among visceral
pains, chronic pelvic pain syndrome (CPPS), also known
as type III prostatitis [99], is the most prevalent urogenital
disease among males with age <50years old. It causes
pain and inflammation in the prostate, lower urinary tract,
and pelvic area [100]. Recently, Zhang and colleagues ex-
plored the role of NLRP3 inflammasome in the pathogen-
esis of CPPS [35]. They established a mouse model of
experimental autoimmune prostatitis (EAP) to mimic
CPPS via intradermal injection of a mixture of prostate
antigens and CFA. The EAP model mice developed obvi-
ous mechanical allodynia in the lower abdominal area
nearby prostate. In addition, NLRP3, caspase-1, ASC, and
IL-1P were all upregulated in prostate tissue of EAP model
mice. Epidemiological studies reported an association be-
tween alcohol consumption and CPPS [101]. Then the au-
thors found that treating EAP model mice with alcohol
further exacerbated the pain response and promoted
NLRP3 inflammasome activation in EAP model mice. The
treatment with MCC950 inhibited NLRP3 inflammasome
activation and reduced the mechanical allodynia of EAP
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model mice (Table 2). Furthermore, MCC950 attenuated
the aggravated severity of alcohol-treated EAP model mice
[35]. Therefore, NLRP3 inflammasome may be a promis-
ing therapeutic target for relieving pelvic pain and inflam-
mation associated with CPPS and especially CPPS with
alcohol consumption.

NLRP3 in cancer related pain

Pain is a common symptom among patients with cancer.
It is reported that up to 75% of cancer patients suffer from
severe bone pain induced by cancer [3]. Bone cancer pain
(BCP) occurs in patients with primary bone cancer or with
bone metastasis from other distal regions, such as pros-
tate, lung, and breast cancer [102]. BCP can be debilitating
and poses a heavy burden on patients’ daily activities and
mental health [102, 103]. Mechanistically, BCP is consid-
ered as a specific type of pain condition with overlapping
but distinct features of both inflammatory and neuro-
pathic pain [102]. The tumor and surrounding micro-
environment released a number of DMAPs (e.g.,, HMGBI,
S100 proteins), which could trigger NLRP3 inflammasome
activation [104]. Unfortunately, our current knowledge of
the underlying mechanisms of BCP is still limited com-
pared with the understandings of other inflammatory or
neuropathic pain.

Recently, Chen and colleagues investigated the role of
spinal NLRP3 inflammasome in the development of BCP
[15]. A rat BCP model was established by inoculating
Walker 256 carcinoma cells into the medullary cavity of
the rat tibia. Mechanical allodynia and inflammasome
activation were then evaluated, and it was found that
BCP model rats developed mechanical allodynia, accom-
panied with increased expression of NLRP3 inflamma-
some, including NLRP3, ASC, caspase-1, and IL-1,
primarily in neurons of spinal cord dorsal horn (Table
1). MCC950 administration in BCP model rats reduced
the upsurge of NLRP3 inflammasome and IL-1f protein
expression in spinal cord dorsal horn and further re-
lieved the mechanical allodynia (Table 2) [15]. These re-
sults suggest spinal NLRP3 inflammasome may be a
novel target for BCP treatment.

NLRP3 in opioid analgesic tolerance and hyperalgesia

Morphine and fentanyl are opioids widely used for re-
lieving pain, but prolonged usage in patients with
chronic pain can end up in analgesic tolerance and
hyperalgesia. These signs are two major adverse effects
of prolonged morphine or fentanyl treatment, which se-
verely reduced their clinical usages [105]. Prolonged
morphine treatment can induce significant NLRP3
inflammasome activation in spinal cord of an animal
model of morphine-induced analgesic tolerance and
hyperalgesia [106, 107]. Further evidence demonstrates
morphine treatment can induce a persistent release of
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DMAPs (including HMGBI, biglycan, heat shock protein
90) in spinal cord [108]. The contribution of NLRP3
inflammasome to morphine-induced analgesic tolerance
and hyperalgesia is further supported by a study from
Grace et al., who found that the knockdown of spinal
Nirp3 gene expression by siRNA resulted in alleviation
of the prolongation of neuropathic pain induced by mor-
phine treatment in a mouse CCI neuropathic pain model
[22]. Mechanistically, they found that NLRP3 was pri-
marily distributed in microglia of spinal cord dorsal horn
(Table 1). Selective silencing spinal microglia via chemo-
genetic approaches prevented and persistently reversed
morphine-induced prolongation of neuropathic pain
[22].

In addition to spinal cord, recent studies identified sig-
nificant activation of NLRP3 inflammasome in prefrontal
cortex (PFC), dorsal raphe nucleus (DRN), and periph-
eral blood of morphine- or fentanyl-induced analgesic
tolerance and hyperalgesia model animals [23, 24].
NLRP3 expression was primarily upregulated in astro-
cytes and serotonergic neurons in DRN following mor-
phine or fentanyl treatment (Table 1). MCC950 delayed
morphine and fentanyl analgesic tolerance and pre-
vented fentanyl-induced hyperalgesia (Table 2) [24]. Be-
sides, morphine-induced analgesic tolerance and
hyperalgesia are abolished in Nlrp3 gene knockout mice.
Mechanistic studies further revealed that prolonged
morphine treatment induced the production of ROS,
which triggers NLRP3 inflammasome activation in
microglia in PFC (Table 1) [23], suggesting a critical
contribution of ROS-mediated NLRP3 inflammasome
activation in microglia to the maintenance of morphine-
induced analgesic tolerance and hyperalgesia. Therefore,
counteracting ROS by antioxidants or with NLRP3
antagonist may provide novel targets for preventing
the development of opioid analgesic tolerance and
hyperalgesia.

Conclusions

In this review, we summarized the recent advances in
our understanding of the involvement of NLRP3 inflam-
masome in chronic pain. Recently, mounting evidence
suggest that NLRP3 inflammasome is activated in local
tissues, peripheral sensory nerves and neurons, spinal
cord, and brain regions of a variety of animal models of
chronic pain. These regions are all related with pain sig-
nal initiation, transduction, integration, and perception
(Fig. 1). Pharmacological studies using NLRP3 inflamma-
some antagonist or genetic approaches further con-
firmed the participation of NLRP3 inflammasome and
its downstream signaling components in mediating
chronic pain. Therefore, it has become more and more
accepted that NLRP3 inflammasome plays an important
role in the pathogenesis of chronic pain. Further
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preclinical and translational studies will be needed to
evaluate the safety and effectiveness of drugs or ap-
proaches that specifically target against NLRP3 inflam-
masome in chronic pain treatment.
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