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Abstract: Fibrosis is often the end result of chronic inflammation. It is characterized by the excessive
deposition of extracellular matrix. This leads to structural alterations in the tissue, causing permanent
damage and organ dysfunction. Depending on the organ it effects, fibrosis can be a serious threat
to human life. The molecular mechanism of fibrosis is still not fully understood, but the NLRP3
(NOD-, LRR- and pyrin-domain—containing protein 3) inflammasome appears to play a significant
role in the pathogenesis of fibrotic disease. The NLRP3 inflammasome has been the most extensively
studied inflammatory pathway to date. It is a crucial component of the innate immune system, and its
activation mediates the secretion of interleukin (IL)-13 and IL-18. NLRP3 activation has been strongly
linked with fibrosis and drives the differentiation of fibroblasts into myofibroblasts by the chronic
upregulation of IL-1p and IL-18 and subsequent autocrine signaling that maintains an activated
inflammasome. Both IL-1f3 and IL-18 are profibrotic, however IL-1f can have antifibrotic capabilities.
NLRP3 responds to a plethora of different signals that have a common but unidentified unifying trig-
ger. Even after 20 years of extensive investigation, regulation of the NLRP3 inflammasome is still not
completely understood. However, what is known about NLRP3 is that its regulation and activation is
complex and not only driven by various activators but controlled by numerous post-translational
modifications. More recently, there has been an intensive attempt to discover NLRP3 inhibitors
to treat chronic diseases. This review addresses the role of the NLRP3 inflammasome in fibrotic
disorders across many different tissues. It discusses the relationships of various NLRP3 activators to
fibrosis and covers different therapeutics that have been developed, or are currently in development,
that directly target NLRP3 or its downstream products as treatments for fibrotic disorders.
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1. Introduction

NLRP3 (NOD-, LRR- and pyrin—-domain-containing protein 3) is a cytosolic protein
that has important implications in the recognition of invading pathogens [1]. When ac-
tivated, it assembles into a large complex protein aggregate with Apoptosis-Associated
Speck-Like Protein Containing a CARD (ASC) and caspase-1 to create the inflammasome.
There is one oligomer per cell, and this comprises of seven NLRP3 molecules. When
assembled, it is the biggest of all the inflammasomes, being approximately 2 um in diam-
eter [2]. When activated, it triggers the proteolytic cleavage of pro-caspase-1 into active
caspase-1. The pro-inflammatory cytokines interleukin (IL)-1f and IL-18 are synthesized
as biologically inactive precursors requiring caspase-1 for their activation. Once activated,
caspase-1 proteolytically cleaves pro-IL-1f3 and pro-IL-18 into their active forms and these
cytokines are then secreted where they initiate and perpetuate inflammation. IL-1f am-
plifies the inflammatory response by recruiting immune cells to the site of the infection,
it modulates the adaptive immune response [3], and affects the hypothalamus inducing
fever [4]. IL-18 is important in the production of interferon-y [5] and causes an increase
in cytolytic activity of natural killer cells and T cells [6]. The caspase-1 secretome also

Biomolecules 2022, 12, 634. https:/ /doi.org/10.3390/biom12050634 https://www.mdpi.com/journal /biomolecules


https://doi.org/10.3390/biom12050634
https://doi.org/10.3390/biom12050634
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://doi.org/10.3390/biom12050634
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com/article/10.3390/biom12050634?type=check_update&version=1

Biomolecules 2022, 12, 634

2 of 26

mediates the release of numerous other proteins, many of which are involved in inflam-
mation, cytoprotection, and tissue repair [7]. Some of these proteins include laminin,
annexin A2, matrix metalloproteinase-14, interleukin-1 receptor antagonist, plasminogen
activator inhibitor 1, plasminogen activator inhibitor 2, friend leukemia integration-1 tran-
scription factor, macrophage migration inhibitory factor, serpin family B member-1, and
the transforming growth factor-beta—induced protein.

Inflammasomes were initially studied in immune cells [8,9], however, they are also
found in stromal cells such as epithelial cells [10,11], keratinocytes [12,13], fibroblasts [14],
and hepatic stellate cells [15]. These cells are also critical components in the first line of
defense against pathogens.

Indeed, it has now been shown that NLRP3 can be activated in a wide variety of
different cells, by a wide variety of diverse triggers initiated by microbe-derived pathogen-
associated molecular patterns (called PAMPs), or danger-associated molecular patterns
(called DAMPs) that are generated by the host cell. In this review, we focus on the activation
of the NLRP3 inflammasome and its specific role in fibrotic diseases.

2. Inflammasomes and Fibrosis

It is now well proven that the NLRP3 inflammasome (possibly alongside other in-
flammasomes) plays a significant role in fibrosis, most likely by chronic activation of this
inflammatory platform driving the continual release of IL-13 and IL-18 (Figure 1). Fibrob-
lasts are sentinel cells and play a significant role in the integrity of tissues. They sense
the microenvironment and react to and modulate the polarization of macrophages. IL-6
and transforming growth factor beta-1 (TGF-31) are key profibrotic cytokines that can
cause tissue resident macrophages to polarize to M2s [16-18]. Lipopolysaccharide (LPS)-
pretreated fibroblasts secreted cytokines that induced macrophage polarization towards the
M1 phenotype [19]. To cause further complications, reciprocal signaling between fibroblasts
and macrophages may alter the microenvironment and promote fibrosis [20].

When fibroblasts become activated, they differentiate into myofibroblasts and produce
excessive amounts of collagen to aid wound repair. However, if they are activated in the
absence of a wound, they can cause fibrosis in the tissues. Like any sentinel cell in the body,
they have functional inflammasomes [14].

Gasse et al. [21] demonstrated a significant connection between NLRP3, the IL-1
receptor-MyD88 signaling pathway, and fibrosis. This extensive study showed the central
role of IL-1§3 via engagement with its receptor in driving pulmonary fibrosis. They showed
that the production of IL-13 was dependent on the inflammasome. They also went on
to prove that direct administration of IL-1p to the lungs of mice mediated tissue destruc-
tion causing inflammation and fibrosis, and that this was inhibited with IL-1 receptor
antagonist (IL-1RA). Fibrosis is also observed in emphysema and is dependent on the
inflammasome [22]. The breakdown of lung tissue by elastase releases uric acid, activating
the inflammasome causing IL-1f3 maturation. These observations were attenuated with
IL-1RA [22].

Other studies have now confirmed that the activation of the NLRP3 inflammasome by
various DAMDPs is associated with fibrosis. For example, bleomycin is a commonly used
profibrotic molecule that we employed to study the initiating events of fibrosis. We showed
that bleomycin requires the NLRP3 inflammasome to mediate fibrosis in an animal model
of systemic sclerosis [14]. Gasse et al. [23] also showed that bleomycin induces the release
of uric acid, and this damages cell membranes to activate the NLRP3 inflammasome. They
also found that the inflammatory signaling mediated by uric acid release was dependent on
IL-1 receptor/MyD88 and suggested that this could be an autocrine loop between the IL-1
receptor and NLRP3 activation during fibrosis. Our studies also implicate an autocrine loop
between the IL-1 receptor, NLRP3 and fibrosis in patients with systemic sclerosis [14,24]. In
addition to the release of uric acid [23,25,26], bleomycin induces other reactive molecules
that can active NLRP3. These include reactive oxygen species (ROS) [27-29] and adenosine
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triphosphate (ATP) [30,31]. Bleomycin also induces perturbations in calcium signaling [32]
and this activates NLRP3 (discussed further in Section 3.1).
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Figure 1. Inflammasome activation drives the expression of collagens and other extracellular matrix
proteins. Potassium efflux and calcium influx activate the NLRP3 (NOD-, LRR- and pyrin-domain—
containing protein 3) inflammasome. This results in the cleavage and maturation of pro-interleukin
(IL)-1pB and pro-IL-18 by active caspase-1. When IL-1f3 and IL-18 are secreted, they can engage their
receptors and upregulate the expression of collagen and other extracellular matrix proteins which are
released from cells to cause fibrosis. Created using BioRender.com (accessed on 3 March 2022).

Our laboratories have reported the role of NLRP3 in fibrotic disease systemic scle-
rosis/scleroderma [14]. We found the activation of caspase-1 resulted in the increased
secretion of collagen by inducing the myofibroblast phenotype. We also found numerous
inflammasome genes and associated molecules to be highly upregulated in systemic sclero-
sis myofibroblasts. These genes included AIM?2 (increased 11.8-fold), NLRP5 (8.56-fold),
NLRP4 (7.48-fold), NLRP3 (7.02-fold), NLRP12 (6.60-fold), NLRP6 (6.28-fold), NOD2
(6.06-fold), NAIP (3.33-fold) and NLRP9 (2.63-fold). Upregulation in associated factors
included CARD®6 (13.72-fold), PYDC1 (8.32-fold), pyrin (6.91-fold), CARD18 (6.56-fold) and
CASP1 (5.71-fold). We also saw increased expression for IL-1f (7.14-fold), IL-18 (5.02-fold
and IL-33 (4.13-fold) genes [14]. This general upregulation suggests that there was a global
increase in many of the genes associated with inflammasomes, but they may or may not
all contribute to disease pathology. We have not evaluated the contribution of any specific
inflammasome to fibrosis in systemic sclerosis myofibroblast cell lines.

Myofibroblasts are the pathogenic cells that drive the increased collagen secretion in
tissues during fibrosis. We found that by inhibiting caspase-1, either with the chemical
Z-YVAD-FMK or by knocking down gene expression with siRNA, there was a signifi-
cant reduction in o-smooth muscle actin expression and these cells developed thinner
stress fibers [14]. However, our findings directly implicate the role of caspase-1 in the
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pathogenesis of systemic sclerosis. We further corroborated our findings in NLRP3 and
ASC deficient mice. We have since found that the IL-1 receptor plays an integral role in
perpetuating inflammasome activation and collagen deposition [24], which suggests that
there is autocrine signaling mechanism mediated by IL-13 and/or IL-18 that promotes the
profibrotic phenotype in these patients (Figure 1).

Studies on other tissues also demonstrate the role of NLRP3 in fibrosis. The liver
is a sensitive site for injury due to pathogens or chemicals. It responds by establishing
inflammation that leads to fibrosis. When hepatic stellate cells become activated, they
upregulate collagen secretion. Hepatic stellate cells are very similar to myofibroblasts in
that they are capable of phagocytosis and antigen presentation. They also express high
levels of x-smooth muscle actin stress fibers and they have the ability to migrate [33].
Monosodium urate crystals can activate NLRP3 in hepatic stellate cells and this results in
fibrosis. Watanabe et al. [15] demonstrated that these crystals upregulated TGF-1 and
COL1A1, induced the reorganization of actin, and promoted cellular stellation. These
features were abrogated in NLRP3-KO and ASC-KO mice which did not show increased
TGF-1 or type I collagen (COL1A1) and had significantly reduced «-smooth muscle
actin (SMA).

Other inflammasomes may also play a role in fibrosis, but they have not been studied
as extensively as NLRP3. NLRP1 is associated with cardiac fibrosis in rats via the activation
of the TGF-$1/SMAD (Mothers Against Decapentaplegic) pathway [34,35]. NLRC5 (NLR
Family CARD Domain Containing 5) is upregulated in liver tissues of cirrhosis patients [36],
and NLRCS5 is increased with carbon tetrachloride and its blockade or knockdown of
NLRC5-inhibited liver fibrosis [37]. NLRC5 protein is also elevated in keloid fibroblasts
and its knockdown lowers COL1A1, connective tissue growth factor (CTGF), and «x-smooth
muscle actin expression by altering the TGF-31/Smad pathway [38]. Other studies on
NLRCS5 activation of the TGF-31/Smad pathway have focused on cardiac [39,40] and renal
tissues [41]. However, a recent study by Quenum et al. [42] reported that NLRC5-deficient
mice responded as efficiently to carbon tetrachloride and induced collagen deposition as
wild-type mice. This suggests that carbon tetrachloride may activate another inflammasome
in addition to NLRC5.

The DNA sensing inflammasome Absent In Melanoma 2 (AIM2), is also correlated
with fibrosis. AIM2 is highly elevated in alveolar macrophages of patients with idiopathic
pulmonary fibrosis. Its expression is upregulated by histone deacetylases [43]. Interestingly,
the hormone aldosterone enhanced AIM2 activation by double-stranded DNA causing
fibrosis in an experimental model of chronic kidney disease. AIM2-deficient mice had
lower collagen deposition in the kidney and improved proteinuria levels [44]. Activation of
AIM2 in normal human dermal fibroblasts by parvovirus B19 produced proinflammatory
and profibrotic gene expression [45].

There are two inflammasomes that are known to be negative regulators of fibrosis.
These are NLRC4, which induces IL-1RA and delays the progression of fibrosis [46], and
NLRPé. Deficiency in NLRP6 was shown to promote collagen deposition in the liver [47,48].

3. Mechanisms of NLRP3 Activation in Fibrosis

The NLRP3 inflammasome is activated by a diverse array of molecules that stimulate
its assembly. Its activation is crucial for host defense against fungi, bacteria, viruses, and
parasites [49-52] as it detects PAMPS. The NLRP3 inflammasome also detects DAMPS, com-
prising of a wide variety of molecules that are structurally and chemically different [53,54].
Many of the stimuli that activate NLRP3 participate in altering the fluctuation of ions into
or out of the cell (Figure 1). However, the exact stimulus that NLRP3 is sensing is yet to be
found, as it is doubtful that this inflammasome directly senses all these molecules indepen-
dently. Therefore, it is likely that NLRP3 detects a common cellular event that is induced by
these divergent stimuli. While activation of NLRP3 is crucial for host defense, its activation
has also been associated with many other chronic diseases, including autoinflammatory
diseases [55], gout [56], Alzheimer’s disease [57], diabetes [58,59], and fibrosis [14,21,23].
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The assembly of the NLRP3 inflammasome is complex and requires engagement with
NIMA (Never In Mitosis Gene A)-Related Kinase 7 (NEK7) and ASC proteins [60-64],
positioning caspase-1 in close proximity to another caspase-1 allowing for autocatalytic
cleavage (Figure 1). When caspase-1 is processed into its active form, it can cut pro-IL-13
and pro-IL-18 into their active forms and they are secreted. The release of these cytokines
can lead to various downstream pathologies that result in many chronic profibrotic diseases.
When NLRP3 is in its inactive state, the nucleotide binding site in the NLRP3/NEK7
structure is unavailable and the exchange of Adenosine diphosphate (ADP) to ATP does
not occur [65]. This exchange is needed for NLRP3 activation. During cell swelling
mediated by influx or efflux of various ions, there is a conformational change in the inactive
NLRP3 protein. This suggests that the N-terminal domain of NLRP3 inflammasome is
key to its activation because it uniquely responds to specific damage and homeostasis
associated with various molecular patterns [65].

Various intracellular and extracellular ions have been shown to activate the inflam-
masome. But there can be substantial cross-talk between ion fluctuations. It is very
unlikely that a sole ion is responsible for NLRP3 activation. Many receptors and molecules
that activate NLRP3 modulate more than one type of ion. We discuss below pertinent
findings regarding fluctuations in various ions that are involved in the activation of the
NLRP3 inflammasome, their cross-talk, and how these ion fluctuations are involved in
establishing fibrosis.

3.1. Calcium (Ca®*) Influx

Ca?t is probably one of the most crucial chemicals for biological life. As an electrolyte,
Ca?* plays vital roles in many biochemical processes in cells. It is involved in signal trans-
duction, it is a second messenger, it is a neurotransmitter, it has a role in protein translation
in the endoplasmic reticulum, and is required for the proper functioning of mitochondria.
The resting concentration of Ca?* in the cellular cytosol is approximately 100 nM and is
significantly lower that extracellular concentrations [66,67]. To maintain these low intracel-
lular levels, Ca** must be actively pumped out of the cytosol into the extracellular space.
However, excessive extracellular Ca®* can act as a danger signal, as Ca?* is often found
to be elevated at sites of infection [68,69] and where there is necrosis [70]. Thus, elevated
extracellular Ca* levels increase intracellular Ca®* levels in cells surrounding these sites.
Ca?* levels are important in maintaining the normal functioning of the cell, and extracellu-
lar fluctuations can act as a danger signal that activates NLRP3. Studies have demonstrated
that different NLRP3 stimuli induce changes in intracellular CaZ* levels [12,34,35]. These
include the NLRP3 activators nigericin [36,37,71] and ATP [38], which raise intracellular
Ca?* levels.

Detection of Ca?* occurs through a number of different receptors (Figure 2). These
receptors include the Ca?* sensing receptor (CaSR) and G Protein-Coupled Receptor Class C
Group 6 Member A (GPCR6A). Rossol et al. [71] showed that NLRP3 was activated through
these receptors, as the independent inhibition of CaSR and GPCR6A with Calhex231 or
NPS2143, respectively, abrogated IL-1§3 release. These chemicals had no effect on ATP
activation of NLRP3 [71]. Elevated extracellular Ca** increased cytosolic Ca®* levels [71]
and these can be inhibited with the intracellular Ca®* chelator BAPTA-AM (1,2-Bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis(acetoxymethyl ester). BAPTA-
AM inhibited NLRP3 activity and decreased IL-1f3 release [72]. Furthermore, it has been
shown that CaSR on neutrophils induced collagen deposition by fibroblasts via NLRP3
activation in a model of cardiac fibrosis [73].
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Figure 2. Calcium channels drive the activation of the NLRP3 inflammasome. Extracellular calcium
is sensed by G-coupled protein receptors (GPCR) including calcium sensing receptor (CaSR) and G
Protein-Coupled Receptor Class C Group 6 Member A (GPCR6A). This upregulates the phospholipase
C (PLC) calcium signal transduction pathway which in turn activates inositol 1,4,5-triphosphate (IP3)
and its receptor (IP3R) to release calcium into the cytosol. PLC and diacylglyceral (DAG) also activate
other channels including transient receptor potential channels (TRPCs) to allow the influx of calcium
into the cell. The influx of calcium into the cytosol activates the assembly of the inflammasome,
promoting caspase-1 activation and downstream release of mature IL-1p3 and IL-18. Created with
BioRender.com (accessed on 16 February 2022).

To help maintain intracellular Ca?* levels there are numerous other channels, includ-
ing non-voltage activated Ca?" channels, that belong to the transient receptor potential
(TRP) superfamily containing TRPC, TRPM, and TRPV channels. All TRPC members
are activated by phospholipase C or diacylglycerol (Figure 2). The CRAC channel (Ca?*
release activated channel) is another crucial pore that regulates Ca* levels within the cell.
ORALI (ORAI Calcium Release-Activated Calcium Modulator) proteins form the pore of
the CRAC channel. ORAI1 interacts with stromal interaction molecule-1 (STIM1) which
is an ER transmembrane protein that senses the concentration of Ca?*. When Ca?* levels
become low, STIM1 aggregates and interacts with ORAI1, opening the CRAC pore allow-
ing for store-operated Ca?* entry. This process is inhibited by Store-Operated Calcium
Entry Associated Regulatory Factor (SARAF) which prevents the interaction of STIM1 with
ORAIL. Activation of STIM1 promotes NLRP3 activity. This was demonstrated by the
targeted silencing of STIM1 and the subsequent inactivation of NLRP3 [74]. In addition,
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Murakami et al. [75] showed that activation of the phospholipase C calcium signal transduc-
tion pathway is important for NLRP3 activity, and inhibitors of this pathway ameliorated
the activation of NLRP3.

Calcium channels are known to play a role in fibrosis. Ross et al. [76] reported
increases in expression of ORAI1 in cardiac hypertrophy; however, STIM1 expression was
unchanged. Furthermore, using the selective CRAC inhibitor, YM58483, they demonstrated
reduced collagen deposition in tissues. Nifedipine is a L-type blocker that is used to inhibit
Ca?". It has successfully been used in an animal model against bleomycin-induced lung
fibrosis [32]. Efonidipine is a T/L-type calcium channel blocker which showed efficacy in
preventing interstitial fibrosis in a chronic unilateral ureteral obstruction model; whereas
in this model nifedipine had no effect [77]. As stated above, bleomycin activates NLRP3.
Chronic unilateral ureteral obstruction also activates NLRP3 [78].

TGF-A1 is a well-known and extensively studied pro-fibrotic cytokine. It causes os-
cillations in intracellular Ca?*. Spontaneous and periodic oscillations of Ca?* occured in
cultured fibroblasts and myofibroblasts, directly correlated with subcellular contractile
events [79]. TGF-p1 increased these oscillations and they correlated with COL1A1 and
fibronectin expression [80,81]. The TGF-f3 antagonist, SD208, abolished the CaZ* oscilla-
tions [82]. Thus, Ca?* influx is critically important in TGF-B1 signaling [82]. Prostaglandin
E2 is anti-fibrotic; its mode of action is to disrupt Ca* signaling and this decreases fibrotic
gene expression [83]. It is likely that these effects are cell dependent. The authors propose
that the inhibitory effect of prostaglandin E2 on fibroblasts may work via the E series
of prostaglandin receptors (EP, and EPy) to increase cyclic AMP. Signaling from these
receptors is reportedly anti-fibrotic [84], blunting the Ca?* oscillations caused by TGF-31
and inhibiting activation of calcium/calmodulin-dependent protein kinase II. This further
highlights the crucial role for Ca* in fibrosis.

TRPC1 is involved in the cell’s response to TGF-31 [42,43]. It also participates in cell
survival, migration [42], differentiation [43], and proliferation [44,45]. It is found on the
plasma membrane and in the sarcoendoplasmic reticulum. TRPC1 facilitates epithelial-
to-mesenchymal transition and fibroblast-to-myofibroblast transition [46-48], and the loss
of TRPC1 inhibits these events [48]. TRPC1 depletion prevents TGF-B1-mediated Ca?*
influx into cells, thereby preventing fibrosis. Studies have shown that TRPC1 is critical
in cardiac remodeling and fibrosis [49], implicating TRPC1 as a potential activator of the
inflammasome. In mice, it was shown that inflammasome activation of caspase-11, but not
caspase-1, degraded TRPC1. This led to increased secretion of IL-1f3 without effecting cell
death and caused a stronger inflammatory response [85]. This data suggests that calcium
has an important role in the regulation of inflammasome activation. In our studies we
identified an 18 amino acid cleavage product unique to TRPC1 that is antifibrotic [86,87],
however, at this stage we do not know how it is released from TRPC1. Considering these
observations, it has been hypothesized that Ca>* channel inhibitors might be effective
therapeutics for fibrosis, however, there have been mixed results. Many studies show
success in animals [32,88], though this has not translated well in human trials [89,90].

In systemic sclerosis, extracellular Ca®* is an important pathological feature in many
patients. These patients often develop calcinosis in the fibrotic tissues, and this presentation
is usually seen in the limited subtype of scleroderma. It is painful and is often accompanied
by soft tissue swelling and ulcers that are complicated by infections. It leads to deformities,
particularly in the hands, causing functional limitations [91]. Deposition of Ca?* in the
tissues can be observed in other fibrotic disorders. For example, leaflet thickening accom-
panied by fibrosis and hardening are early pathological features of calcific aortic valve
disease [92]. Ca®* deposition is also associated with fibrosis secondary to other injuries
such as burns [93,94], and is found associated with silicosis in the lung [95]. Although
not seen in human disease, it is a common feature associated with fibrosis in the mouse
model of Duchenne’s muscular dystrophy [96,97]. It is conceivable that this increase in
extracellular Ca?" may be one mechanism whereby NLRP3 is activated to drive fibrotic
disease in these pathologies.
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3.2. Potassium (K*) Efflux

Manipulation of intracellular and extracellular K* flow has also been used for many
years to promote or inhibit NLRP3 activation (Figure 3). Initial studies showed that the
depletion of K* in the cytosol with ATP, nigericin, or crystals was sufficient to activate
NLRP3, while high levels of external K* blocked this activation [98-100]. These fluctuations
were specific to NLRP3 because alterations in K* levels do not affect the activation of AIM2
or NLRC4 [98,99]. This suggests that a decrease in intracellular K* levels is crucial for
NLRP3 activation, and that K™ might be the common trigger that induces the conforma-
tional change in NLRP3 causing it to engage with NEK7 [61]. Thus K* may be the universal
signal in the cytosol behind the activation of the NLRP3 inflammasome [99]. More recent
studies have explored this observation further. Tapia-Abellan et al. [65] identified that the
inactive protein structure of NLRP3 favored activation when intracellular concentrations of
K* were low. They showed that the domains found between the N-terminal pyrin (PYD)
and the NATCH domain were important when intracellular K* levels were low [65]. In
contrast to the above observations, it has now been proven that ATP, nigericin, and crystals
increase Ca2" levels in the cell [75]. This may then deplete intracellular K* levels causing
activation of NLRP3.
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Figure 3. Potassium efflux drives assembly of the NLRP3 inflammasome. TWIK2 and P2X7 are
potassium efflux channels that allow the flow of potassium out of the cell in response to ATP. Pore
forming channels and the formation of the lysosome also induce potassium efflux. The result of
this efflux induces the activation of the NLRP3 inflammasome, most likely through the activation of
mitochondrial ROS. Created with BioRender.com (accessed on 17 February 2022).
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While K* efflux is required for NLRP3 activation, it is also needed for NLRC4 ac-
tivation [101]. This activation is mediated by pore forming toxins such as the type III
secretion system. Bacterial flagellin is a ligand for NLRC4 activation but it must be translo-
cated into the cell cytoplasm and requires the type III secretion system for this. Arlehamn
etal. [101] showed that extracellular pathogens induce K* efflux activating both NLRP3 and
NLRC4 inflammasomes, albeit at different extracellular K* concentrations. Other factors
also caused fluctuations of K*. Similarly, as in the plasma membrane, lysosomal mem-
branes also have K* ion channels of which two have been identified to date. These are the
large-conductance and Ca2*-activated potassium channel and the transmembrane protein-
175 [102,103]. They are involved in the lysosomal release of K* activating NLRP3 [104-106].
The P2X7 purinergic receptor when activated by ATP induces mitochondrial ROS [107],
which causes the depletion of K* in the mitochondria and cytosol (Figure 3) where the
resulting Ca?* activates the NLRP3 inflammasome [108].

K* fluctuations have also been associated with fibrosis thereby implicating changes
in intracellular ion fluxes as predisposing factors, but whether this is a common feature
of all fibrotic diseases is yet to be determined. Studies show that NLRP3 activation can be
triggered by inhaled nano-particulates causing lung fibrosis. These inhaled nanomaterials
can be lodged within the lung and phagocytosed by alveolar macrophages. This induces
K* efflux leading to lysosomal damage, oxidative stress, and cell membrane alterations.
All these factors activate NLRP3. Zheng et al. [109] demonstrated that airborne particulate
matter is sufficient to deplete K* from THP-1 cells. They showed a dose dependent increase
in ASC and NLRP3 proteins in THP-1 cells exposed to the fine particles. After phagocytosis,
the activated macrophages released IL-1§3. In animal studies, they were able to demonstrate
that there was a dose dependent increase in IL-1f3 and TGF-p1 levels in the BAL fluids
of exposed mice, and lung histology confirmed the increase in collagen deposition in
tissues [109]. These solid results suggests that K* is a critical molecule for NLRP3-mediated
collagen deposition.

To further highlight the role of K* in fibrosis in susceptible individuals, mechanical
ventilation induced lung damage and pulmonary fibrosis [110,111]. Studies by Liu et al. [60]
showed that mechanical ventilation can induce NEK7 assembly with NLRP3 and this is
mediated via K* efflux. They were also able to demonstrate that glibenclamide, which an
ATP-sensitive K* inhibitor, prevented NEK7-NLRP3 assembly. This Food and Drug Admin-
istration (FDA)-approved therapeutic led to less ventilator mediated inflammation and less
collagen deposition in the lungs of mice. It also suggests that mechanical stretch caused by
the ventilator, might drive intracellular K* efflux, resulting in NLRP3 activation [60].

The initial findings implicated the role of intracellular K* levels, with the suggestion
that these were sufficient to promote NLRP3 activation. However, more recently this
opinion has changed, because NLRP3 can be activated in the absence of K* efflux. This
shows that NLRP3 is detecting something other than intracellular K* levels. More recent
studies have shown that chemicals such as CL097 and imiquimod can activate NLRP3
independent of K* efflux. CL097 and imiquimod are small molecules that bind to TLR?,
but they also have TLR7-independent activities such as NLRP3 activation. They inhibit
mitochondrial activation and cause ROS release and thiol oxidation, which is believed to
be the mechanism of NLRP3 activation [112]. However, it cannot be ruled out that they are
activating Ca®* influx [71]. NLRP3 activation can be inhibited by ebselen, a glutathione
peroxidase mimetic that restores voltage-gated potassium channel function [113], and by
pyrrolidine dithiocarbamate [112] which activates the NRF2 pathway.

3.3. Calcium-Activated Potassium Channels

Ca®*-activated K* channels are K* channels that are gated by Ca*. These channels re-
spond to intracellular Ca®* levels and affect the influx of K* through the plasma membrane.
There are eight of these channels known, but it is understood that KCal.1 and KCa3.1 are
proinflammatory and play a significant role in many cellular processes, including adhesion,
migration, and invasion [114]. They have been associated with autoimmunity [115,116] and
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cardiovascular disease [117,118]. These channels are activated by membrane depolarization
and cytosolic Ca?* levels. Studies by Schroeder et al. [119] showed that hydroxychloroquine
targeted these Ca®* activated K* channels and ameliorated NLRP3 activation. Hydroxy-
chloroquine is a derivative of quinine, and is known to be a K* channel inhibitor. These
studies also found that hydroxychloroquine inhibited ATP-induced IL-1{3 secretion and
caspase-1 activation. However, they found that hydroxychloroquine had no effect on
cytosolic Ca?* levels induced by ATP [119].

Recently, in studies involving fibroblasts derived from patients with pulmonary fibro-
sis, KCNMBI (potassium calcium-activated channel subfamily M regulatory beta subunit 1),
which codes for the 3-subunit of the large-conductance potassium channel (KCal.1), was
identified as being significantly elevated and its DNA was hypermethylated [120]. These
observations were correlated to elevated collagen deposition and pulmonary fibrosis [120].
In addition, the increase in expression of KCa3.1 also promotes fibroblast proliferation in
pulmonary fibrosis [121]. Activation of KCa3.1 has been associated with various other
fibrotic pathologies including diabetic renal interstitial fibrosis [122], cardiac fibrosis [123],
and liver fibrosis [124]. The targeted disruption or pharmacological blockade of KCa3.1
suppressed development of renal fibrosis [125]. The role for this channel in inflammasome
activation is further highlighted by recent studies that demonstrate the pharmacological
activation of KCa3.1 with paraquat-induced NLRP3 activation, showing that these effects
were abolished with the KCa3.1 specific inhibitor TRAM-34 [121].

3.4. Other NLRP3 Activating Factors

There are many other factors that active NLRP3 and appear to play a role in fibrosis.
Chloride efflux was found to activate NLRP3 and enhance ATP-mediated IL-13 secre-
tion [126]. Confirming this observation, high intracellular chloride levels and chloride
channel blockers inhibited NLRP3 activation [126,127]. Chloride efflux via chloride intracel-
lular channel-4 was recently associated with fibrosis in systemic sclerosis and in fibroblasts
associated with cancer [128]. Translocation of chloride intracellular channel-4 to the cell
surface was found to be dependent [129] on the release of reactive oxygen species (ROS) by
mitochondria [130].

It is well-established that mitochondria dysfunction is an upstream activating factor
of NLRP3. Mitophagy is a crucial inhibitor of NLRP3 activation, as it removes damaged
mitochondria and reduces the mitochondrial release of ROS [131]. However, if mitophagy is
inhibited then NLRP3 is activated [131,132]. Indeed, mitochondrial dysfunction also causes
the release of mitochondrial DNA, and this is also a critical factor in NLRP3 activation [132].

More recently, oxidative stress has been shown to activate NLRP3 and has the potential
to be the universal activator of this inflammatory platform. Oxidative stress is a feature of
many chronic diseases, including fibrosis. Many of the chemicals used to induce NLRP3
activation also induce ROS. ROS is a recognised danger signal and can be induced with
many of the NLRP3 activators [133-135]. It is frequently associated with K* efflux [136]
and Ca?* influx [137]. Early studies investigating NLRP3 activation suggested that mito-
chondrial derived ROS was key [138]. A study found that an increase in ROS induced the
dissociation of thioredoxin-interacting protein from its inhibitor thioredoxin, allowing for
its engagement to NLRP3 and subsequent activation [139]. Despite the recent interest in the
literature regarding NLRP3 and evidence for the role of ROS, it is still not fully clear how
NLRP3 is activated due to ROS. A more thorough investigation is crucial for understanding
how ROS interacts with K* efflux and /or CaZ* influx to mediate activation of NLRP3, and
whether it is a primary or secondary event is unknown.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that regulates
the expression of genes containing antioxidant response elements in their promoters. NRF2
helps to regulate NLRP3 activation by inducing the expression of antioxidant genes, helping
to limit mitochondrial ROS levels [140]. Activation of the NRF2 pathway also lowers
fibrotic mediators and has been shown to be useful for the inhibition of fibrotic pathology
in animal models of renal, cardiac, and liver fibrosis [141-143]. Inhibiting ROS would be a
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simple pharmacological target for inhibiting NLRP3 inflammasome assembly. Allicin, a
phytochemical extracted from garlic, increased superoxide dismutase, and NRF2/HO-1
anti-oxidative activities. As a result, ROS levels were suppressed, and NLRP3 assembly
and activation were inhibited. The net result of this was that it reduced fibrosis [144]. Other
metabolites that alter the redox state in the cell also decreased NLRP3 activity. Calcitriol,
the active metabolite of vitamin D3, attenuated oxidative stress and reduced NLRP3 activity
via the activation of the NRF2-antioxidant signaling pathway [145]. Another example is
the metabolite from the Krebs cycle, itaconate, and its derivative, 4-octyl itaconate. Both
molecules inhibited NLRP3 inflammasome activation, by impeding the interaction of
NLRP3 with NEK7 [146]. This was specific for NLRP3 as these compounds had no effect
on AIM2 or NLRC4 activity. These studies were confirmed in mice that were depleted of
the Irg1 gene Irgl codes for the enzyme that metabolizes cis-aconitate to itaconate and CO,,
Irgl-deficient mice had heightened NLRP3 activation [146].

4. Regulation of NLRP3 Activation by Post-Translational Modifications

NLRP3 has several post-translational modifications including ubiquitylation, sumoy-
lation and phosphorylation. These modifications regulate the expression and activation of
this protein. They have been well studied but not in the direct context of fibrosis. However,
it stands to reason that these processes must play a part in fibrosis because NLRP3 must be
activated for collagen deposition.

In its inactive state, NLRP3 is ubiquitylated. However, for it to become activated it
must be deubiquitylated [147]. There are several proteins that regulate the ubiquitylation
and deubiquitylation of NLRP3. The F-box and leucine-rich repeat protein-2 recognizes
the tryptophan residue at position 73 on NLRP3 and then targets the lysine-689 residue for
ubiquitylation and subsequent degradation of the protein [148]. LPS was shown to increase
the half-life of NLRP3 by F-box protein-3 which degrades to F-box and leucine-rich repeat
protein-2 [148]. Additional factors also regulate the ubiquitylation of NLRP3. These include
the dopamine D1 receptor-induced cAMP that binds to NLRP3. This causes ubiquitylation
of the leucine-rich repeat on NLRP3. Another regulator of the ubiquitylation process was
found to be TRIM31. TRIM31 is the E3 ubiquitin ligase tripartite motif containing protein 31
which interacts with the PYD motif on NLRP3. This interaction causes ubiquitylation at the
lysine-48 residue and proteasomal degradation of NLRP3 [149]. However, TRIM31 is also a
negative regulator as it was found that both LPS and IL-1 induced the expression of this
protein, which limited NLRP3 activation [149]. Alterations in the NLRP3 ubiquitylation
process have been associated with fibrosis. Chronic hepatitis C infections cause liver
inflammation that can progress to liver cirrhosis, fibrosis, and carcinoma. The NLRP3 is
activated in chronic hepatitis C virus-infected hepatocytes via the deubiquitylation of this
protein during infection. The inhibition of deubiquitinases abrogated NLRP3 activation
and reduced IL-13 maturation as expected, but intriguingly, it also decreased viral protein
and reduced the release of hepatitis C virus from cells [150].

The activation of NLRP3 is also regulated by sumoylation. NLPR3 is sumoylated
at numerous sites by the E3 SUMO protein ligase MULL. When NLRP3 is activated,
the sumoylation is removed by sentrin-specific proteases-6 and -7. Deficiency in these
sentrin-specific proteases reduces NLRP3 inflammasome activation [151]. In contrast, how-
ever, the SUMOL1 protein catalyzes the sumoylation of NLRP3 at the lysine 204 residue and
promotes inflammasome activation, whereas the sentrin-specific protease-3 removes the
sumoylation and deactivates NLRP3 [152].

Human NLRP3 is phosphorylated on numerous sites, of which two sites (serine-198
and serine 293) are specifically associated with NLRP3 activation [153,154]. When the
serine-5 and tyrosine-861 residues are phosphorylated, they are associated with NLRP3
inactivation [155,156].
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5. Inflammasome Inhibitors as Therapeutics for Fibrosis

Direct inhibitors of the inflammasome are potential therapeutics for fibrotic disease.
Several NLRP3 inhibitors are already available with FDA approval and others are going
through clinical trials. In addition, numerous therapeutics target the downstream prod-
ucts of an activated inflammasome, and these have proven successful in various fibrotic
scenarios.

5.1. Targeting IL-1 to Prevent Fibrosis

The spectrum of diseases caused by IL-1 includes a vast array of hereditary and non-
hereditary pathologies, understand of which has benefited from pilot studies blocking IL-1
receptor signaling. These diseases range from systemic to tissue-restricted conditions. Our
preliminary findings regarding systemic sclerosis suggest that IL-1f3 plays a significant role
upregulating collagen production during fibrosis. Supporting this notion, the literature is
replete with evidence for the role of IL-1 in fibrotic disorders. Furthermore, inhibiting the
IL-1 receptor or sequestering IL-1 from the circulation inhibits fibrosis (scarring) in tissues
and organs (Table 1).

Table 1. Animal Models and Human Studies Targeting the IL-1 Receptor.

Type of Fibrosis

Role for IL-1 References

Mouse Model

Pulmonary fibrosis

The administration of IL-1f to the lungs promotes inflammation and fibrosis.
IL-1RA prevents this. Mice deficient in the IL-1 receptor are resistant to
bleomycin-induced fibrosis. SARS-CoV-2 infection in humanized K18-hACE-2
mice treated with anakinra showed less lung fibrosis and reduced mortality.

[21,157,158]

Renal fibrosis

In a rat model of progressive concentric glomerulonephritis, IL-1RA stabilized
glomerular injury and reduced interstitial fibrosis. Anakinra (Kineret) reduced [159-161]
renal fibrosis in a mouse model of salt-induced hypertension.

In an animal model of bladder fibrosis, collagen deposition was blocked with

Bladder fibrosis Kineret and glyburide. Glyburide inhibited the NLRP3 inflammasome, lowered [162,163]
secreted IL-1p and decreased fibrosis.
Cardiac fibrosis IL-1 inhibition reduced cardiac fibrosis. [164]

In two models of scleroderma fibrosis, Anakinra significantly reduced fibrosis.
IL-1p is a critical component of radiation-induced skin fibrosis. Inhibiting the IL-1

Skin fibrosis receptor with IL-1RA decreased fibrotic response in a study of deep incisional [165-167]
wound healing.
Human Studies
Erdheim-Chester This is a rare inflammatory disease complicated by retroperitoneal fibrosis. [168,169]

Kineret successfully reduced fibrosis.

Rheumatoid arthritis (RA)

Interstitial lung disease (ILD) is a frequent complication of rheumatoid arthritis. A
review of the literature found that most biologics induced ILD in RA patients
except for Kineret and hydroxychloroquine. The lifetime risk for developing [170-172]
RA-associated ILD was 7.7%; whereas in the normal population it was 0.9%. In a
study of 1346 patients receiving Kineret, only 0.15% developed ILD.

Articular arthritis

Kineret was found to prevent joint fibrosis after an anterior cruciate ligament tear,

returning the range of motion to normal. [173-175]

Pulmonary fibrosis (PF)

PF secondary to COVID-19 is an expected sequelae in a subset of patients, and can
be prevented with anakinra. There were decreased levels of IL-1RA in patients [176-178]
with PF compared to normal individuals, implicating greater IL-1 signaling.

Activated inflammasomes play a significant role in the development and progres-
sion of fibrotic pathologies. This is probably mediated by a feed-forward autocrine loop
that maintains activation of NLRP3 and the continuous release of IL-1p and IL-18. Both
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cytokines are profibrotic in the right context. Although we can appreciate the initiating
mechanisms that activate the NLRP3 inflammasome and the resultant release of IL-1 and
IL-18, what turns an acute response into a chronic response is not yet fully understood.
However, studies have demonstrated that IL-1f can have dichotomous roles in its effects on
TGEF-31 expression. Luo et al. [179] showed that short stimulation (minutes) with IL-13 and
TGEF-B1 prevented SMAD3 phosphorylation and inhibited TGF-1 downstream signaling
pathways. In contrast, however, in the right context both cytokines can compound to
promote collagen expression. The long-term exposure of cells to IL-13 and TGF-$31 for
24 h induced SMAD3 phosphorylation and upregulated TGF-{31 signaling [179]. In other
studies, it has been shown that long-term exposure of endothelial cells to IL-1 induces the
transformation of these cells into myofibroblasts [180] which then synthesize large amounts
of collagen. Thus, targeting these cytokines or the inflammasome are rational opportunities
for fibrosis therapeutics.

IL-1 increases leukocyte recruitment and induces other profibrotic mediators such as
IL-6 [181-183], and can upregulate TGF-31 [184]. TGF-{31 is a key profibrotic growth factor
for fibroblasts [185-187]. It is increased in systemic sclerosis [188-190] and pulmonary
fibrosis [191,192]. Interestingly, TGF-f1 was recently shown to increase the expression of
NLRP3 and its co-activator NEK?7, resulting in the activation of NLRP3, which increased
mature caspase-1 and IL-1§3 [193]. Inhibition of this activated pathway was attained using
IL-1RA which downregulated these findings [193].

IL-1 had similar effects on TGF-1 and matrix production in cultured fibroblasts [184]
and induced fibroblast proliferation [194]. IL-1f also induces a-smooth muscle actin,
a marker for activated fibroblasts/myofibroblasts [14]. Furthermore, fibroblasts derived
from fibrotic tissues demonstrate a greater responsiveness to IL-1 than those derived from
normal tissues [195,196]. This suggests that there are increased levels of the IL-1 receptor
in these cells, or that they are more sensitive to IL-1. In the context of normal wound
healing, IL-1 downregulates TGF-31 when the wound is closed [197-199]. However, the
mechanism behind fibrosis is complex, poorly understood and there is no “wound” per se.
Furthermore, serum IL-13 levels are not a reliable indicator for the role of this cytokine [200]
as the effects are often localized in the tissue at the site of the fibrosis.

Thus, considering the above studies and our findings that fibrosis requires IL-1 [14,24],
we firmly believe that fibrosis is an IL-1-mediated disease and we propose that by blocking
the IL-1 receptor, fibrosis will be abrogated. However, this cytokine signaling pathway is
complex and it is not as simple as adding IL-1 to fibroblasts and expecting collagen to be
increased, emulating fibrotic disorders. IL-1 has a dichotomous role in pathology which
is underappreciated. In fibrotic diseases, the NLRP3 inflammasome is also activated in
what we believe to be a feed-forward mechanism that is mediated by IL-1 (and possibly
confounded by IL-18). This signaling mechanism differs from the simple addition of IL-1f3
to normal fibroblasts in the absence of an activated NLRP3 inflammasome. We speculate
that these differences could be due to the differences between myofibroblasts that have an
activated inflammasome and normal fibroblasts that do not. Several publications point to
this argument and suggest that authors are really investigating the mechanism of normal
wound healing and not fibrosis. The recent study by Birnhuber et al. [201] found the
administration of IL-1 led to the decreased production of collagen and «-smooth muscle
actin in the genetic Fra-2 mouse model of scleroderma. Fra-2 is a transcription factor
that upregulates collagen deposition in the tissues. This congenic strain does not need an
activated inflammasome for fibrosis, and reveals that Fra-2 most likely acts downstream
of NLRP3-mediated inflammatory products. In another study using normal pulmonary
fibroblasts, IL-13 decreased collagen, F-actin, and o-smooth muscle actin [202]. IL-1§3 failed
to have profibrotic effects on normal fibroblasts, in contrast to TGF-$1, and was found to
antagonize the profibrotic effects of TGF-1 by downregulating collagen synthesis [197].
In our laboratory we also found that the addition of IL-1{3 to normal fibroblasts in certain
circumstances downregulates collagen synthesis. However, the literature is replete with
studies demonstrating that blockade of the IL-1 receptor abrogates fibrosis (Table 1), and
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suggests that in normal fibroblasts there is a crucial pathway that is missing. Thus, we
believe that the missing factor in these studies is likely to be an activated NLRP3 inflamma-
some. To that effect, the NLRP3 activator nigericin induced fibrogenesis in mice [157] and
ATP promoted the expression of TGF-f31 [203].

5.2. Targeting IL-18 to Prevent Fibrosis

The activation of NLRP3 also regulates the secretion of IL-18 and evidence is now
mounting for the role of this cytokine in fibrosis. IL-18 binding protein (IL-18BP) is the
natural inhibitor of the IL-18 receptor and competes for binding with IL-18. IL-18 has
been shown to promote fibroblast senescence in pulmonary fibrosis causing the cells to
become highly secretory [204]. Studies of the expression of IL-18 and IL-18BP in keloid
keratinocyte/keloid fibroblast cocultures showed a significant elevation of bioactive IL-18
whereas IL-18BP levels remained the same [205]. This tips the balance of signaling in favor
of IL-18. The blockade of the IL-18 receptor with IL-18BP successfully inhibits fibrosis in
human and animal models. In a mouse model of pulmonary fibrosis, the neutralization
of the IL-18 receptor with IL-18BP abrogated bleomycin-induced pulmonary fibrosis. It
attenuated collagen deposition and decreased TGF-1 and x-smooth muscle actin expres-
sion [206]. In vivo studies of renal fibrosis showed that mice treated with IL-18BP had less
fibrosis. They also had lower numbers of myofibroblasts and lower levels of fibronectin
and collagens in the tissues [207,208]. Furthermore, IL-18 deficiency protected mice from
interstitial fibrosis [209]. IL-18 promotes keloid pathogenesis via epithelial-mesenchymal
upregulation [205]. Fibroblasts derived from patients with keloids had increased IL-18
levels, while IL-18BP levels remained the same.

5.3. Directly Targeting the NLRP3 Inflammasome

There has been a keen interest in the development of therapeutics that target NLRP3 in
an effort to control chronic diseases, especially those that result in fibrosis. Pharmacological
inhibition of NLRP3 may be collectively more effective at controlling fibrotic diseases,
rather than the selective inhibition of IL-1{3 or IL-18 (Table 2).

The list in Table 2 is by no means exhaustive. While not discussed in depth here, there
are numerous phytochemicals that have been found to inhibit NLRP3 activity and play a
role in abrogating fibrosis. Screening natural products for inhibitory NLRP3 molecules to
treat fibrosis has recently gained significant interest in the scientific community. In vivo
and in vitro studies have shown that natural products, such as terpenoids, phenols, and
alkaloids, demonstrate significant inhibitory activity against NLRP3 inflammasome. These
have been detailed in an excellent review by Ding et al. [210].

Table 2. NLRP3 inhibitors and their efficacy on fibrosis.

NLRP3 Inhibitor Mode of Action Model of Fibrosis References
Improves liver fibrosis caused by NAFLD and
. schistosomiasis infections; decreases renal fibrosis
MCC950 Blocks the ATPase domain induced by cisplatin or diabetes. However, it enhances [211-216]
of NLRP3 y 5P
renal inflammation, injury, and glomerulosclerosis in
streptozotocin-induced diabetic mice.
. FDA approved. It ameliorates liver fibrosis caused by
+
Glibenclamide Cfiﬁ;ﬁs{:ﬁﬂ mﬁi;:;ijfsc inflammation and Brucella abortus; has a synergistic effect [163,217-220]
(Glyburide) pre with dimethyl fumarate; alleviates cardiac inflammation ’
y aggregation Y
and fibrosis, and bladder and kidney fibrosis.
Alkylates cysteine residues . .
Parthenolide and inhibits ATPase domain FDA approved. Has shown efficacy against pulmonary [221-224]

of NLRP3 fibrosis, peritoneal fibrosis, and liver fibrosis.
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Table 2. Cont.
NLRP3 Inhibitor Mode of Action Model of Fibrosis References
Tranilast Blocks NLRP3-NLRP3 and FI?A approved. Effective against pulmonary fibrosis,
(Rizaben) NILRP3-ASC interactions fibrosis caused by muscular dystrophy; retards eye [225-227]
fibrosis due to chronic GVHD.
Inhibits bleomycin-induced pulmonary fibrosis, is
Oridonin Block.s NLRP?-NEK7 protective against .Cardlac hypert.roph).l. CYDO618 oridonin [228-231]
interaction analog has similar effects against fibrosis. In phase I
clinical trials.
Inhibits NLRP3 ATPase Inhibits ischemia-reperfusion mediated fibrosis, reduces
Bay 11-7082 activity TGF-p1 expression in hepatic stellate cells. [252,233]
Inhibits NLRP3 ATPase . . .
CY-09 activity Effective against cardiac hypertrophy. [232]
o Lowers active caspase-1 and secreted IL-1f3 and IL-18.
OLT1177 Inhibits NL.R.P3 ATPase Has not been tested directly in an animal model of fibrosis. [234]
activity - .
In phase 1B clinical trial.
Protective against doxorubicin-mediated cardiac and
B-hydroxy-butyrate Inhibits K* efflux microvascular fibrosis, reduces kidney fibrosis. Has been [235-237]
used in clinical trials.
.. Ameliorates diabetes-induced renal fibrosis and abrogates
VX765 Blocks caspase-1 activity oral submucosal fibrosis mediated by arecoline. (238,239
Induce?s NLRP3 Alleviates tissue damage and fibrosis in obstructed
16673-34-0 conformational changes . . . [240]
. - kidneys of unilateral ureteral obstructed mice.
blocking activation
Crocin Tnhibits NLRP3 expression Improves renal tissue ﬁbr051§ cagsgd by hyperglycemla. Tt [241]
has been used in clinical trials.
Felodipine . s FDA approved. Protective and therapeutic effect against
(PLENDIL) Calcium channel inhibitor bleomycin-induced pulmonary fibrosis in mice. [88]
Nifedipine FDA approved. Disruption of calcium signaling in
P Calcium channel inhibitor fibroblasts and attenuation of bleomycin-induced fibrosis [32,89]
(Procardia XL)

by nifedipine.

Inhibitors that can be orally administered. Many of these inhibitors are currently
under development by the pharmaceutical industry or are in pre-clinical development
and are yet to enter full clinical trials. They inhibit NLRP3 action by various modalities to
prevent its activation (Table 2). Furthermore, many of the recent inhibitors identified have
been shown to be phytochemicals. This is an exciting group of natural products that could
be therapeutically useful for the treatment of fibrotic disorders.

6. Conclusions

In summary, the process of fibrosis includes the activation of myofibroblasts, which
causes the excessive deposition of extracellular matrix in tissues. The activation of the
NLRP3 inflammasome has been strongly associated with this pathology and appears to
drive collagen deposition in an autocrine manner mediated by IL-1 and IL-18. NLRP3
activation and regulation is complex with numerous factors and regulators controlling
its activation. Many corroborating studies have discussed the role of this inflammatory
platform in driving collagen deposition in a wide range of different tissues. Because NLRP3
has been the most extensively studied inflammasome since its discovery, there has been a
concerted effort to identify inhibitors of this inflammasome to treat chronic diseases. While
these have been relatively successful, IL-1RA has shown significant effectiveness against
fibrosis. However, IL-1RA is a biologic that requires injection. Therefore, a more successful
approach would be direct chemical targeting of NLRP3 itself.



Biomolecules 2022, 12, 634 16 of 26

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All graphics were created using BioRender.com.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Petrilli, V.; Dostert, C.; Muruve, D.A.; Tschopp, J. The inflammasome: A danger sensing complex triggering innate immunity.
Curr. Opin. Immunol. 2007, 19, 615-622. [CrossRef]

2. Fernandes-Alnemri, T.; Wu, J.; Yu, ].W,; Datta, P.; Miller, B.; Jankowski, W.; Rosenberg, S.; Zhang, J.; Alnemri, E.S. The pyroptosome:
A supramolecular assembly of ASC dimers mediating inflammatory cell death via caspase-1 activation. Cell Death Differ. 2007, 14,
1590-1604. [CrossRef]

3. Arend, W.P; Palmer, G.; Gabay, C. IL-1, IL-18, and IL-33 families of cytokines. Immunol.Rev. 2008, 223, 20-38. [CrossRef]

4. Kluger, M.J.; Kozak, W.; Leon, L.R.; Soszynski, D.; Conn, C.A. Cytokines and fever. Neuroimmunomodulation 1995, 2, 216-223.
[CrossRef]

5. Okamura, H.; Kashiwamura, S.; Tsutsui, H.; Yoshimoto, T.; Nakanishi, K. Regulation of interferon-gamma production by IL-12
and IL-18. Curr. Opin. Immunol. 1998, 10, 259-264. [CrossRef]

6. Leung, B.P; Culshaw, S.; Gracie, ].A.; Hunter, D.; Canetti, C.A.; Campbell, C.; Cunha, F; Liew, EY.; McInnes, I.B. A role for IL-18
in neutrophil activation. J. Immunol. 2001, 167, 2879-2886. [CrossRef]

7. Keller, M.; Ruegg, A.; Werner, S.; Beer, H.D. Active caspase-1 is a regulator of unconventional protein secretion. Cell 2008, 132,
818-831. [CrossRef]

8. Shalhoub, ].; Falck-Hansen, M.A.; Davies, A.H.; Monaco, C. Innate immunity and monocyte-macrophage activation in atheroscle-
rosis. J. Inflamm. 2011, 8, 9. [CrossRef]

9. Lalor, S.J.; Dungan, L.S.; Sutton, C.E.; Basdeo, S.A.; Fletcher, ].M.; Mills, K.H. Caspase-1-processed cytokines IL-1beta and
IL-18 promote IL-17 production by gammadelta and CD4 T cells that mediate autoimmunity. J. Immunol. 2011, 186, 5738-5748.
[CrossRef]

10. Alyaseer, A.A.A.; de Lima, M.H.S.; Braga, T.T. The Role of NLRP3 Inflammasome Activation in the Epithelial to Mesenchymal
Transition Process During the Fibrosis. Front. Immunol. 2020, 11, 883. [CrossRef]

11.  Sellin, M.E.; Miiller, A.A.; Hardt, W.D. Consequences of Epithelial Inflammasome Activation by Bacterial Pathogens. . Mol. Biol.
2018, 430, 193-206. [CrossRef]

12.  Dai, X,; Sayama, K.; Tohyama, M.; Shirakata, Y.; Hanakawa, Y.; Tokumaru, S.; Yang, L.; Hirakawa, S.; Hashimoto, K. Mite allergen
is a danger signal for the skin via activation of inflammasome in keratinocytes. J. Allergy Clin. Immunol. 2011, 127, 806-814.
[CrossRef]

13.  Feldmeyer, L.; Keller, M.; Niklaus, G.; Hohl, D.; Werner, S.; Beer, H.D. The inflammasome mediates UVB-induced activation and
secretion of interleukin-1beta by keratinocytes. Curr. Biol. 2007, 17, 1140-1145. [CrossRef]

14.  Artlett, C.M.; Sassi-Gaha, S.; Rieger, J.L.; Boesteanu, A.C.; Feghali-Bostwick, C.A.; Katsikis, P.D. The inflammasome activating
caspase-1 mediates fibrosis and myofibroblast differentiation in systemic sclerosis. Arthritis Rheum. 2011, 63, 3563-3574. [CrossRef]

15. Watanabe, A.; Sohail, M.A.; Gomes, D.A.; Hashmi, A.; Nagata, J.; Sutterwala, ES.; Mahmood, S.; Jhandier, M.N.; Shi, Y.; Flavell,
R.A.; et al. Inflammasome-mediated regulation of hepatic stellate cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 296,
G1248-G1257. [CrossRef]

16. Liu, Y,; Tu, L.; Wang, L.; Long, J.; Wang, J.; Wang, Y.; Luo, F.; Cao, D. The accumulation of macrophages attenuates the effect of
recombinant human endostatin on lung cancer. Oncotargets Ther. 2016, 9, 6581-6595. [CrossRef]

17.  Gupta, S.; Jain, A.; Syed, S.N.; Snodgrass, R.G.; Pfltiger-Miiller, B.; Leisegang, M.S.; Weigert, A.; Brandes, R.P,; Ebersberger, I.;
Briine, B.; et al. IL-6 augments IL-4-induced polarization of primary human macrophages through synergy of STAT3, STAT6 and
BATF transcription factors. Oncoimmunology 2018, 7, €1494110. [CrossRef]

18. Zhang, F.; Wang, H.; Wang, X,; Jiang, G.; Liu, H.; Zhang, G.; Wang, H.; Fang, R.; Bu, X,; Cai, S.; et al. TGF-f3 induces M2-like
macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. Oncotarget 2016, 7, 52294-52306.
[CrossRef]

19. Shen, Y.; Wang, Y.; Fu, Z.; Ma, Q.; Song, Y.; Fang, L.; Chen, L. UPR attenuates the proinflammatory effect of HPDLF on macrophage
polarization. Cell Stress Chap. 2021, 26, 937-944. [CrossRef]

20. Huang, M.; Smith, A.; Watson, M.; Bhandari, R.; Baugh, L.M.; Ivanovska, I.; Watkins, T.; Lang, I.; Trojanowska, M.; Black, L.D.,

3rd; et al. Self-assembled human skin equivalents model macrophage activation of cutaneous fibrogenesis in systemic sclerosis.
Arthritis Rheum. 2022. [CrossRef]


http://doi.org/10.1016/j.coi.2007.09.002
http://doi.org/10.1038/sj.cdd.4402194
http://doi.org/10.1111/j.1600-065X.2008.00624.x
http://doi.org/10.1159/000097199
http://doi.org/10.1016/S0952-7915(98)80163-5
http://doi.org/10.4049/jimmunol.167.5.2879
http://doi.org/10.1016/j.cell.2007.12.040
http://doi.org/10.1186/1476-9255-8-9
http://doi.org/10.4049/jimmunol.1003597
http://doi.org/10.3389/fimmu.2020.00883
http://doi.org/10.1016/j.jmb.2017.03.031
http://doi.org/10.1016/j.jaci.2010.12.006
http://doi.org/10.1016/j.cub.2007.05.074
http://doi.org/10.1002/art.30568
http://doi.org/10.1152/ajpgi.90223.2008
http://doi.org/10.2147/OTT.S114389
http://doi.org/10.1080/2162402X.2018.1494110
http://doi.org/10.18632/oncotarget.10561
http://doi.org/10.1007/s12192-021-01234-0
http://doi.org/10.1002/art.42097

Biomolecules 2022, 12, 634 17 of 26

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Gasse, P; Mary, C.; Guenon, I.; Noulin, N.; Charron, S.; Schnyder-Candrian, S.; Schnyder, B.; Akira, S.; Quesniaux, V.E].; Lagente,
V.; et al. IL-1R1/MyDB88 signaling and the inflammasome are essential in pulmonary inflammation and fibrosis in mice. J. Clin.
Investig. 2007, 117, 3786-3799. [CrossRef] [PubMed]

Couillin, I.; Vasseur, V.; Charron, S.; Gasse, P.; Tavernier, M.; Guillet, J.; Lagente, V.; Fick, L.; Jacobs, M.; Coelho, ER.; et al.
IL-1R1/MyD88 signaling is critical for elastase-induced lung inflammation and emphysema. J. Immunol. 2009, 183, 8195-8202.
[CrossRef] [PubMed]

Gasse, P; Riteau, N.; Charron, S.; Girre, S.; Fick, L.; Petrilli, V.; Tschopp, J.; Lagente, V.; Quesniaux, V.F.; Ryffel, B.; et al. Uric acid is
a danger signal activating NALP3 inflammasome in lung injury inflammation and fibrosis. Am. J. Respir. Crit. Care Med. 2009,
179,903-913. [CrossRef] [PubMed]

Artlett, C.M.; Sassi-Gaha, S.; Hope, J.L.; Feghali-Bostwick, C.A.; Katsikis, P.D. Mir-155 is overexpressed in systemic sclerosis
fibroblasts and is required for NLRP3 inflammasome-mediated collagen synthesis during fibrosis. Arthritis Res. Ther. 2017, 19,
144. [CrossRef]

Wilson, M.S.; Madala, S.K.; Ramalingam, T.R.; Gochuico, B.R.; Rosas, 1.O.; Cheever, A W.; Wynn, T.A. Bleomycin and IL-1beta-
mediated pulmonary fibrosis is IL-17A dependent. J. Exp. Med. 2010, 207, 535-552. [CrossRef]

Song, C.; He, L.; Zhang, ].; Ma, H.; Yuan, X.; Hu, G.; Tao, L.; Zhang, ].; Meng, ]. Fluorofenidone attenuates pulmonary inflammation
and fibrosis via inhibiting the activation of NALP3 inflammasome and IL-1beta/IL-1R1/MyD88/NF-kappaB pathway. J. Cell.
Mol. Med. 2016, 20, 2064-2077. [CrossRef]

Tao, N.; Li, K;; Liu, J.; Fan, G.; Sun, T. Liproxstatin-1 alleviates bleomycin-induced alveolar epithelial cells injury and mice
pulmonary fibrosis via attenuating inflammation, reshaping redox equilibrium, and suppressing ROS/p53/ «-SMA pathway.
Biochem. Biophys. Res. Commun. 2021, 551, 133-139. [CrossRef]

Gorsdorf, S.; Appel, K.E.; Obe, G.; Hildebrandt, A.G. Inhibition of bleomycin-induced DNA strand breaks in V 79 Chinese
hamster cells by the antioxidant propylgallate. Toxicol. Lett. 1987, 38, 135-143. [CrossRef]

Chandler, D.B.; Butler, T.W.; Briggs, D.D., 3rd; Grizzle, W.E.; Barton, ].C.; Fulmer, ].D. Modulation of the development of
bleomycin-induced fibrosis by deferoxamine. Toxicol. Appl. Pharmacol. 1988, 92, 358-367. [CrossRef]

Perera, L.M.B.; Sekiguchi, A.; Uchiyama, A.; Uehara, A.; Fujiwara, C.; Yamazaki, S.; Yokoyama, Y.; Ogino, S.; Torii, R.; Hosoi,
M.; et al. The Regulation of Skin Fibrosis in Systemic Sclerosis by Extracellular ATP via P2Y(2) Purinergic Receptor. |. Investig.
Dermatol. 2019, 139, 890-899. [CrossRef]

Feig, ].L.; Mediero, A.; Corciulo, C.; Liu, H.; Zhang, J.; Perez-Aso, M.; Picard, L.; Wilder, T.; Cronstein, B. The antiviral drug
tenofovir, an inhibitor of Pannexin-1-mediated ATP release, prevents liver and skin fibrosis by downregulating adenosine levels
in the liver and skin. PLoS ONE 2017, 12, e0188135. [CrossRef]

Mukherjee, S.; Ayaub, E.A.; Murphy, J.; Lu, C.; Kolb, M.; Ask, K,; Janssen, L.J. Disruption of Calcium Signaling in Fibroblasts and
Attenuation of Bleomycin-Induced Fibrosis by Nifedipine. Am. J. Respir. Cell Mol. Biol. 2015, 53, 450-458. [CrossRef] [PubMed]
Friedman, S.L. Hepatic stellate cells: Protean, multifunctional, and enigmatic cells of the liver. Physiol. Rev. 2008, 88, 125-172.
[CrossRef]

Zong, J.; Zhang, H.; Li, EF; Liang, K,; Liu, J.L.; Xu, L.H.; Qian, W.H. NLRP1 promotes TGF-p1-induced myofibroblast differentia-
tion in neonatal rat cardiac fibroblasts. |. Mol. Histol. 2018, 49, 509-518. [CrossRef]

Zong, J.; Li, EF,; Liang, K.; Dai, R.; Zhang, H.; Yan, L.; Liu, J.L.; Xu, L.H.; Qian, W.H. Nuclear Localization Leucine-Rich-Repeat
Protein 1 Deficiency Protects Against Cardiac Hypertrophy by Pressure Overload. Cell Physiol. Biochem. 2018, 48, 75-86. [CrossRef]
[PubMed]

Xu, T.; Ni, M.M.; Xing, L.; Li, X.F,; Meng, X.M.; Huang, C.; Li, J. NLRC5 regulates TGF-31-induced proliferation and activation of
hepatic stellate cells during hepatic fibrosis. Int. J. Biochem. Cell Biol. 2016, 70, 92-104. [CrossRef] [PubMed]

Liu, X.; Wu, Y,; Yang, Y.; Li, W.; Huang, C.; Meng, X.; Li, J. Role of NLRC5 in progression and reversal of hepatic fibrosis. Toxicol.
Appl. Pharmacol. 2016, 294, 43-53. [CrossRef]

Ma, H.L.; Zhao, X.E; Chen, G.Z,; Fang, R.H.; Zhang, F.R. Silencing NLRC5 inhibits extracellular matrix expression in keloid
fibroblasts via inhibition of transforming growth factor-31/Smad signaling pathway. Biomed. Pharmacother. 2016, 83, 1016-1021.
[CrossRef]

Zhou, H.; Yu, X.; Zhou, G. NLRCS5 silencing ameliorates cardiac fibrosis by inhibiting the TGF-1/Smad3 signaling pathway. Mol.
Med. Rep. 2017, 16, 3551-3556. [CrossRef]

Wang, B.; Wu, Y.; Ge, Z.; Zhang, X.; Yan, Y.; Xie, Y. NLRC5 deficiency ameliorates cardiac fibrosis in diabetic cardiomyopathy by
regulating EndMT through Smad2/3 signaling pathway. Biochem. Biophys. Res. Commun. 2020, 528, 545-553. [CrossRef]

Wang, S.; Zhao, X.; Yang, S.; Chen, B.; Shi, ]. Knockdown of NLRCS5 inhibits renal fibroblast activation via modulating TGF-31/
Smad signaling pathway. Eur. J. Pharmacol. 2018, 829, 38—43. [CrossRef] [PubMed]

Quenum, A.J.L; Shukla, A.; Rexhepi, F; Cloutier, M.; Ghosh, A.; Kufer, T.A.; Ramanathan, S.; llangumaran, S. NLRC5 Deficiency
Deregulates Hepatic Inflammatory Response but Does Not Aggravate Carbon Tetrachloride-Induced Liver Fibrosis. Front.
Immunol. 2021, 12, 749646. [CrossRef] [PubMed]

Zheng, Q.; Lei, Y.; Hui, S.; Tong, M.; Liang, L. HDAC3 promotes pulmonary fibrosis by activating NOTCH1 and STAT1 signaling
and up-regulating inflammasome components AIM2 and ASC. Cytokine 2022, 153, 155842. [CrossRef] [PubMed]

Wu, Y; Yang, H.; Xu, S.; Cheng, M.; Gu, J.; Zhang, W,; Liu, S.; Zhang, M. AIM2 inflammasome contributes to aldosterone-induced
renal injury via endoplasmic reticulum stress. Clin. Sci. 2022, 136, 103-120. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI32285
http://www.ncbi.nlm.nih.gov/pubmed/17992263
http://doi.org/10.4049/jimmunol.0803154
http://www.ncbi.nlm.nih.gov/pubmed/20007584
http://doi.org/10.1164/rccm.200808-1274OC
http://www.ncbi.nlm.nih.gov/pubmed/19218193
http://doi.org/10.1186/s13075-017-1331-z
http://doi.org/10.1084/jem.20092121
http://doi.org/10.1111/jcmm.12898
http://doi.org/10.1016/j.bbrc.2021.02.127
http://doi.org/10.1016/0378-4274(87)90121-4
http://doi.org/10.1016/0041-008X(88)90176-7
http://doi.org/10.1016/j.jid.2018.10.027
http://doi.org/10.1371/journal.pone.0188135
http://doi.org/10.1165/rcmb.2015-0009OC
http://www.ncbi.nlm.nih.gov/pubmed/25664495
http://doi.org/10.1152/physrev.00013.2007
http://doi.org/10.1007/s10735-018-9789-9
http://doi.org/10.1159/000491664
http://www.ncbi.nlm.nih.gov/pubmed/30001530
http://doi.org/10.1016/j.biocel.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26592197
http://doi.org/10.1016/j.taap.2016.01.012
http://doi.org/10.1016/j.biopha.2016.08.012
http://doi.org/10.3892/mmr.2017.6990
http://doi.org/10.1016/j.bbrc.2020.05.151
http://doi.org/10.1016/j.ejphar.2018.03.045
http://www.ncbi.nlm.nih.gov/pubmed/29608899
http://doi.org/10.3389/fimmu.2021.749646
http://www.ncbi.nlm.nih.gov/pubmed/34712238
http://doi.org/10.1016/j.cyto.2022.155842
http://www.ncbi.nlm.nih.gov/pubmed/35306425
http://doi.org/10.1042/CS20211075
http://www.ncbi.nlm.nih.gov/pubmed/34935888

Biomolecules 2022, 12, 634 18 of 26

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Arvia, R.; Margheri, E; Stincarelli, M.A.; Laurenzana, A.; Fibbi, G.; Gallinella, G.; Ferri, C.; Del Rosso, M.; Zakrzewska, K.
Parvovirus B19 activates in vitro normal human dermal fibroblasts: A possible implication in skin fibrosis and systemic sclerosis.
Rheumatology 2020, 59, 3526-3532. [CrossRef]

Jannitti, R.G.; Napolioni, V.; Oikonomou, V.; De Luca, A.; Galosi, C.; Pariano, M.; Massi-Benedetti, C.; Borghi, M.; Puccetti,
M.; Lucidi, V; et al. IL-1 receptor antagonist ameliorates inflammasome-dependent inflammation in murine and human cystic
fibrosis. Nat. Commun. 2016, 7, 10791. [CrossRef] [PubMed]

Zhu, Y,; Ni, T.; Deng, W,; Lin, J.; Zheng, L.; Zhang, C.; Luo, M. Effects of NLRP6 on the proliferation and activation of human
hepatic stellate cells. Exp. Cell Res. 2018, 370, 383-388. [CrossRef]

Li, M.; Chen, Y,; Shi, J.; Ju, W.; Qi, K; Fu, C.; Li, Z; Zhang, X.; Qiao, J.; Xu, K.; et al. NLRP6 deficiency aggravates liver injury after
allogeneic hematopoietic stem cell transplantation. Int. Immunopharmacol. 2019, 74, 105740. [CrossRef] [PubMed]

Thomas, P.G.; Dash, P.; Aldridge, ].R.; Ellebedy, A.H.; Reynolds, C.; Funk, A.]J.; Martin, W.J.; Lamkanfi, M.; Webby, R.].; Boyd,
K.L.; et al. The intracellular sensor NLRP3 mediates key innate and healing responses to influenza A virus via the regulation of
caspase-1. Immunity 2009, 30, 566-575. [CrossRef] [PubMed]

Gross, O.; Poeck, H.; Bscheider, M.; Dostert, C.; Hannesschléger, N.; Endres, S.; Hartmann, G.; Tardivel, A.; Schweighoffer, E.;
Tybulewicz, V; et al. Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host defence. Nature 2009, 459,
433-436. [CrossRef]

Shio, M.T.; Eisenbarth, S.C.; Savaria, M.; Vinet, A.F,; Bellemare, M.].; Harder, K.W.; Sutterwala, ES.; Bohle, D.S.; Descoteaux, A.;
Flavell, R.A.; et al. Malarial hemozoin activates the NLRP3 inflammasome through Lyn and Syk kinases. PLoS Pathog. 2009, 5,
€1000559. [CrossRef]

Ran, S;; Huang, J.; Liu, B.; Gu, S.; Jiang, W.; Liang, J. Enterococcus Faecalis activates NLRP3 inflammasomes leading to increased
interleukin-1 beta secretion and pyroptosis of THP-1 macrophages. Microb. Pathog. 2021, 154, 104761. [CrossRef] [PubMed]
Feldman, N.; Rotter-Maskowitz, A.; Okun, E. DAMPs as mediators of sterile inflammation in aging-related pathologies. Ageing
Res. Rev. 2015, 24, 29-39. [CrossRef] [PubMed]

Garcia-Martinez, I.; Shaker, M.E.; Mehal, W.Z. Therapeutic Opportunities in Damage-Associated Molecular Pattern-Driven
Metabolic Diseases. Antiox. Redox Signal. 2015, 23, 1305-1315. [CrossRef] [PubMed]

Louvrier, C.; Assrawi, E.; El Khouri, E.; Melki, I.; Copin, B.; Bourrat, E.; Lachaume, N.; Cador-Rousseau, B.; Duquesnoy, P;
Piterboth, W.; et al. NLRP3-associated autoinflammatory diseases: Phenotypic and molecular characteristics of germline versus
somatic mutations. . Allergy Clin. Immunol. 2020, 145, 1254-1261. [CrossRef]

Martinon, E; Petrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J. Gout-associated uric acid crystals activate the NALP3 inflammasome.
Nature 2006, 440, 237-241. [CrossRef] [PubMed]

Gold, M.; El Khoury, J. Beta-amyloid, microglia, and the inflammasome in Alzheimer’s disease. Sem. Immunopathol. 2015, 37,
607-611. [CrossRef] [PubMed]

Lee, HM.; Kim, ].J.; Kim, H.J.; Shong, M.; Ku, B.].; Jo, E.K. Upregulated NLRP3 inflammasome activation in patients with type 2
diabetes. Diabetes 2013, 62, 194-204. [CrossRef]

Li, A.;; Zhang, S.; Li, ].; Liu, K,; Huang, F; Liu, B. Metformin and resveratrol inhibit Drpl-mediated mitochondrial fission and
prevent ER stress-associated NLRP3 inflammasome activation in the adipose tissue of diabetic mice. Mol. Cell. Endocrinol. 2016,
434, 36-47. [CrossRef]

Liu, H.; Gu, C; Liu, M,; Liu, G.; Wang, Y. NEK7 mediated assembly and activation of NLRP3 inflammasome downstream of
potassium efflux in ventilator-induced lung injury. Biochem. Pharmacol. 2020, 177, 113998. [CrossRef]

He, Y;; Zeng, M.Y,; Yang, D.; Motro, B.; Nufiez, G. NEK7 is an essential mediator of NLRP3 activation downstream of potassium
efflux. Nature 2016, 530, 354-357. [CrossRef]

Shi, H.; Wang, Y.; Li, X.; Zhan, X.; Tang, M.; Fina, M.; Su, L.; Pratt, D.; Bu, C.H.; Hildebrand, S.; et al. NLRP3 activation and
mitosis are mutually exclusive events coordinated by NEK7, a new inflammasome component. Nat. Immunol. 2016, 17, 250-258.
[CrossRef] [PubMed]

Sun, L.; Ma, W.; Gao, W.; Xing, Y.; Chen, L.; Xia, Z.; Zhang, Z.; Dai, Z. Propofol directly induces caspase-1-dependent macrophage
pyroptosis through the NLRP3-ASC inflammasome. Cell Death Dis. 2019, 10, 542. [CrossRef] [PubMed]

Nagar, A.; Rahman, T.; Harton, ].A. The ASC Speck and NLRP3 Inflammasome Function Are Spatially and Temporally Distinct.
Front. Immunol. 2021, 12, 752482. [CrossRef] [PubMed]

Tapia-Abellan, A.; Angosto-Bazarra, D.; Alarcon-Vila, C.; Bafios, M.C.; Hafner-Bratkovig, I.; Oliva, B.; Pelegrin, P. Sensing low
intracellular potassium by NLRP3 results in a stable open structure that promotes inflammasome activation. Sci. Adv. 2021, 7,
eabf4468. [CrossRef]

Liu, C.; Hermann, T.E. Characterization of ionomycin as a calcium ionophore. J. Biol. Chem. 1978, 253, 5892-5894. [CrossRef]
Kauffman, R.E; Taylor, R W,; Pfeiffer, D.R. Cation transport and specificity of ionomycin. Comparison with ionophore A23187 in
rat liver mitochondria. J. Biol. Chem. 1980, 255, 2735-2739. [CrossRef]

Kaslick, R.S.; Chasens, A.L; Mandel, 1.D.; Weinstein, D.; Waldman, R.; Pluhar, T.; Lazzara, R. Quantitative analysis of sodium,
potassium and calcium in gingival fluid from gingiva in varying degrees of inflammation. J. Periodontol. 1970, 41, 93-97. [CrossRef]
Abbasian, B.; Shair, A.; O’'Gorman, D.B.; Pena-Diaz, A.M.; Brennan, L.; Engelbrecht, K.; Koenig, D.W.; Reid, G.; Burton, J.P.
Potential Role of Extracellular ATP Released by Bacteria in Bladder Infection and Contractility. Msphere 2019, 4, e00439-19.
[CrossRef]


http://doi.org/10.1093/rheumatology/keaa230
http://doi.org/10.1038/ncomms10791
http://www.ncbi.nlm.nih.gov/pubmed/26972847
http://doi.org/10.1016/j.yexcr.2018.06.040
http://doi.org/10.1016/j.intimp.2019.105740
http://www.ncbi.nlm.nih.gov/pubmed/31301646
http://doi.org/10.1016/j.immuni.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19362023
http://doi.org/10.1038/nature07965
http://doi.org/10.1371/annotation/abca067d-b82b-4de6-93c5-0fcc38e3df05
http://doi.org/10.1016/j.micpath.2021.104761
http://www.ncbi.nlm.nih.gov/pubmed/33524566
http://doi.org/10.1016/j.arr.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25641058
http://doi.org/10.1089/ars.2015.6383
http://www.ncbi.nlm.nih.gov/pubmed/26055926
http://doi.org/10.1016/j.jaci.2019.11.035
http://doi.org/10.1038/nature04516
http://www.ncbi.nlm.nih.gov/pubmed/16407889
http://doi.org/10.1007/s00281-015-0518-0
http://www.ncbi.nlm.nih.gov/pubmed/26251237
http://doi.org/10.2337/db12-0420
http://doi.org/10.1016/j.mce.2016.06.008
http://doi.org/10.1016/j.bcp.2020.113998
http://doi.org/10.1038/nature16959
http://doi.org/10.1038/ni.3333
http://www.ncbi.nlm.nih.gov/pubmed/26642356
http://doi.org/10.1038/s41419-019-1761-4
http://www.ncbi.nlm.nih.gov/pubmed/31316052
http://doi.org/10.3389/fimmu.2021.752482
http://www.ncbi.nlm.nih.gov/pubmed/34745125
http://doi.org/10.1126/sciadv.abf4468
http://doi.org/10.1016/S0021-9258(17)34550-7
http://doi.org/10.1016/S0021-9258(19)85799-X
http://doi.org/10.1902/jop.1970.41.2.93
http://doi.org/10.1128/mSphere.00439-19

Biomolecules 2022, 12, 634 19 of 26

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.
91.
92.

93.
94.
95.

Tzimas, G.N.; Afshar, M.; Emadali, A.; Chevet, E.; Vali, H.; Metrakos, P.P. Correlation of cell necrosis and tissue calcification with
ischemia/reperfusion injury after liver transplantation. Transplant. Proc. 2004, 36, 1766-1768. [CrossRef]

Rossol, M; Pierer, M.; Raulien, N.; Quandt, D.; Meusch, U.; Rothe, K.; Schubert, K.; Schoneberg, T.; Schaefer, M.; Krugel, U.; et al.
Extracellular Ca?* is a danger signal activating the NLRP3 inflammasome through G protein-coupled calcium sensing receptors.
Nat. Commun. 2012, 3, 1329. [CrossRef] [PubMed]

Lee, G.S.; Subramanian, N.; Kim, A.L; Aksentijevich, I.; Goldbach-Mansky, R.; Sacks, D.B.; Germain, R.N.; Kastner, D.L.; Chae, ].J.
The calcium-sensing receptor regulates the NLRP3 inflammasome through Ca?* and cAMP. Nature 2012, 492, 123-127. [CrossRef]
[PubMed]

Ren, Z.; Yang, K.; Zhao, M.; Liu, W.; Zhang, X.; Chi, J.; Shi, Z.; Zhang, X.; Fu, Y.; Liu, Y,; et al. Calcium-Sensing Receptor on
Neutrophil Promotes Myocardial Apoptosis and Fibrosis After Acute Myocardial Infarction via NLRP3 Inflammasome Activation.
Can. J. Cardiol. 2020, 36, 893-905. [CrossRef] [PubMed]

Liu, C.C.; Miao, Y.; Chen, R.L.; Zhang, Y.Q.; Wu, H.; Yang, S.M.; Shang, L.Q. STIM1 mediates IAV-induced inflammation of lung
epithelial cells by regulating NLRP3 and inflammasome activation via targeting miR-223. Life Sci. 2021, 266, 118845. [CrossRef]
Murakami, T.; Ockinger, J.; Yu, J.; Byles, V.; McColl, A.; Hofer, A.M.; Horng, T. Critical role for calcium mobilization in activation
of the NLRP3 inflammasome. Proc. Nat. Acad. Sci. USA 2012, 109, 11282-11287. [CrossRef]

Ross, G.R.; Bajwa, T., Jr.; Edwards, S.; Emelyanova, L.; Rizvi, F.; Holmuhamedov, E.L.; Werner, P.; Downey, EX.; Tajik, A.J.;
Jahangir, A. Enhanced store-operated Ca®* influx and ORAI1 expression in ventricular fibroblasts from human failing heart. Biol.
Open 2017, 6, 326-332. [CrossRef]

Matsuda, H.; Mori, T.; Kurumazuka, D.; Kitada, K.; Hayashi, T.; Nagatoya, K.; Inoue, T.; Ukimura, A.; Matsumura, Y.; Ishizaka, N.;
et al. Inhibitory effects of T/L-type calcium channel blockers on tubulointerstitial fibrosis in obstructed kidneys in rats. Urology
2011, 77, 249.€9-249.e15. [CrossRef]

Ma, X,; Chang, Y.; Xiong, Y.; Wang, Z.; Wang, X.; Xu, Q. Eplerenone Ameliorates Cell Pyroptosis in Contralateral Kidneys of Rats
with Unilateral Ureteral Obstruction. Nephron 2019, 142, 233-242. [CrossRef]

Follonier, L.; Schaub, S.; Meister, ].].; Hinz, B. Myofibroblast communication is controlled by intercellular mechanical coupling. J.
Cell Sci. 2008, 121, 3305-3316. [CrossRef]

Mukherjee, S.; Kolb, M.R.; Duan, E; Janssen, L.]. Transforming growth factor-3 evokes Ca?* waves and enhances gene expression
in human pulmonary fibroblasts. Am. J. Respir. Cell Mol. Biol. 2012, 46, 757-764. [CrossRef]

Mukherjee, S.; Duan, F.; Kolb, M.R.; Janssen, L.]. Platelet derived growth factor-evoked Ca?* wave and matrix gene expression
through phospholipase C in human pulmonary fibroblast. Int. J. Biochem. Cell Biol. 2013, 45, 1516-1524. [CrossRef] [PubMed]
Janssen, L.J.; Mukherjee, S.; Ask, K. Calcium Homeostasis and Ionic Mechanisms in Pulmonary Fibroblasts. Am. J. Respir. Cell
Mol. Biol. 2015, 53, 135-148. [CrossRef]

Mukherjee, S.; Sheng, W.; Michkov, A.; Sriarm, K.; Sun, R.; Dvorkin-Gheva, A ; Insel, P.A.; Janssen, L.]. Prostaglandin E, inhibits
profibrotic function of human pulmonary fibroblasts by disrupting Ca* signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 2019,
316, L810-L821. [CrossRef] [PubMed]

Li, K.; Zhao, J.; Wang, M.; Niu, L.; Wang, Y.; Li, Y.; Zheng, Y. The Roles of Various Prostaglandins in Fibrosis: A Review.
Biomolecules 2021, 11, 789. [CrossRef]

Py, B.F; Jin, M.; Desai, B.N.; Penumaka, A.; Zhu, H.; Kober, M.; Dietrich, A.; Lipinski, M.M.; Henry, T.; Clapham, D.E.; et al.
Caspase-11 controls interleukin-1f release through degradation of TRPC1. Cell Rep. 2014, 6, 1122-1128. [CrossRef]

Thacker, ].D.; Brown, M.A,; Rest, R.E; Purohit, M.; Sassi-Gaha, S.; Artlett, C.M. 1-Peptidyl-2-arachidonoyl-3-stearoyl-sn-glyceride:
An immunologically active lipopeptide from goat serum (Capra hircus) is an endogenous damage-associated molecular pattern. J.
Nat. Prod. 2009, 72, 1993-1999. [CrossRef]

Overley-Adamson, B.; Artlett, C.M.; Stephens, C.; Sassi-Gaha, S.; Weis, R.D.; Thacker, ].D. Targeting the unfolded protein response,
XBP1, and the NLRP3 inflammasome in fibrosis and cancer. Cancer Biol. Ther. 2014, 15, 452-462. [CrossRef]

Tanaka, K.I; Niino, T.; Ishihara, T.; Takafuji, A.; Takayama, T.; Kanda, Y.; Sugizaki, T.; Tamura, F.; Kurotsu, S.; Kawahara, M.; et al.
Protective and therapeutic effect of felodipine against bleomycin-induced pulmonary fibrosis in mice. Sci. Rep. 2017, 7, 3439.
[CrossRef]

Della Bella, S.; Molteni, M.; Mascagni, B.; Zulian, C.; Compasso, S.; Scorza, R. Cytokine production in scleroderma patients:
Effects of therapy with either iloprost or nifedipine. Clin. Exp. Rheumatol. 1997, 15, 135-141.

Li, G.; Adachi, ].D.; Cheng, ].; Thabane, L.; Hudson, M.; Fritzler, M.].; Lorenzi, S.; Baron, M.; Larché, M. Relationship between
calcium channel blockers and skin fibrosis in patients with systemic sclerosis. Clin. Exp. Rheumatol. 2017, 35 (Suppl. 106), 56-60.
Valenzuela, A.; Song, P.; Chung, L. Calcinosis in scleroderma. Curr. Opin. Rheumatol. 2018, 30, 554-561. [CrossRef] [PubMed]
Xu, K;; Xie, S.; Huang, Y.; Zhou, T.; Liu, M.; Zhu, P.; Wang, C.; Shi, J.; Li, F; Sellke, EW.; et al. Cell-Type Transcriptome Atlas of
Human Aortic Valves Reveal Cell Heterogeneity and Endothelial to Mesenchymal Transition Involved in Calcific Aortic Valve
Disease. Arterio. Throm. Vasc. Biol. 2020, 40, 2910-2921. [CrossRef] [PubMed]

Sokhn, S.; Nasseh, I. Dermal fibrosis and calcification secondary to burn injury. Quintessence Int. 2009, 40, 503-506. [PubMed]
Coskey, R.J.; Mehregan, A.H. Calcinosis cutis in a burn scar. J. Am. Acad. Dermatol. 1984, 11, 666—-668. [CrossRef]

Gera, K; Pilaniya, V.; Shah, A. Silicosis: Progressive massive fibrosis with eggshell calcification. BM] Case Rep. 2014, 2014,
bcr2014206376. [CrossRef]


http://doi.org/10.1016/j.transproceed.2004.06.013
http://doi.org/10.1038/ncomms2339
http://www.ncbi.nlm.nih.gov/pubmed/23271661
http://doi.org/10.1038/nature11588
http://www.ncbi.nlm.nih.gov/pubmed/23143333
http://doi.org/10.1016/j.cjca.2019.09.026
http://www.ncbi.nlm.nih.gov/pubmed/32224080
http://doi.org/10.1016/j.lfs.2020.118845
http://doi.org/10.1073/pnas.1117765109
http://doi.org/10.1242/bio.022632
http://doi.org/10.1016/j.urology.2010.07.496
http://doi.org/10.1159/000497489
http://doi.org/10.1242/jcs.024521
http://doi.org/10.1165/rcmb.2011-0223OC
http://doi.org/10.1016/j.biocel.2013.04.018
http://www.ncbi.nlm.nih.gov/pubmed/23618877
http://doi.org/10.1165/rcmb.2014-0269TR
http://doi.org/10.1152/ajplung.00403.2018
http://www.ncbi.nlm.nih.gov/pubmed/30758990
http://doi.org/10.3390/biom11060789
http://doi.org/10.1016/j.celrep.2014.02.015
http://doi.org/10.1021/np900360m
http://doi.org/10.4161/cbt.27820
http://doi.org/10.1038/s41598-017-03676-y
http://doi.org/10.1097/BOR.0000000000000539
http://www.ncbi.nlm.nih.gov/pubmed/30124603
http://doi.org/10.1161/ATVBAHA.120.314789
http://www.ncbi.nlm.nih.gov/pubmed/33086873
http://www.ncbi.nlm.nih.gov/pubmed/19587892
http://doi.org/10.1016/S0190-9622(84)80406-5
http://doi.org/10.1136/bcr-2014-206376

Biomolecules 2022, 12, 634 20 of 26

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Young, C.N.J.; Gosselin, M.R.F,; Rumney, R.; Oksiejuk, A.; Chira, N.; Bozycki, L.; Matryba, P; Lukasiewicz, K.; Kao, A.P.; Dunlop,
J.; et al. Total Absence of Dystrophin Expression Exacerbates Ectopic Myofiber Calcification and Fibrosis and Alters Macrophage
Infiltration Patterns. Am. . Pathol. 2020, 190, 190-205. [CrossRef]

Kikkawa, N.; Ohno, T.; Nagata, Y.; Shiozuka, M.; Kogure, T.; Matsuda, R. Ectopic calcification is caused by elevated levels of
serum inorganic phosphate in mdx mice. Cell Struct. Funct. 2009, 34, 77-88. [CrossRef]

Petrilli, V.; Papin, S.; Dostert, C.; Mayor, A.; Martinon, F.; Tschopp, J. Activation of the NALP3 inflammasome is triggered by low
intracellular potassium concentration. Cell Death Diff. 2007, 14, 1583-1589. [CrossRef]

Mufioz-Planillo, R.; Kuffa, P.; Martinez-Colén, G.; Smith, B.L.; Rajendiran, T.M.; Nufiez, G. K* efflux is the common trigger of
NLRP3 inflammasome activation by bacterial toxins and particulate matter. Immunity 2013, 38, 1142-1153. [CrossRef]

Franchi, L.; Eigenbrod, T.; Mufioz-Planillo, R.; Ozkurede, U.; Kim, Y.G.; Arindam, C.; Gale, M., Jr.; Silverman, R.H.; Colonna, M.;
Akira, S.; et al. Cytosolic double-stranded RNA activates the NLRP3 inflammasome via MAVS-induced membrane permeabiliza-
tion and K* efflux. J. Immunol. 2014, 193, 4214-4222. [CrossRef]

Arlehamn, C.S.; Pétrilli, V.; Gross, O.; Tschopp, J.; Evans, T.J. The role of potassium in inflammasome activation by bacteria. J. Biol.
Chem. 2010, 285, 10508-10518. [CrossRef] [PubMed]

Wang, W.; Zhang, X.; Gao, Q.; Lawas, M.; Yu, L.; Cheng, X.; Gu, M; Sahoo, N.; Li, X; Li, P; et al. A voltage-dependent K* channel
in the lysosome is required for refilling lysosomal Ca?* stores. J. Cell Biol. 2017, 216, 1715-1730. [CrossRef] [PubMed]

Jinn, S.; Drolet, R.E.; Cramer, PE.; Wong, A.H.; Toolan, D.M.; Gretzula, C.A.; Voleti, B.; Vassileva, G.; Disa, ].; Tadin-Strapps, M.;
et al. TMEM175 deficiency impairs lysosomal and mitochondrial function and increases o-synuclein aggregation. Proc. Nat. Acad.
Sci. USA 2017, 114, 2389-2394. [CrossRef]

Lauterbach, M.A.; Saavedra, V.; Mangan, M.S.J.; Penno, A.; Thiele, C.; Latz, E.; Kuerschner, L. 1-Deoxysphingolipids cause
autophagosome and lysosome accumulation and trigger NLRP3 inflammasome activation. Autophagy 2021, 17, 1947-1961.
[CrossRef]

Yu, J.; Nagasu, H.; Murakami, T.; Hoang, H.; Broderick, L.; Hoffman, HM.; Horng, T. Inflammasome activation leads to
Caspase-1-dependent mitochondrial damage and block of mitophagy. Proc. Nat. Acad. Sci. USA 2014, 111, 15514-15519.
[CrossRef]

Horng, T. Calcium signaling and mitochondrial destabilization in the triggering of the NLRP3 inflammasome. Trends Immunol.
2014, 35, 253-261. [CrossRef]

Moreira-Souza, A.C.A.; Almeida-da-Silva, C.L.C.; Rangel, T.P,; Rocha, G.D.C; Bellio, M.; Zamboni, D.S.; Vommaro, R.C.; Coutinho-
Silva, R. The P2X7 Receptor Mediates Toxoplasma gondii Control in Macrophages through Canonical NLRP3 Inflammasome
Activation and Reactive Oxygen Species Production. Front. Immunol. 2017, 8, 1257. [CrossRef]

Yaron, J.R.; Gangaraju, S.; Rao, M.Y.; Kong, X.; Zhang, L.; Su, F; Tian, Y.; Glenn, H.L.; Meldrum, D.R. K* regulates Ca?* to drive
inflammasome signaling: Dynamic visualization of ion flux in live cells. Cell Death Dis. 2015, 6, €1954. [CrossRef]

Zheng, R.; Tao, L,; Jian, H.; Chang, Y.; Cheng, Y.; Feng, Y.; Zhang, H. NLRP3 inflammasome activation and lung fibrosis caused by
airborne fine particulate matter. Ecotoxicol. Environ. Saf. 2018, 163, 612-619. [CrossRef]

Marchioni, A.; Tonelli, R.; Rossi, G.; Spagnolo, P.; Luppi, F.; Cerri, S.; Cocconcelli, E.; Pellegrino, M.R,; Fantini, R.; Tabbi, L.; et al.
Ventilatory support and mechanical properties of the fibrotic lung acting as a “squishy ball”. Ann. Intensive Care 2020, 10, 13.
[CrossRef]

Marchioni, A.; Tonelli, R.; Cerri, S.; Castaniere, I.; Andrisani, D.; Gozzi, F,; Bruzzi, G.; Manicardi, L.; Moretti, A.; Demurtas, J.; et al.
Pulmonary Stretch and Lung Mechanotransduction: Implications for Progression in the Fibrotic Lung. Int. ]. Mol. Sci. 2021, 22,
6443. [CrossRef]

GroB, O,; Yazdi, A.S.; Thomas, C.J.; Masin, M.; Heinz, L.X.; Guarda, G.; Quadroni, M.; Drexler, S.K.; Tschopp, J. Inflammasome
activators induce interleukin-lalpha secretion via distinct pathways with differential requirement for the protease function of
caspase-1. Immunity 2012, 36, 388—400.

Bubolz, A.H.; Wu, Q.; Larsen, B.T.; Gutterman, D.D.; Liu, Y. Ebselen reduces nitration and restores voltage-gated potassium
channel function in small coronary arteries of diabetic rats. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H2231-H2237. [CrossRef]
Tanner, M.R.; Pennington, M.W.; Laragione, T.; Gulko, P.S.; Beeton, C. Kc,1.1 channels regulate 31-integrin function and cell
adhesion in rheumatoid arthritis fibroblast-like synoviocytes. FASEB J. 2017, 31, 3309-3320. [CrossRef]

Ohya, S.; Kito, H. Ca%*-Activated K* Channel K,3.1 as a Therapeutic Target for Inmune Disorders. Biolog. Pharm. Bull. 2018, 41,
1158-1163. [CrossRef]

Wang, J.; Xiang, M. Targeting potassium channels Kv1.3 and K¢, 3.1: Routes to selective immunomodulators in autoimmune
disorder treatment? Pharmacotherapy 2013, 33, 515-528. [CrossRef]

Dalsgaard, T.; Kroigaard, C.; Simonsen, U. Calcium-activated potassium channels—A therapeutic target for modulating nitric
oxide in cardiovascular disease? Expert Opin. Ther. Targets 2010, 14, 825-837. [CrossRef]

Gu, M,; Zhu, Y;; Yin, X.; Zhang, D.M. Small-conductance Ca?*-activated K* channels: Insights into their roles in cardiovascular
disease. Exp. Mol. Med. 2018, 50, 1-7. [CrossRef]

Eugenia Schroeder, M.; Russo, S.; Costa, C.; Hori, J.; Tiscornia, I.; Bollati-Fogolin, M.; Zamboni, D.S.; Ferreira, G.; Cairoli, E.; Hill,
M. Pro-inflammatory Ca**-activated K* channels are inhibited by hydroxychloroquine. Sci. Rep. 2017, 7, 1892. [CrossRef]
Scruggs, A.M.; Grabauskas, G.; Huang, S.K. The Role of KCNMB1 and BK Channels in Myofibroblast Differentiation and
Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol. 2020, 62, 191-203. [CrossRef]


http://doi.org/10.1016/j.ajpath.2019.09.021
http://doi.org/10.1247/csf.08039
http://doi.org/10.1038/sj.cdd.4402195
http://doi.org/10.1016/j.immuni.2013.05.016
http://doi.org/10.4049/jimmunol.1400582
http://doi.org/10.1074/jbc.M109.067298
http://www.ncbi.nlm.nih.gov/pubmed/20097760
http://doi.org/10.1083/jcb.201612123
http://www.ncbi.nlm.nih.gov/pubmed/28468834
http://doi.org/10.1073/pnas.1616332114
http://doi.org/10.1080/15548627.2020.1804677
http://doi.org/10.1073/pnas.1414859111
http://doi.org/10.1016/j.it.2014.02.007
http://doi.org/10.3389/fimmu.2017.01257
http://doi.org/10.1038/cddis.2015.277
http://doi.org/10.1016/j.ecoenv.2018.07.076
http://doi.org/10.1186/s13613-020-0632-6
http://doi.org/10.3390/ijms22126443
http://doi.org/10.1152/ajpheart.00717.2007
http://doi.org/10.1096/fj.201601097R
http://doi.org/10.1248/bpb.b18-00078
http://doi.org/10.1002/phar.1236
http://doi.org/10.1517/14728222.2010.500616
http://doi.org/10.1038/s12276-018-0043-z
http://doi.org/10.1038/s41598-017-01836-8
http://doi.org/10.1165/rcmb.2019-0163OC

Biomolecules 2022, 12, 634 21 of 26

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Xie, H.; Lu, J.; Zhu, Y.; Meng, X.; Wang, R. The Kc,3.1 blocker TRAM-34 inhibits proliferation of fibroblasts in paraquat-induced
pulmonary fibrosis. Toxicol. Lett. 2018, 295, 408-415. [CrossRef]

Huang, C.; Shen, S.; Ma, Q.; Gill, A.; Pollock, C.A.; Chen, X.M. K¢,3.1 mediates activation of fibroblasts in diabetic renal interstitial
fibrosis. Nephrol. Dialysis Transplant. 2014, 29, 313-324. [CrossRef]

Zhao, L.M.; Wang, L.P.; Wang, H.F,; Ma, X.Z.; Zhou, D.X.; Deng, X.L. The role of Kc,3.1 channels in cardiac fibrosis induced by
pressure overload in rats. Pflugers Arch. 2015, 467, 2275-2285. [CrossRef]

Sevelsted Moller, L.; Fialla, A.D.; Schierwagen, R.; Biagini, M.; Liedtke, C.; Laleman, W.; Klein, S.; Reul, W.; Koch Hansen, L.;
Rabjerg, M.; et al. The calcium-activated potassium channel K¢,3.1 is an important modulator of hepatic injury. Sci. Rep. 2016, 6,
28770. [CrossRef]

Grgic, I; Kiss, E.; Kaistha, B.P.; Busch, C.; Kloss, M.; Sautter, J.; Miiller, A.; Kaistha, A.; Schmidt, C.; Raman, G.; et al. Renal fibrosis
is attenuated by targeted disruption of Kc,3.1 potassium channels. Proc. Nat. Acad. Sci. USA 2009, 106, 14518-14523. [CrossRef]
Domingo-Fernandez, R.; Coll, R.C.; Kearney, J.; Breit, S.; O'Neill, L.A.]J. The intracellular chloride channel proteins CLIC1 and
CLIC4 induce IL-1p transcription and activate the NLRP3 inflammasome. J. Biol. Chem. 2017, 292, 12077-12087. [CrossRef]
Tang, T.; Lang, X.; Xu, C.; Wang, X.; Gong, T.; Yang, Y.; Cui, J.; Bai, L.; Wang, ].; Jiang, W.; et al. CLICs-dependent chloride efflux is
an essential and proximal upstream event for NLRP3 inflammasome activation. Nat. Commun. 2017, 8, 202. [CrossRef]

Wasson, C.W.; Caballero-Ruiz, B.; Gillespie, J.; Derrett-Smith, E.; Mankouri, J.; Denton, C.P; Canettieri, G.; Riobo-Del Galdo, N.A;
Del Galdo, F. Induction of Pro-Fibrotic CLIC4 in Dermal Fibroblasts by TGF-3/Wnt3a Is Mediated by GLI2 Upregulation. Cells
2022, 11, 530. [CrossRef]

Chen, J.; Chen, T.; Zhou, J.; Zhao, X.; Sheng, Q.; Lv, Z. MiR-146a-5p Mimic Inhibits NLRP3 Inflammasome Downstream
Inflammatory Factors and CLIC4 in Neonatal Necrotizing Enterocolitis. Front. Cell Dev. Biol. 2020, 8, 594143. [CrossRef]

Yao, Q.; Qu, X,; Yang, Q.; Wei, M.; Kong, B. CLIC4 mediates TGF-betal-induced fibroblast-to-myofibroblast transdifferentiation in
ovarian cancer. Oncol. Rep. 2009, 22, 541-548. [CrossRef]

Zhou, R;; Yazdi, A.S.; Menu, P.; Tschopp, J. A role for mitochondria in NLRP3 inflammasome activation. Nature 2011, 469, 221-225.
[CrossRef]

Nakahira, K.; Haspel, ].A.; Rathinam, V.A.; Lee, S.J.; Dolinay, T.; Lam, H.C.; Englert, ].A.; Rabinovitch, M.; Cernadas, M.; Kim,
H.P; et al. Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated by
the NALP3 inflammasome. Nat. Immunol. 2011, 12, 222-230. [CrossRef]

Dostert, C.; Petrilli, V.; van Bruggen, R.; Steele, C.; Mossman, B.T.; Tschopp, J. Innate immune activation through NALP3
inflammasome sensing of asbestos and silica. Science 2008, 320, 674-677. [CrossRef]

Cassel, S.L.; Eisenbarth, S.C.; Lyer, S.S.; Sadler, ].].; Colegio, O.R.; Tephly, L.A.; Carter, A.B.; Rothman, P.B.; Flavell, R.A.; Sutterwala,
F.S. The NALP3 inflammasome is essential for the development of silicosis. Proc. Natl. Acad. Sci. USA 2008, 105, 9035-9040.
[CrossRef]

Cruz, CM,; Rinna, A.; Forman, H.J.; Ventura, A.L.; Persechini, PM.; Ojcius, D.M. ATP activates a reactive oxygen species-
dependent oxidative stress response and secretion of proinflammatory cytokines in macrophages. J. Biol. Chem. 2007, 282,
2871-2879. [CrossRef]

Kowaltowski, A J.; de Souza-Pinto, N.C.; Castilho, R.E,; Vercesi, A.E. Mitochondria and reactive oxygen species. Free Rad. Biol.
Med. 2009, 47, 333-343. [CrossRef]

Zhao, S.C.E; Yin, Q.; Wang, D.; Han, W.; Zhang, Y. Reactive Oxygen Species Interact With NLRP3 Inflammasomes and Are
Involved in the Inflammation of Sepsis: From Mechanism to Treatment of Progression. Front. Physiol. 2020, 11, 571810. [CrossRef]
Heid, M.E.; Keyel, P.A.; Kamga, C.; Shiva, S.; Watkins, S.C.; Salter, R.D. Mitochondrial Reactive Oxygen Species Induces
NLRP3-Dependent Lysosomal Damage and Inflammasome Activation. J. Immunol. 2013, 191, 5230-5238. [CrossRef]

Zhou, R;; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome
activation. Nat. Immunol. 2010, 11, 136-140. [CrossRef]

Liu, X.; Zhang, X; Ding, Y.; Zhou, W,; Tao, L.; Lu, P; Wang, Y.; Hu, R. Nuclear Factor E2-Related Factor-2 Negatively Regulates
NLRP3 Inflammasome Activity by Inhibiting Reactive Oxygen Species-Induced NLRP3 Priming. Antiox. Redox Signal. 2017, 26,
28-43. [CrossRef]

Chen, P; Pei, J.; Wang, X.; Tai, S.; Tang, L.; Hu, X. Gut bacterial metabolite Urolithin A inhibits myocardial fibrosis through
activation of Nrf2 pathway in vitro and in vivo. Mol. Med. 2022, 28, 19. [CrossRef]

Li, S.; Wang, R.; Song, F.; Chen, P,; Gu, Y.; Chen, C.; Yuan, Y. Salvianolic acid A suppresses CCls-induced liver fibrosis through
regulating the Nrf2/HO-1, NF-«kB/IkB«x, p38 MAPK, and JAK1/STAT3 signaling pathways. Drug Chem. Toxicol. 2022, 1-10.
[CrossRef]

Luo, L.P; Suo, P; Ren, L.L.; Liu, H].; Zhang, Y.; Zhao, Y.Y. Shenkang Injection and Its Three Anthraquinones Ameliorates
Renal Fibrosis by Simultaneous Targeting IkB/NF-«kB and Keap1/Nrf2 Signaling Pathways. Front. Pharmacol. 2021, 12, 800522.
[CrossRef]

Sanchez-Gloria, J.L.; Martinez-Olivares, C.E.; Rojas-Morales, P.; Hernandez-Pando, R.; Carb¢, R.; Rubio-Gayosso, I.; Arellano-
Buendia, A.S.; Rada, K.M.; Sanchez-Mufioz, E; Osorio-Alonso, H. Anti-Inflammatory Effect of Allicin Associated with Fibrosis in
Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2021, 22, 8600. [CrossRef]

Dai, Y.; Zhang, J.; Xiang, J.; Li, Y.; Wu, D.; Xu, J. Calcitriol inhibits ROS-NLRP3-IL-1f signaling axis via activation of Nrf2-
antioxidant signaling in hyperosmotic stress stimulated human corneal epithelial cells. Redox Biol. 2019, 21, 101093. [CrossRef]


http://doi.org/10.1016/j.toxlet.2018.07.020
http://doi.org/10.1093/ndt/gft431
http://doi.org/10.1007/s00424-015-1694-4
http://doi.org/10.1038/srep28770
http://doi.org/10.1073/pnas.0903458106
http://doi.org/10.1074/jbc.M117.797126
http://doi.org/10.1038/s41467-017-00227-x
http://doi.org/10.3390/cells11030530
http://doi.org/10.3389/fcell.2020.594143
http://doi.org/10.3892/or_00000469
http://doi.org/10.1038/nature09663
http://doi.org/10.1038/ni.1980
http://doi.org/10.1126/science.1156995
http://doi.org/10.1073/pnas.0803933105
http://doi.org/10.1074/jbc.M608083200
http://doi.org/10.1016/j.freeradbiomed.2009.05.004
http://doi.org/10.3389/fphys.2020.571810
http://doi.org/10.4049/jimmunol.1301490
http://doi.org/10.1038/ni.1831
http://doi.org/10.1089/ars.2015.6615
http://doi.org/10.1186/s10020-022-00444-1
http://doi.org/10.1080/01480545.2022.2028822
http://doi.org/10.3389/fphar.2021.800522
http://doi.org/10.3390/ijms22168600
http://doi.org/10.1016/j.redox.2018.101093

Biomolecules 2022, 12, 634 22 of 26

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Hooftman, A.; Angiari, S.; Hester, S.; Corcoran, S.E.; Runtsch, M.C.; Ling, C.; Ruzek, M.C.; Slivka, P.F.; McGettrick, A .F; Banahan,
K.; et al. The Inmunomodulatory Metabolite Itaconate Modifies NLRP3 and Inhibits Inflammasome Activation. Cell Metab. 2020,
32,468-478.467. [CrossRef]

Juliana, C.; Fernandes-Alnemri, T.; Kang, S.; Farias, A.; Qin, F.; Alnemri, E.S. Non-transcriptional priming and deubiquitination
regulate NLRP3 inflammasome activation. J. Biol. Chem. 2012, 287, 36617-36622. [CrossRef]

Han, S.; Lear, T.B.; Jerome, J.A.; Rajbhandari, S.; Snavely, C.A.; Gulick, D.L.; Gibson, K.F,; Zou, C.; Chen, B.B.; Mallampalli,
R.K. Lipopolysaccharide Primes the NALP3 Inflammasome by Inhibiting Its Ubiquitination and Degradation Mediated by the
SCFFBXL2 E3 Ligase. J. Biol. Chem. 2015, 290, 18124-18133. [CrossRef]

Song, H.; Liu, B.; Huai, W.; Yu, Z.; Wang, W.; Zhao, ].; Han, L.; Jiang, G.; Zhang, L.; Gao, C.; et al. The E3 ubiquitin ligase TRIM31
attenuates NLRP3 inflammasome activation by promoting proteasomal degradation of NLRP3. Nat. Commun. 2016, 7, 13727.
[CrossRef]

Ramachandran, A.; Kumar, B.; Waris, G.; Everly, D. Deubiquitination and Activation of the NLRP3 Inflammasome by UCHLS5 in
HCV-Infected Cells. Microbiol. Spectr. 2021, 9, €0075521. [CrossRef]

Barry, R.; John, S.W,; Liccardi, G.; Tenev, T.; Jaco, I.; Chen, C.H.; Choi, ].; Kasperkiewicz, P.; Fernandes-Alnemri, T.; Alnemri, E.;
et al. SUMO-mediated regulation of NLRP3 modulates inflammasome activity. Nat. Commun. 2018, 9, 3001. [CrossRef]

Shao, L.; Liu, Y.; Wang, W.; Li, A.; Wan, P; Liu, W.; Shereen, M.A.; Liu, F.; Zhang, W.; Tan, Q.; et al. SUMO1 SUMOylates and
SENP3 deSUMOylates NLRP3 to orchestrate the inflammasome activation. FASEB J. 2020, 34, 1497-1515. [CrossRef]

Song, N.; Liu, Z.S.; Xue, W.; Bai, Z.F; Wang, Q.Y.; Dai, J.; Liu, X.; Huang, Y.J.; Cai, H.; Zhan, X.Y.; et al. NLRP3 Phosphorylation Is
an Essential Priming Event for Inflammasome Activation. Mol. Cell 2017, 68, 185-197.e186. [CrossRef]

Zhang, Z.; Meszaros, G.; He, W.T,; Xu, Y.; de Fatima Magliarelli, H.; Mailly, L.; Mihlan, M.; Liu, Y.; Puig Gamez, M.; Goginashvili,
A.; et al. Protein kinase D at the Golgi controls NLRP3 inflammasome activation. J. Exp. Med. 2017, 214, 2671-2693. [CrossRef]
Stutz, A.; Kolbe, C.C.; Stahl, R.; Horvath, G.L.; Franklin, B.S.; van Ray, O.; Brinkschulte, R.; Geyer, M.; Meissner, F.; Latz, E. NLRP3
inflammasome assembly is regulated by phosphorylation of the pyrin domain. J. Exp. Med. 2017, 214, 1725-1736. [CrossRef]
Spalinger, M.R ; Kasper, S.; Gottier, C.; Lang, S.; Atrott, K.; Vavricka, S.R.; Scharl, S.; Raselli, T.; Frey-Wagner, L.; Gutte, PM.; et al.
NLRP3 tyrosine phosphorylation is controlled by protein tyrosine phosphatase PTPN22. J. Clin. Investig. 2016, 126, 1783-1800.
[CrossRef]

Burgy, O.; Bellaye, P.S.; Causse, S.; Beltramo, G.; Wettstein, G.; Boutanquoi, PM.; Goirand, F.; Garrido, C.; Bonniaud, P. Pleural
inhibition of the caspase-1/IL-13 pathway diminishes profibrotic lung toxicity of bleomycin. Respir. Res. 2016, 17, 162. [CrossRef]
Xiong, S.; Zhang, L.; Richner, ].M.; Class, J.; Rehman, J.; Malik, A.B. Interleukin-1RA Mitigates SARS-CoV-2-Induced Inflammatory
Lung Vascular Leakage and Mortality in Humanized K18-hACE-2 Mice. Arterio. Thromb. Vasc. Biol. 2021, 41, 2773-2785. [CrossRef]
Lan, H.Y.; Nikolic-Paterson, D.]J.; Zarama, M.; Vannice, ].L.; Atkins, R.C. Suppression of experimental crescentic glomerulonephri-
tis by the interleukin-1 receptor antagonist. Kidney Int. 1993, 43, 479-485. [CrossRef]

Lan, H.Y.; Nikolic-Paterson, D.J.; Mu, W.; Vannice, J.L.; Atkins, R.C. Interleukin-1 receptor antagonist halts the progression of
established crescentic glomerulonephritis in the rat. Kidney Int. 1995, 47, 1303-1309. [CrossRef]

Ling, Y.H.; Krishnan, S.M.; Chan, C.T.; Diep, H.; Ferens, D.; Chin-Dusting, J.; Kemp-Harper, B.K.; Samuel, C.S.; Hewitson, T.D.;
Latz, E.; et al. Anakinra reduces blood pressure and renal fibrosis in one kidney /DOCA /salt-induced hypertension. Pharmacol.
Res. 2017, 116, 77-86. [CrossRef] [PubMed]

Lamkanfi, M.; Mueller, J.L.; Vitari, A.C.; Misaghi, S.; Fedorova, A.; Deshayes, K.; Lee, W.P.; Hoffman, H.M.; Dixit, V.M. Glyburide
inhibits the Cryopyrin/Nalp3 inflammasome. J. Cell Biol. 2009, 187, 61-70. [CrossRef]

Hughes, EM,, Jr.; Sexton, S.J.; Jin, H.; Govada, V.; Purves, J.T. Bladder fibrosis during outlet obstruction is triggered through the
NLRP3 inflammasome and the production of IL-1beta. Am. J. Physiol.-Renal Physiol. 2017, 313, F603-F610. [CrossRef] [PubMed]
Murtuza, B.; Suzuki, K.; Bou-Gharios, G.; Beauchamp, J.R.; Smolenski, R.T.; Partridge, T.A.; Yacoub, M.H. Transplantation of
skeletal myoblasts secreting an IL-1 inhibitor modulates adverse remodeling in infarcted murine myocardium. Proc. Natl. Acad.
Sci. USA 2004, 101, 4216-4221. [CrossRef] [PubMed]

Park, M.].; Moon, S.J.; Lee, EJ.; Jung, K.A,; Kim, EK,; Kim, D.S; Lee, ] H.; Kwok, S.K.; Min, ] K.; Park, S.H,; et al. IL-1-IL-17
Signaling Axis Contributes to Fibrosis and Inflammation in Two Different Murine Models of Systemic Sclerosis. Front. Immunol.
2018, 9, 1611. [CrossRef]

Liu, W,; Ding, I; Chen, K,; Olschowka, J.; Xu, J.; Hu, D.; Morrow, G.R.; Okunieff, P. Interleukin 1beta (IL1B) signaling is a critical
component of radiation-induced skin fibrosis. Radiat. Res. 2006, 165, 181-191. [CrossRef]

Thomay, A.A.; Daley, ].M.; Sabo, E.; Worth, PJ.; Shelton, L.J.; Harty, M.W.; Reichner, ].S.; Albina, J.E. Disruption of interleukin-1
signaling improves the quality of wound healing. Am. ]. Pathol. 2009, 174, 2129-2136. [CrossRef]

Adam, Z.; Szturz, P.; Buckova, P,; Cervinkova, I.; Koukalova, R.; Rehak, Z.; Krejci, M.; Pour, L.; Zahradova, L.; Hajek, R.; et al.
Interleukin-1 receptor blockade with anakinra provided cessation of fatigue, reduction in inflammation markers and regression
of retroperitoneal fibrosis in a patient with Erdheim-Chester disease—Case study and a review of literature. Vnitrni Lekarstvi
2012, 58, 313-318.

Aouba, A.; Georgin-Lavialle, S.; Pagnoux, C.; Martin Silva, N.; Renand, A.; Galateau-Salle, F.; Le Toquin, S.; Bensadoun, H.;
Larousserie, F.; Silvera, S.; et al. Rationale and efficacy of interleukin-1 targeting in Erdheim-Chester disease. Blood 2010, 116,
4070-4076. [CrossRef]


http://doi.org/10.1016/j.cmet.2020.07.016
http://doi.org/10.1074/jbc.M112.407130
http://doi.org/10.1074/jbc.M115.645549
http://doi.org/10.1038/ncomms13727
http://doi.org/10.1128/Spectrum.00755-21
http://doi.org/10.1038/s41467-018-05321-2
http://doi.org/10.1096/fj.201901653R
http://doi.org/10.1016/j.molcel.2017.08.017
http://doi.org/10.1084/jem.20162040
http://doi.org/10.1084/jem.20160933
http://doi.org/10.1172/JCI83669
http://doi.org/10.1186/s12931-016-0475-8
http://doi.org/10.1161/ATVBAHA.121.316925
http://doi.org/10.1038/ki.1993.70
http://doi.org/10.1038/ki.1995.185
http://doi.org/10.1016/j.phrs.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/27986554
http://doi.org/10.1083/jcb.200903124
http://doi.org/10.1152/ajprenal.00128.2017
http://www.ncbi.nlm.nih.gov/pubmed/28592436
http://doi.org/10.1073/pnas.0306205101
http://www.ncbi.nlm.nih.gov/pubmed/15020774
http://doi.org/10.3389/fimmu.2018.01611
http://doi.org/10.1667/RR3478.1
http://doi.org/10.2353/ajpath.2009.080765
http://doi.org/10.1182/blood-2010-04-279240

Biomolecules 2022, 12, 634 23 of 26

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Roubille, C.; Haraoui, B. Interstitial lung diseases induced or exacerbated by DMARDS and biologic agents in rheumatoid
arthritis: A systematic literature review. Semin. Arthritis Rheum. 2014, 43, 613-626. [CrossRef]

Bongartz, T.; Nannini, C.; Medina-Velasquez, Y.F,; Achenbach, S.J.; Crowson, C.S.; Ryu, ].H.; Vassallo, R.; Gabriel, S.E.; Matteson,
E.L. Incidence and mortality of interstitial lung disease in rheumatoid arthritis: A population-based study. Arthritis Rheum. 2010,
62,1583-1591. [CrossRef] [PubMed]

Fleischmann, R.M.; Tesser, J.; Schiff, M.H.; Schechtman, J.; Burmester, G.R.; Bennett, R.; Modafferi, D.; Zhou, L.; Bell, D.; Appleton,
B. Safety of extended treatment with anakinra in patients with rheumatoid arthritis. Ann. Rheum. Dis. 2006, 65, 1006-1012.
[CrossRef] [PubMed]

Brown, C.A,; Toth, A.P; Magnussen, B. Clinical benefits of intra-articular anakinra for arthrofibrosis. Orthopedics 2010, 33, 877.
[CrossRef] [PubMed]

Brown, C.; Toth, A.; Magnussen, R. Clinical benefits of intra-articular anakinra for persistent knee effusion. J. Knee Surg. 2011, 24,
61-65. [CrossRef]

Magnussen, R.A.; Brown, C.A.; Lawrence, T].; Toth, A.P. Intra-articular anakinra for the treatment of persistent inflammation and
arthrofibrosis following anterior cruciate ligament reconstruction. Duke Orthop. ]. 2011, 1, 51-56.

Nan, D.; Abraira-Meriel, C.; de la Roz-Fernandez, S.; Maestre-Orozco, T.; Hernandez, ].L.; Fernandez-Ayala, M. Delayed Use of
the Recombinant Human IL-1 Receptor Antagonist Anakinra in Five COVID-19 Patients with Pulmonary Fibrosis and Persistent
Hypoxaemia: A Preliminary Report. Eur. J. Case Rep. Intern. Med. 2021, 8, 002821. [CrossRef] [PubMed]

Korthagen, N.M.; van Moorsel, C.H.; Kazemier, K.M.; Ruven, H.]J.; Grutters, ]J.C. ILIRN genetic variations and risk of IPF: A
meta-analysis and mRNA expression study. Immunogenetics 2012, 64, 371-377. [CrossRef] [PubMed]

Barlo, N.P.; van Moorsel, C.H.; Korthagen, N.M.; Heron, M.; Rijkers, G.T.; Ruven, H.J.; van den Bosch, ].M.; Grutters, ].C. Genetic
variability in the ILIRN gene and the balance between interleukin (IL)-1 receptor agonist and IL-1beta in idiopathic pulmonary
fibrosis. Clin. Exp. Immunol. 2011, 166, 346-351. [CrossRef]

Luo, D.D.; Fielding, C.; Phillips, A.; Fraser, D. Interleukin-1 beta regulates proximal tubular cell transforming growth factor beta-1
signalling. Nephrol. Dial. Transplant. 2009, 24, 2655-2665. [CrossRef]

Chaudhuri, V;; Zhou, L.; Karasek, M. Inflammatory cytokines induce the transformation of human dermal microvascular
endothelial cells into myofibroblasts: A potential role in skin fibrogenesis. J. Cutan. Pathol. 2007, 34, 146-153. [CrossRef]

Elias, J.A.; Trinchieri, G.; Beck, ].M.; Simon, P.L.; Sehgal, P.B.; May, L.T.; Kern, J.A. A synergistic interaction of IL-6 and IL-1
mediates the thymocyte-stimulating activity produced by recombinant IL-1-stimulated fibroblasts. J. Immunol. 1989, 142, 509-514.
Elias, ].A.; Lentz, V. IL-1 and tumor necrosis factor synergistically stimulate fibroblast IL-6 production and stabllize IL-6 messanger
RNA. J. Immunol. 1990, 145, 161-166. [PubMed]

Saito, F.; Tasaka, S.; Inoue, K.; Miyamoto, K.; Nakano, Y.; Ogawa, Y.; Yamada, W.; Shiraishi, Y.; Hasegawa, N.; Fujishima, S.; et al.
Role for interleukin-6 in bleomycin-induced lung inflammatory changes in mice. Am. J. Respir. Cell. Mol. Biol. 2007, 38, 566-571.
[CrossRef] [PubMed]

Doerner, A.M.; Zuraw, B.L. TGF-betal induced epithelial to mesenchymal transition (EMT) in human bronchial epithelial cells is
enhanced by IL-1beta but not abrogated by corticosteroids. Respir. Res. 2009, 10, 100. [CrossRef]

Markovics, J.A.; Araya, J.; Cambier, S.; Somanath, S.; Gline, S.; Jablons, D.; Hill, A.; Wolters, PJ.; Nishimura, S.L. Interleukin-1beta
induces increased transcriptional activation of the transforming growth factor-beta-activating integrin subunit beta8 through
altering chromatin architecture. J. Biol. Chem. 2011, 286, 36864-36874. [CrossRef]

Uchida, H.; Tohyama, H.; Nagashima, K.; Ohba, Y.; Matsumoto, H.; Toyama, Y.; Yasuda, K. Stress deprivation simultaneously
induces over-expression of interleukin-1beta, tumor necrosis factor-alpha, and transforming growth factor-beta in fibroblasts and
mechanical deterioration of the tissue in the patellar tendon. J. Biomechan. 2005, 38, 791-798. [CrossRef]

Andriamanalijaona, R.; Felisaz, N.; Kim, S.J.; King-Jones, K.; Lehmann, M.; Pujol, ].P.; Boumediene, K. Mediation of interleukin-
1beta-induced transforming growth factor betal expression by activator protein 4 transcription factor in primary cultures of
bovine articular chondrocytes: Possible cooperation with activator protein 1. Arthritis Rheum. 2003, 48, 1569-1581. [CrossRef]
Ide, M,; Jinnin, M.; Tomizawa, Y.; Wang, Z.; Kajihara, I.; Fukushima, S.; Hashizume, Y.; Asano, Y.; Ihn, H. Transforming growth
factor beta-inhibitor Repsox downregulates collagen expression of scleroderma dermal fibroblasts and prevents bleomycin-
induced mice skin fibrosis. Exp. Dermatol. 2017, 26, 1139-1143. [CrossRef]

Dantas, A.T.; Goncalves, S.M.; de Almeida, A.R.; Goncalves, R.S.; Sampaio, M.C.; Vilar, KM.; Pereira, M.C.; Rego, M.] ; Pitta, 1.D.;
Marques, C.D.; et al. Reassessing the Role of the Active TGF-betal as a Biomarker in Systemic Sclerosis: Association of Serum
Levels with Clinical Manifestations. Dis. Markers 2016, 2016, 6064830. [CrossRef]

Liang, R.; Sumova, B.; Cordazzo, C.; Mallano, T.; Zhang, Y.; Wohlfahrt, T.; Dees, C.; Ramming, A.; Krasowska, D.; Michalska-
Jakubus, M; et al. The transcription factor GLI2 as a downstream mediator of transforming growth factor-beta-induced fibroblast
activation in SSc. Ann. Rheum. Dis. 2017, 76, 756-764. [CrossRef]

Sosulski, M.L.; Gongora, R.; Feghali-Bostwick, C.; Lasky, J.A.; Sanchez, C.G. Sirtuin 3 Deregulation Promotes Pulmonary Fibrosis.
J. Gerontol. 2017, 72, 595-602. [CrossRef]

Kuroki, S.; Ohta, A.; Sueoka, N.; Katoh, O.; Yamada, H.; Yamaguchi, M. Determination of various cytokines and type III
procollagen aminopeptide levels in bronchoalveolar lavage fluid of the patients with pulmonary fibrosis: Inverse correlation
between type III procollagen aminopeptide and interferon-gamma in progressive patients. Br. J. Rheumatol. 1995, 34, 31-36.


http://doi.org/10.1016/j.semarthrit.2013.09.005
http://doi.org/10.1002/art.27405
http://www.ncbi.nlm.nih.gov/pubmed/20155830
http://doi.org/10.1136/ard.2005.048371
http://www.ncbi.nlm.nih.gov/pubmed/16396977
http://doi.org/10.3928/01477447-20101021-09
http://www.ncbi.nlm.nih.gov/pubmed/21162510
http://doi.org/10.1055/s-0031-1275398
http://doi.org/10.12890/2021_002821
http://www.ncbi.nlm.nih.gov/pubmed/34790623
http://doi.org/10.1007/s00251-012-0604-6
http://www.ncbi.nlm.nih.gov/pubmed/22322675
http://doi.org/10.1111/j.1365-2249.2011.04468.x
http://doi.org/10.1093/ndt/gfp208
http://doi.org/10.1111/j.1600-0560.2006.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/2358670
http://doi.org/10.1165/rcmb.2007-0299OC
http://www.ncbi.nlm.nih.gov/pubmed/18096870
http://doi.org/10.1186/1465-9921-10-100
http://doi.org/10.1074/jbc.M111.276790
http://doi.org/10.1016/j.jbiomech.2004.05.009
http://doi.org/10.1002/art.11020
http://doi.org/10.1111/exd.13366
http://doi.org/10.1155/2016/6064830
http://doi.org/10.1136/annrheumdis-2016-209698
http://doi.org/10.1093/gerona/glw151

Biomolecules 2022, 12, 634 24 of 26

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Kang, H.; Seo, E.; Oh, Y.S.; Jun, H.S. TGF-f3 activates NLRP3 inflammasome by an autocrine production of TGF-f in LX-2 human
hepatic stellate cells. Mol. Cell. Biochem. 2022, 477, 1329-1338. [CrossRef] [PubMed]

Vesey, D.A.; Cheung, C.; Cuttle, L.; Endre, Z.; Gobe, G.; Johnson, D.W. Interleukin-1beta stimulates human renal fibroblast
proliferation and matrix protein production by means of a transforming growth factor-beta-dependent mechanism. J. Lab. Clin.
Med. 2002, 140, 342-350. [CrossRef] [PubMed]

Lonnemann, G.; Engler-Blum, G.; Muller, G.A.; Koch, KM.; Dinarello, C.A. Cytokines in human renal interstitial fibrosis. II.
Intrinsic interleukin (IL)-1 synthesis and IL-1-dependent production of IL-6 and IL-8 by cultured kidney fibroblasts. Kidney Int.
1995, 47, 845-854. [CrossRef] [PubMed]

Lonnemann, G.; Shapiro, L.; Engler-Blum, G.; Miiller, G.A.; Koch, K.M.; Dinarello, C.A. Cytokines in human renal interstitial
fibrosis. I. Interleukin-1 is a paracrine growth factor for cultured fibrosis-derived kidney fibroblasts. Kidney Int. 1995, 47, 837-844.
[CrossRef]

Mia, M.M.; Boersema, M.; Bank, R.A. Interleukin-1beta attenuates myofibroblast formation and extracellular matrix production
in dermal and lung fibroblasts exposed to transforming growth factor-betal. PLoS ONE 2014, 9, €91559. [CrossRef] [PubMed]
Wilson, S.E. Interleukin-1 and Transforming Growth Factor Beta: Commonly Opposing, but Sometimes Supporting, Master
Regulators of the Corneal Wound Healing Response to Injury. Investig. Ophthalmol. Visual Sci. 2021, 62, 8. [CrossRef]

Menon, S.N.; Flegg, ].A.; McCue, S.W.; Schugart, R.C.; Dawson, R.A.; McElwain, D.L. Modelling the interaction of keratinocytes
and fibroblasts during normal and abnormal wound healing processes. Proc. Biol. Sci. 2012, 279, 3329-3338. [CrossRef]
Allantaz, F.; Chaussabel, D.; Banchereau, J.; Pascual, V. Microarray-based identification of novel biomarkers in IL-1-mediated
diseases. Curr. Opin. Immunol. 2007, 19, 623-632. [CrossRef]

Birnhuber, A.; Crnkovic, S.; Biasin, V.; Marsh, L.M.; Odler, B.; Sahu-Osen, A.; Stacher-Priehse, E.; Brcic, L.; Schneider, F.; Cikes, N.;
et al. IL-1 receptor blockade skews inflammation towards Th2 in a mouse model of systemic sclerosis. Eur. Respir. |. 2019, 54,
1900154. [CrossRef]

Gabasa, M.; Arshakyan, M.; Llorente, A.; Chulia-Peris, L.; Pavelescu, I.; Xaubet, A.; Pereda, J.; Alcaraz, J. Interleukin-1§3
Modulation of the Mechanobiology of Primary Human Pulmonary Fibroblasts: Potential Implications in Lung Repair. Int. J. Mol.
Sci. 2020, 21, 8417. [CrossRef] [PubMed]

Holtmann, T.M.; Inzaugarat, M.E.; Knorr, J.; Geisler, L.; Schulz, M.; Bieghs, V.; Frissen, M.; Feldstein, A.E.; Tacke, F.; Trautwein,
C.; et al. Bile Acids Activate NLRP3 Inflammasome, Promoting Murine Liver Inflammation or Fibrosis in a Cell Type-Specific
Manner. Cells 2021, 10, 2618. [CrossRef]

Zhang, L.M.; Zhang, ]J.; Zhang, Y.; Fei, C.; Wang, L.; Yi, Z.W.; Zhang, Z.Q. Interleukin-18 promotes fibroblast senescence in
pulmonary fibrosis through down-regulating Klotho expression. Biomed. Pharmacother. 2019, 113, 108756. [CrossRef]

Do, D.V,; Ong, C.T.,; Khoo, Y.T.; Carbone, A.; Lim, C.P; Wang, S.; Mukhopadhyay, A.; Cao, X.; Cho, D.H.; Wei, X.Q.; et al.
Interleukin-18 system plays an important role in keloid pathogenesis via epithelial-mesenchymal interactions. Br. ]. Dermatol.
2012, 166, 1275-1288. [CrossRef] [PubMed]

Zhang, LM.; Zhang, Y.; Fei, C.; Zhang, ].; Wang, L.; Yi, ZW.; Gao, G. Neutralization of IL-18 by IL-18 binding protein ameliorates
bleomycin-induced pulmonary fibrosis via inhibition of epithelial-mesenchymal transition. Biochem. Biophys. Res. Commun. 2019,
508, 660—666. [CrossRef]

Liang, H.; Xu, E; Zhang, T.; Huang, J.; Guan, Q.; Wang, H.; Huang, Q. Inhibition of IL-18 reduces renal fibrosis after ischemia-
reperfusion. Biomed. Pharmacother. 2018, 106, 879-889. [CrossRef]

Bani-Hani, A.H.; Leslie, ].A.; Asanuma, H.; Dinarello, C.A.; Campbell, M.T.; Meldrum, D.R.; Zhang, H.; Hile, K.; Meldrum, K.K.
IL-18 neutralization ameliorates obstruction-induced epithelial-mesenchymal transition and renal fibrosis. Kidney Int. 2009, 76,
500-511. [CrossRef]

Tanino, A.; Okura, T.; Nagao, T.; Kukida, M.; Pei, Z.; Enomoto, D.; Miyoshi, K.; Okamura, H.; Higaki, J. Interleukin-18 deficiency
protects against renal interstitial fibrosis in aldosterone/salt-treated mice. Clin. Sci. 2016, 130, 1727-1739. [CrossRef]

Ding, N.; Wei, B.; Fu, X.; Wang, C.; Wu, Y. Natural Products that Target the NLRP3 Inflammasome to Treat Fibrosis. Front.
Pharmacol. 2020, 11, 591393. [CrossRef]

Ludwig-Portugall, I.; Bartok, E.; Dhana, E.; Evers, B.D.; Primiano, M.]J.; Hall, J.P; Franklin, B.S.; Knolle, P.A.; Hornung, V.;
Hartmann, G.; et al. An NLRP3-specific inflammasome inhibitor attenuates crystal-induced kidney fibrosis in mice. Kidney Int.
2016, 90, 525-539. [CrossRef] [PubMed]

Zhang, WJ.; Fang, Z.M.; Liu, W.Q. NLRP3 inflammasome activation from Kupffer cells is involved in liver fibrosis of Schistosoma
japonicum-infected mice via NF-«B. Parasit. Vectors 2019, 12, 29. [CrossRef] [PubMed]

Qu, J.; Yuan, Z.; Wang, G.; Wang, X.; Li, K. The selective NLRP3 inflammasome inhibitor MCC950 alleviates cholestatic liver
injury and fibrosis in mice. Int. Immunopharmacol. 2019, 70, 147-155. [CrossRef] [PubMed]

Li, S.; Lin, Q.; Shao, X.; Mou, S.; Gu, L.; Wang, L.; Zhang, Z.; Shen, J.; Zhou, Y.; Qi, C.; et al. NLRP3 inflammasome inhibition
attenuates cisplatin-induced renal fibrosis by decreasing oxidative stress and inflammation. Exp. Cell Res. 2019, 383, 111488.
[CrossRef] [PubMed]

Zhang, C.; Zhu, X,; Li, L.; Ma, T,; Shi, M.; Yang, Y.; Fan, Q. A small molecule inhibitor MCC950 ameliorates kidney injury in
diabetic nephropathy by inhibiting NLRP3 inflammasome activation. Diabetes Metab. Syndr. Obes. 2019, 12, 1297-1309. [CrossRef]


http://doi.org/10.1007/s11010-022-04369-5
http://www.ncbi.nlm.nih.gov/pubmed/35138513
http://doi.org/10.1067/mlc.2002.128468
http://www.ncbi.nlm.nih.gov/pubmed/12434136
http://doi.org/10.1038/ki.1995.127
http://www.ncbi.nlm.nih.gov/pubmed/7752583
http://doi.org/10.1038/ki.1995.126
http://doi.org/10.1371/journal.pone.0091559
http://www.ncbi.nlm.nih.gov/pubmed/24622053
http://doi.org/10.1167/iovs.62.4.8
http://doi.org/10.1098/rspb.2012.0319
http://doi.org/10.1016/j.coi.2007.10.003
http://doi.org/10.1183/13993003.00154-2019
http://doi.org/10.3390/ijms21228417
http://www.ncbi.nlm.nih.gov/pubmed/33182538
http://doi.org/10.3390/cells10102618
http://doi.org/10.1016/j.biopha.2019.108756
http://doi.org/10.1111/j.1365-2133.2011.10721.x
http://www.ncbi.nlm.nih.gov/pubmed/22050194
http://doi.org/10.1016/j.bbrc.2018.11.129
http://doi.org/10.1016/j.biopha.2018.07.031
http://doi.org/10.1038/ki.2009.216
http://doi.org/10.1042/CS20160183
http://doi.org/10.3389/fphar.2020.591393
http://doi.org/10.1016/j.kint.2016.03.035
http://www.ncbi.nlm.nih.gov/pubmed/27262364
http://doi.org/10.1186/s13071-018-3223-8
http://www.ncbi.nlm.nih.gov/pubmed/30635040
http://doi.org/10.1016/j.intimp.2019.02.016
http://www.ncbi.nlm.nih.gov/pubmed/30802677
http://doi.org/10.1016/j.yexcr.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31276670
http://doi.org/10.2147/DMSO.S199802

Biomolecules 2022, 12, 634 25 of 26

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Ostergaard, ].A.; Jha, J.C.; Sharma, A.; Dai, A.; Choi, ].S.Y.; de Haan, J.B.; Cooper, M.E.; Jandeleit-Dahm, K. Adverse renal effects of
NLRP3 inflammasome inhibition by MCC950 in an interventional model of diabetic kidney disease. Clin. Sci. 2022, 136, 167-180.
[CrossRef]

Dwivedi, D.K; Jena, G.B. Simultaneous Modulation of NLRP3 Inflammasome and Nrf2/ARE Pathway Rescues Thioacetamide-
Induced Hepatic Damage in Mice: Role of Oxidative Stress and Inflammation. Inflammation 2022, 45, 610-626. [CrossRef]

Cao, N.; Wang, ].J.; Wu, ].M.; Xu, W.L.; Wang, R.; Chen, X.D.; Feng, Y.N.; Cong, WW.; Zhang, Y.Y.; Xiao, H,; et al. Glibenclamide
alleviates 3 adrenergic receptor activation-induced cardiac inflammation. Acta Pharmacol. Sin. 2021, 1-8. [CrossRef]

Arriola Benitez, P.C.; Pesce Viglietti, A.I; Gomes, M.T.R,; Oliveira, S.C.; Quarleri, J.F.; Giambartolomei, G.H.; Delpino, M.V.
Brucella abortus Infection Elicited Hepatic Stellate Cell-Mediated Fibrosis Through Inflammasome-Dependent IL-1 Production.
Front. Immunol. 2019, 10, 3036. [CrossRef]

Diwan, V.; Gobe, G.; Brown, L. Glibenclamide improves kidney and heart structure and function in the adenine-diet model of
chronic kidney disease. Pharmacol. Res. 2014, 79, 104-110. [CrossRef]

Li, X.H.; Xiao, T.; Yang, ].H.; Qin, Y.; Gao, ].].; Liu, H.J.; Zhou, H.G. Parthenolide attenuated bleomycin-induced pulmonary
fibrosis via the NF-kB/Snail signaling pathway. Respir. Res. 2018, 19, 111. [CrossRef] [PubMed]

Zhang, Y.; Huang, Q.; Chen, Y.; Peng, X.; Wang, Y.; Li, S.; Wu, J.; Luo, C.; Gong, W.; Yin, B.; et al. Parthenolide, an NF-«B inhibitor,
alleviates peritoneal fibrosis by suppressing the TGF-3 /Smad pathway. Int. Immunopharmacol. 2020, 78, 106064. [CrossRef]
[PubMed]

Kim, LH,; Kim, SW.; Kim, S.H,; Lee, S.0.; Lee, S.T.; Kim, D.G.; Lee, M.].; Park, W.H. Parthenolide-induced apoptosis of hepatic
stellate cells and anti-fibrotic effects in an in vivo rat model. Exp. Mol. Med. 2012, 44, 448-456. [CrossRef] [PubMed]

Wang, Y.; Wu, Y;; Chen, J.; Zhao, S.; Li, H. Pirfenidone attenuates cardiac fibrosis in a mouse model of TAC-induced left ventricular
remodeling by suppressing NLRP3 inflammasome formation. Cardiology 2013, 126, 1-11. [CrossRef]

Kato, M.; Takahashi, E; Sato, T.; Mitsuishi, Y.; Tajima, K.; Ihara, H.; Nurwidya, F.; Baskoro, H.; Murakami, A.; Kobayashi, I.;
et al. Tranilast Inhibits Pulmonary Fibrosis by Suppressing TGFf /SMAD2 Pathway. Drug Des. Dev. Ther. 2020, 14, 4593-4603.
[CrossRef]

Swiderski, K.; Todorov, M.; Gehrig, S.M.; Naim, T.; Chee, A.; Stapleton, D.I.; Koopman, R.; Lynch, G.S. Tranilast administration
reduces fibrosis and improves fatigue resistance in muscles of mdx dystrophic mice. Fibrogen Tissue Repair 2014, 7, 1. [CrossRef]
[PubMed]

Ogawa, Y.; Dogru, M.; Uchino, M.; Tatematsu, Y.; Kamoi, M.; Yamamoto, Y.; Ogawa, ].; Ishida, R.; Kaido, M.; Hara, S.; et al.
Topical tranilast for treatment of the early stage of mild dry eye associated with chronic GVHD. Bone Marrow Transplant. 2010, 45,
565-569. [CrossRef]

Fu, Y;; Zhao, P; Xie, Z.; Wang, L.; Chen, S. Oridonin Inhibits Myofibroblast Differentiation and Bleomycin-induced Pulmonary
Fibrosis by Regulating Transforming Growth Factor 3 (TGFf)/Smad Pathway. Med. Sci. Monit. 2018, 24, 7548-7555. [CrossRef]
Xu, M.; Wan, C.X,; Huang, S.H.; Wang, H.B.; Fan, D.; Wu, HM.; Wu, Q.Q.; Ma, Z.G.; Deng, W.; Tang, Q.Z. Oridonin protects
against cardiac hypertrophy by promoting P21-related autophagy. Cell Death Dis. 2019, 10, 403. [CrossRef]

Gao, R.F; Li, X;; Xiang, H.Y,; Yang, H.; Lv, C.Y.; Sun, X.L.; Chen, H.Z.; Gao, Y.; Yang, ].S.; Luo, W,; et al. The covalent NLRP3-
inflammasome inhibitor Oridonin relieves myocardial infarction induced myocardial fibrosis and cardiac remodeling in mice. Int.
Immunopharmacol. 2021, 90, 107133. [CrossRef]

Cummins, C.B.; Wang, X.; Xu, J.; Hughes, B.D.; Ding, Y.; Chen, H.; Zhou, ]J.; Radhakrishnan, R.S. Antifibrosis Effect of Novel
Oridonin Analog CYD0618 Via Suppression of the NF-kB Pathway. J. Surg. Res. 2018, 232, 283-292. [CrossRef] [PubMed]

Kim, Y.S.; Kim, J.S.; Kwon, ].S; Jeong, M.H.; Cho, ].G.; Park, ].C.; Kang, ].C.; Ahn, Y. BAY 11-7082, a nuclear factor-«B inhibitor,
reduces inflammation and apoptosis in a rat cardiac ischemia-reperfusion injury model. Int. Heart . 2010, 51, 348-353. [CrossRef]
[PubMed]

Wang, H,; Liu, S.; Wang, Y.; Chang, B.; Wang, B. Nod-like receptor protein 3 inflammasome activation by Escherichia coli RNA
induces transforming growth factor beta 1 secretion in hepatic stellate cells. Bosn. ]. Basic Med. Sci. 2016, 16, 126-131. [CrossRef]
[PubMed]

Marchetti, C.; Swartzwelter, B.; Gamboni, F.; Neff, C.P; Richter, K.; Azam, T.; Carta, S.; Tengesdal, I.; Nemkov, T.; D’ Alessandro,
A.; etal. OLT1177, a 3-sulfonyl nitrile compound, safe in humans, inhibits the NLRP3 inflammasome and reverses the metabolic
cost of inflammation. Proc. Natl. Acad. Sci. USA 2018, 115, E1530-E1539. [CrossRef] [PubMed]

Liu, Y,; Wei, X.; Wu, M.; Xu, J.; Xu, B.; Kang, L. Cardioprotective Roles of 3-Hydroxybutyrate Against Doxorubicin Induced
Cardiotoxicity. Front. Pharmacol. 2020, 11, 603596. [CrossRef] [PubMed]

Qi, H.; Gu, L.; Xu, D; Liu, K; Zhou, M.; Wang, Y.; Wang, X; Li, Y,; Qi, J. B-Hydroxybutyrate inhibits cardiac microvascular
collagen 4 accumulation by attenuating oxidative stress in streptozotocin-induced diabetic rats and high glucose treated cells.
Eur. J. Pharmacol. 2021, 899, 174012. [CrossRef]

Rojas-Morales, P.; Leon-Contreras, J.C.; Granados-Pineda, J.; Herndndez-Pando, R.; Gonzaga, G.; Sanchez-Lozada, L.G.; Osorio-
Alonso, H.; Pedraza-Chaverri, J.; Tapia, E. Protection against renal ischemia and reperfusion injury by short-term time-restricted
feeding involves the mitochondrial unfolded protein response. Free Radic. Biol. Med. 2020, 154, 75-83. [CrossRef]

Wen, S.; Deng, F; Li, L.; Xu, L.; Li, X;; Fan, Q. VX-765 ameliorates renal injury and fibrosis in diabetes by regulating caspase-1-
mediated pyroptosis and inflammation. J. Diabetes Investig. 2022, 13, 22-33. [CrossRef]


http://doi.org/10.1042/CS20210865
http://doi.org/10.1007/s10753-021-01571-3
http://doi.org/10.1038/s41401-021-00734-0
http://doi.org/10.3389/fimmu.2019.03036
http://doi.org/10.1016/j.phrs.2013.11.007
http://doi.org/10.1186/s12931-018-0806-z
http://www.ncbi.nlm.nih.gov/pubmed/29871641
http://doi.org/10.1016/j.intimp.2019.106064
http://www.ncbi.nlm.nih.gov/pubmed/31838448
http://doi.org/10.3858/emm.2012.44.7.051
http://www.ncbi.nlm.nih.gov/pubmed/22581380
http://doi.org/10.1159/000351179
http://doi.org/10.2147/DDDT.S264715
http://doi.org/10.1186/1755-1536-7-1
http://www.ncbi.nlm.nih.gov/pubmed/24476069
http://doi.org/10.1038/bmt.2009.173
http://doi.org/10.12659/MSM.912740
http://doi.org/10.1038/s41419-019-1617-y
http://doi.org/10.1016/j.intimp.2020.107133
http://doi.org/10.1016/j.jss.2018.06.040
http://www.ncbi.nlm.nih.gov/pubmed/30463731
http://doi.org/10.1536/ihj.51.348
http://www.ncbi.nlm.nih.gov/pubmed/20966608
http://doi.org/10.17305/bjbms.2016.699
http://www.ncbi.nlm.nih.gov/pubmed/26773180
http://doi.org/10.1073/pnas.1716095115
http://www.ncbi.nlm.nih.gov/pubmed/29378952
http://doi.org/10.3389/fphar.2020.603596
http://www.ncbi.nlm.nih.gov/pubmed/33935690
http://doi.org/10.1016/j.ejphar.2021.174012
http://doi.org/10.1016/j.freeradbiomed.2020.04.025
http://doi.org/10.1111/jdi.13660

Biomolecules 2022, 12, 634 26 of 26

239. You, Y,; Huang, Y.; Wang, D.; Li, Y.; Wang, G.; Jin, S.; Zhu, X.; Wu, B.; Du, X,; Li, X. Angiotensin (1-7) inhibits arecoline-induced
migration and collagen synthesis in human oral myofibroblasts via inhibiting NLRP3 inflammasome activation. J. Cell Physiol.
2019, 234, 4668-4680. [CrossRef]

240. Zhou, Y,; Zhu, X.; Wang, X.; Peng, Y;; Du, J.; Yin, H.; Yang, H.; Ni, X.; Zhang, W. H,S alleviates renal injury and fibrosis in response
to unilateral ureteral obstruction by regulating macrophage infiltration via inhibition of NLRP3 signaling. Exp. Cell Res. 2020, 387,
111779. [CrossRef]

241. Zhang, L.; Jing, M,; Liu, Q. Crocin alleviates the inflammation and oxidative stress responses associated with diabetic nephropathy
in rats via NLRP3 inflammasomes. Life Sci. 2021, 278, 119542. [CrossRef] [PubMed]


http://doi.org/10.1002/jcp.27267
http://doi.org/10.1016/j.yexcr.2019.111779
http://doi.org/10.1016/j.lfs.2021.119542
http://www.ncbi.nlm.nih.gov/pubmed/33915128

	Introduction 
	Inflammasomes and Fibrosis 
	Mechanisms of NLRP3 Activation in Fibrosis 
	Calcium (Ca2+) Influx 
	Potassium (K+) Efflux 
	Calcium-Activated Potassium Channels 
	Other NLRP3 Activating Factors 

	Regulation of NLRP3 Activation by Post-Translational Modifications 
	Inflammasome Inhibitors as Therapeutics for Fibrosis 
	Targeting IL-1 to Prevent Fibrosis 
	Targeting IL-18 to Prevent Fibrosis 
	Directly Targeting the NLRP3 Inflammasome 

	Conclusions 
	References

