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The NALP3 inflammasome is required for
collagen synthesis via the NF-kB pathway
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Abstract. The NALP3 inflammasome interacts with various
immune and cell metabolic pathways and may participate in
pulmonary fibrosis. However, little is known on its regulatory
mechanism with respect to collagen synthesis. The objective
of the present study was to investigate whether NALP3 inflam-
masome activation is involved in H,0,-mediated collagen
synthesis, in addition to examining the possible cell signaling
mechanisms underlying this effect. It was demonstrated that
the NF-kB signaling pathway was activated under conditions
of H,0,-mediated oxidative stress in NIH-3T3 mouse embry-
onic fibroblasts. H,0,-exposed fibroblasts exhibited activated
NALP3 inflammasomes via increased NALP3, apoptosis-asso-
ciated Speck-like protein and caspase-1 expression and the
secretion of interleukin-1p3. H,0, also elevated a-SMA and
type I collagen expression. In vitro silencing of NALP3 attenu-
ated the degradation of IxkBa and decreased the synthesis of
type I collagen. Furthermore, the NALP3 inflammasome was
found to be activated in bleomycin-induced pulmonary fibrosis
in mice, and this activation was relieved by a nuclear factor
(NF)-«B inhibitor. Taken together, these findings indicate that
the NALP3 inflammasome is involved in H,0O,-induced type I
collagen synthesis, which is mediated by the NF-«xB signaling
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pathway. Additionally, the NALP3 inflammasome contributes
to the development of bleomycin-induced pulmonary fibrosis.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and irre-
versible lung disease of unknown etiology, characterized by
sequential episodes of acute lung injury with subsequent scar-
ring. Pulmonary fibrosis may lead to respiratory failure due
to damage to the lung structure and reduced gas exchange (1).
No drugs are currently available that are able to control the
accumulation of collagens in the lung once fibrosis has been
established. Although several drugs have been applied to treat
IPF, their clinical efficacy remains poor and the associated
serious adverse effects pose problems during long-term treat-
ment. Therefore, the development of novel therapeutic agents
for this unmet medical need is required.

The NALP3 inflammasome represents the most extensively
investigated inflammasome, and comprises a cytoplasmic
multiprotein complex that consists of NACHT, LRR and PYD
domains-containing protein 3 (NALP3), the adaptor protein
apoptosis-associated Speck-like protein (ASC) containing
a caspase recruitment domain (CARD), and pro-caspase-1,
and interacts with various immune and cell metabolic
pathways (2). Upon oligomerization, the NALP3 inflam-
masome activates the caspase-1 cascade, which produces
the active pro-inflammatory cytokines interleukin (IL)-1f
and IL-18 when triggered by a range of molecules, ranging
from pathogen-associated molecular pattern molecules to
damage-associated molecular pattern molecules, which are
involved in infection, tissue injury and metabolic dysregula-
tion. Evidence suggests that the inflammasome is involved in
the development of fibrosis. Specifically, inorganic particulates
associated with the development of pulmonary fibrosis, such as
asbestos (3), silica (4) and nanoparticles (5,6), permeate lyso-
somal membranes, activating the NALP3 inflammasome, with
subsequent IL-1f and IL-18 production. Furthermore, recent
studies indicated that NF-xB mediates the reactive oxygen
species (ROS)-induced NALP3 inflammasome by promoting
the transcription of NALP3 and pro-IL-1{ (7).

Bleomycin (BLM) is the chemotherapeutic agent most
widely used to induce lung fibrosis in animal models and to
identify the pathogenic mechanisms thereof, as the patho-
genesis characteristics are very similar to those of IPF (8).
Recently, NALP3 inflammasome activation in BLM-induced
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pulmonary fibrosis was reported by a series of studies (9-11).
Specifically, BLM treatment has been shown to increase the
production of ROS and uric acid (11), thereby inducing the
development of lung fibrosis. In addition, these products have
been shown in several cases to trigger NALP3 inflammasome
activation. Furthermore, the purinergic receptor P2X7R is acti-
vated by ATP, which is released by injured lung cells following
BLM treatment, leading to activation of the NALP3 inflam-
masome with subsequent cleavage and secretion of IL-1f and
IL-18 (11,12). Notably, previous studies have demonstrated
that a number of proinflammatory cytokines and profibrotic
growth factors, including IL-1p, IL-6, IL-18, tumor necrosis
factor-a and transforming growth factor (TGF)-f3, are involved
in pulmonary inflammation and fibrosis (13,14). Recent
studies, primarily focusing on inflammasome/IL-13 secretion
axis-mediated inflammatory actions, further suggested that the
NALP3 inflammasome mediates the development of fibrosis
in systemic sclerosis (15,16). NALP3 also appears to play a
key role in promoting TGF-f3 signaling and Smad2/3 activa-
tion in renal epithelial cells (17). However, although TGF-3
represents one of the most extensively investigated fibrogenic
cytokines involved in the induction and development of pulmo-
nary fibrosis, the mechanism underlying the role of NALP3
inflammasome in pulmonary fibrosis remains unclear.

Notably, an increasing volume of evidence indicates that
NALP3 plays a key role in myofibroblast differentiation
and collagen production in an IL-1f/Toll-like receptor 4
(TLR4)/MyD88/NF-kB-dependent manner, or an inflamma-
some-independent manner (18), as well as in liver fibrosis (19).
Thus, in the present study, we hypothesized that the NALP3
inflammasome may participate in collagen production, and that
NF-kB may serve as a link between NALP3 inflammasome
activation and collagen synthesis.

Materials and methods

Cell culture, transfection and grouping. NITH-3T3 mouse
embryonic fibroblasts were provided by the Laboratory of
Stem Cell Biology, State Key Laboratory of Biotherapy,
Sichuan University (Chengdu, China). The cells were
cultured in Dulbecco's modified Eagle's medium (HyClone;
GE Healthcare, Logan, UT, USA) supplemented with 10%
fetal bovine serum (Sijiqing, Zhejiang, China) in a humidified
atmosphere containing 5% CO, at 37°C.

NALP3-siRNA (sense strand: 5'-CAGCCAGAGUGG
AAUGACAdTAT-3"; antisense strand: 5'-UGUCAUUCCACU
CUGGCUGATdT-3") and negative control (NControl) siRNA
were synthesized by RiboBio, Guangzhou, China. Transient
transfections were performed using the HiPerfect Transfection
Reagent (Qiagen GmbH, Hilden, Germany) together with
either an NControl siRNA (10 nM) or NALP3-siRNA (10 nM),
according to the HiPerFect Transfection Reagent instruction
manual. At 12 h after transfection, the cells were treated with
H,0, (200 #uM). The silencing efficiency of the NALP3-siRNA
was determined using reverse transcription-polymerase chain
reaction (RT-PCR) after 12 h of treatment. Approximately 24 h
after H,O, stimulation, total RNA was extracted for RT-PCR
and, 48 h later, total protein was extracted for western blot
analysis, and the cell supernatants were frozen at -80°C for
enzyme-linked immunosorbent assay (ELISA).
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Additional groups of cells were treated with or without
pyrrolidine dithiocarbamate (PDTC) (Sigma-Aldrich;
Merck KGaA, St. Louis, MO, USA) (50 M) 1 h prior to H,0O,
stimulation. The cells and cell supernatants were collected in
the same manner as described above.

Animals. A total of 42 male C57BL/6 mice (age, 8 weeks;
weight, 20-24 g) were purchased from the Laboratory Animal
Center of Sichuan University (Chengdu, China). The mice were
housed (n=5 per cage) in an air-conditioned animal facility
under constant temperature and humidity, with a 12-h day-night
cycle and free access to food and water. The mice were allowed
to acclimatize for 2 weeks prior to the initiation of the experi-
mental procedures. Animal experiments were performed
according to protocols approved by the Laboratory Animal
Welfare and Ethics Committee of the Sichuan University.
Mice were randomly divided into three treatment groups as
follows: i) BLM (Nippon Kayaku, Takasaki, Japan) + PDTC:
On day 0, a single intratracheal injection of BLM (5 mg/kg in
a final volume of 50 ul) was performed and PDTC (100 mg/kg)
was intraperitoneally injected 2 h prior to the intratracheal
injection. From day 1 onwards, PDTC (100 mg/kg) was intra-
peritoneally injected once daily. ii) BLM + phosphate-buffered
saline (PBS): On day 0, a single intratracheal injection of BLM
(5 mg/kg in a final volume of 50 ul) was performed, and an
equal volume of PBS was intraperitoneally injected 2 h prior
to the surgery. From day 1 onwards, the same volume of PBS
was intraperitoneally injected once daily. iii) Control group:
A single intratracheal injection of PBS (50 ul) plus intraperi-
toneal injections of PBS once daily. We utilized 10% chloral
hydrate (3.5 ml/kg intraperitoneally) to anesthetize the mice.
The mice (n=7/group) were sacrificed at 7 and 28 days after
BLM intratracheal injection.

Western blotting. Whole protein from cells or lung tissue was
lysed with RIPA lysis buffer (Beyotime, Shanghai, China) in
the presence of protease inhibitor cocktail (Roche, Mannheim,
Germany) for 30 min and centrifuged at 12,000 x g for 20 min
at 4°C. Protein concentrations were determined using the
bicinchoninic acid protein assay (Beyotime, Shanghai, China)
according to the manufacturer's instructions. Equal amounts
of protein (60 ug) were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA). The membranes were blocked in 5% non-fat
dry milk in 0.1% Tween-20, 1X Tris-buffered saline (TBST;
pH 7.4) for 1 h at room temperature, and then incubated with
goat anti-NALP3 antibody (ab4207; Abcam, Cambridge, MA,
USA), rabbit anti-IkBa antibody (cat. no. 4812, CST, Danvers,
MA, USA), rabbit anti-pNF-kB antibody (cat. no. 3033, CST),
rabbit anti-collagen I antibody (ab34710; Abcam), rabbit
anti-a-SMA antibody (ab5694, Abcam), or rabbit anti-f3-actin
antibody (bs-0061R; Bioss, Beijing, China) in blocking solu-
tion overnight at 4°C, and washed three times with TBST
at 10-min intervals. All above mentioned antibodies were
diluted by 1:1,000. The membranes were then incubated with
horseradish peroxidase-conjugated rabbit anti-goat (1:5,000;
7ZB-2306; ZSGB-Bio, Beijing, China) or mouse anti-rabbit
IgG antibody (1:5,000; ZDR-5306; ZSGB-Bio) for 1 h at room
temperature. After washing with TBST, antibody binding was
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Table I. Reverse transcription-polymerase chain reaction primers and products.

Gene name S/AS Primer sequence (5'-3") Product size (bp)

NALP3 S ATTACCCGCCCGAGAAAGG 83
AS TCGCAGCAAAGATCCACACAG

Caspase-1 S AATACAACCACTCGTACACGTC 78
AS AGCTCCAACCCTCGGAGAAA

ASC S GACAGTGCAACTGCGAGAAG 106
AS CGACTCCAGATAGTAGCTGACAA

Collagen-1 S GCTCCTCTTAGGGGCCACT 91
AS ATTGGGGACCCTTAGGCCAT

a-SMA S CCCAGACATCAGGGAGTAATGG 104
AS TCTATCGGATACTTCAGCGTCA

B-actin S GTGACGTTGACATCCGTAAAGA 245
AS GCCGGACTCATCGTACTCC

S, sense; AS, antisense; ASC, apoptosis-associated Speck-like protein; a-SMA, a-smooth muscle actin.

detected by electro-chemiluminescence using fluorescence
detection equipment (ChemiDoc MP; Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The membranes were stripped using
a buffer (10% sodium dodecyl sulfate, 25 mM glycine, pH 2.0)
at room temperature for 30 min, followed by washing in TBST
for 30 min. The membranes were blocked and reprobed for
[-actin as a loading control.

Relative gene expression analysis. Total RNA was extracted
from the lung tissue and from cells, using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Carlsbad, CA, USA)
according to the manufacturer's instructions. RNA was
reverse-transcribed into cDNA, using the ReverTra Ace gPCR
RT kit (Toyobo Co., Ltd., Osaka, Japan). PCR was performed
in a final volume of 10 ul using a Thunderbird SYBR qPCR
Mix (Toyobo Co., Ltd.). The cycling program involved initial
denaturation at 95°C for 60 sec, followed by 40 cycles at 95°C
for 15 sec and 60°C for 60 sec. The B-actin gene was used as an
internal control. NALP3, ASC, caspase-1, type I collagen and
a-smooth muscle actin (SMA) were detected. The sequences
of the primers and products are listed in Table I. The relative
expression of the genes was calculated by the 2449 method.

ELISA. The content of IL-1f in the lung tissue on day 28 after
BLM instillation and in the cell supernatants was determined
using an ELISA kit (ExCell Bio, Shanghai, China) according
to the manufacturer's instructions.

Histopathological analysis. The tissue from the left lung
was excised and immediately fixed with 4% paraformalde-
hyde for 48 h, and then embedded in paraffin. Serial 4-ym
paraffin sections were prepared using a rotator microtome.
Sirius Red staining is considered as the optimal method for
identifying tissue collagen, as it can differentiate between
collagen types I and III, whereas Masson's trichrome staining
is the classical method for staining collagen used by numerous
studies. Masson's trichrome and hematoxylin-eosin staining

were selected in the present study to estimate the degree of
fibrosis, rather than differentiate between collagen types. The
tissues were visualized under a Zeiss AX10 imager A2 micro-
scope and captured using a Zeiss AX10 cam HRC (Zeiss,
Oberkochen, Germany). The criteria for grading lung fibrosis
were based on the modified Ashcroft score (20). The grade of
fibrotic changes in each lung section was assessed as a mean
score of severity from 10 randomly selected high-power fields.

Hydroxyproline assay. The levels of lung collagen were deter-
mined by analysis of the hydroxyproline content on day 28 after
BLM infusion using a hydroxyproline assay kit (Jiancheng
Institute of Biotechnology, Nanjing, China) according to the
manufacturer's instructions.

Statistical analysis. All the results are shown as
mean + standard error of the mean. Comparisons for multiple
groups were performed by one-way analysis of variance
followed by Tukey's multiple comparison test. For all analyses,
a P-value of <0.05 was considered to indicate statistically
significant differences.

Results

H,0,-induced collagen synthesis in mouse fibroblasts is
mediated by the NF-kB signaling pathway. The IxBs is the
most important inhibitor of NF-kB activation and the degra-
dation of IkBs triggers NF-kB activation. Phosphorylation
of NF-kB p65 at Ser536 is an indirect indicator of NF-kB
activation, which results in translocation of the p65 subunit
of NF-«B to the nucleus (21). In the present study, detection
of the IkBa protein, which is the best studied IkB protein, and
pNF-«B, were used to estimate the degree of NF-«B activation.
Western blot analysis of cell lysates revealed degradation of
the IkBa protein and increase in pNF-«xB in the H,O,-treated
group compared with controls. By contrast, the PDTC+H,0,
group exhibited preserved IxkBa levels and decreased NF-«kB
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Figure 1. Anti-fibrotic effect of si-NALP3 on type I collagen synthesis through the NF-«B signaling pathway upon H,O,-mediated oxidative stress in fibro-
blasts. (A) Western blotting evaluation in whole-cell lysates of the protein levels of (B) NALP3, (C) IkBa, (D) pNF-«xB, (E) a-SMA and (F) type I collagen.
B-actin was used as a loading control. (B-F) The relative protein levels were quantified by scanning densitometry and were normalized to 3-actin. Data shown
represent the means + standard error of the mean of three experiments performed in duplicate. “P<0.01 vs. the control (treated with phosphate-buffered saline);
"P<0.05, #P<0.01 vs. H,0,-treated cells. NF-xB, nuclear factor xB; IxBa, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor a;
pNF-kB, phosphorylated NF-kB; a-SMA, a-smooth muscle actin; NC, negative control.

p65 phosphorylation (Fig. 1A, C and D). H,0, is known to
be an important regulator of oxidative stress. The results
confirmed that NF-kB was activated (Fig. 1A) via IkBa degra-
dation during H,0,-mediated oxidative stress in fibroblasts.
Stimulation with H,O, significantly increased the expression
of type I collagen at the mRNA and protein levels in NTH-3T3
cells (Figs. 1A and F, and 2A). Additionally, similar results for
o-SMA at the mRNA and protein levels were obtained at 24 h
after treatment in the H,O, group (Figs. 1A and E, and 2A).
These findings demonstrated that H,O, serves as an important
regulator of extracellular matrix (ECM) deposition for fibro-
blasts by increasing type I collagen expression, and may be
involved in the transition from fibroblasts to myofibroblasts by
promoting a-SMA expression. Furthermore, the upregulation
of a-SMA and type I collagen was inhibited by the antioxi-
dant and NF-«B inhibitor PDTC (Figs. 2A and 3A, E and F).
Taken together, these data suggest that H,0,-induced oxida-
tive stress stimulates type I collagen and a-SMA production
in mouse fibroblasts, and that NF-kB signaling is required in
this process.

The NALP3 inflammasome plays an important role in
H,0,-induced collagen synthesis in mouse fibroblasts via the
NF-xB signaling pathway. Cells treated with H,O, exhibited
overexpression of NALP3, ASC and caspase-1 at the mRNA
level (Fig. 2A). In addition, H,0, induced an increase in IL-1p
content in cell supernatants, whereas cells treated with PDTC
exhibited reduced expression of NALP3, ASC and caspase-1
mRNA and IL-1f content. The effect of PDTC on NALP3
protein levels was confirmed by western blot analysis. The

results suggested that activation of the NF-«B signaling pathway
promoted NALP3 inflammasome activation by increasing
NALP3, ASC and caspase-1 expression during H,0,-mediated
oxidative stress (Figs. 2B and 3A-D). Furthermore, we demon-
strated that the expression of NALP3 could be effectively
knocked down using siRNA-NALP3, and that the mRNA
levels of ASC and caspase-1 were downregulated when
exposed to H,O, under conditions of NALP3 knockdown. In
addition, the secretion of IL-1p3 was also decreased. Inhibition
of NALP3 abolished H,0,-mediated type I collagen synthesis
and increased the mRNA levels of a-SMA in fibroblasts.
However, no effect on a-SMA protein was observed following
administration of siRNA-NALP3 (Figs. 1E and 3E). The IxBa
protein remained at a relatively high level and pNF-«B level
was reduced compared with the siRNA-negative and H,O,
groups (Fig. 1A, C and D). Collectively, these findings suggest
that activation of the NALP3 inflammasome is involved in
H,0,-induced type I collagen production in fibroblasts via the
NF-«B signaling pathway.

The NF-xB pathway is required for NALP3 inflammasome
activation in BLM-induced pulmonary fibrosis. A single
intratracheal injection of BLM constitutes a well-established
animal model that results in airway epithelial cell damage,
inflammation and formation of fibrotic lesions. In the present
study, a well-alveolized normal histology was observed
in the control group. By contrast, obvious alveolar wall
thickening, massive infiltration of leukocytes and excessive
deposition of mature collagen in the interstitium was observed
in BLM-treated mice. Lung inflammation was contained on
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Figure 3. NALP3 inflammasome is activated during H,O,-induced collagen synthesis in fibroblasts via the NF-kB signaling pathway. (A) Protein levels of the
myofibroblast markers a-SMA, type I collagen as well as NALP3, IkBa and pNF-kB were evaluated in whole-cell lysates by western blotting. [3-actin was
used as a loading control. (B-F) Relative protein levels were quantified by scanning densitometry and were normalized to -actin. Data shown represent the
means + standard error of the mean of three experiments performed in duplicate. “P<0.05, “P<0.01 vs. the control (treated with phosphate-buffered saline);
"P<0.05, "P<0.01 vs. H,O,-treated cells. NF-xB, nuclear factor kB; IxBa, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor «;
pNF-«kB, phosphorylated NF-kB; a-SMA, a-smooth muscle actin; PDTC, pyrrolidine dithiocarbamate.

day 28, although the fibrotic changes became more severe. lower. In addition, a similar trend was observed in the measure-
These histopathological changes were improved by PDTC  ments of lung hydroxyproline content (Fig. 4B). Thus, these
pretreatment (Fig. 4A). results indicate that the BLM-induced pulmonary fibrosis
BLM administration induced a significant increase in the  model was successfully established, and that the NF-«B
Ashcroft scores compared with the control on day 7, and these  signaling pathway played a key role in the process of fibrosis.
scores were further increased by day 28 (Fig. 4C). Conversely, To examine the activation of NALP3 inflammasomes
the scores of the mice administered PDTC were significantly  in BLM-induced pulmonary fibrosis, the mRNA levels of
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Figure 4. Suppression of the NF-kB signaling pathway significantly alleviates BLM-induced lung fibrosis and inflammation in mice lung tissue.
(A) Paraffin-embedded sections from the lung tissues of mice were stained with H&E or Masson's trichrome stain. Evaluation of fibrotic changes was
determined via (B) hydroxyproline content and (C) Ashcroft score on day 28 after BLM administration. Results are expressed as the means + standard error
of the mean (n=7). Statistical analysis was performed using one-way analysis of variance followed by Tukey's multiple comparison test. "P<0.05, “P<0.01 vs.
the control group; “P<0.05 vs. the BLM group. “P<0.05, “*P<0.01 vs. BLM on day 7. Scale bar, 50 gm. NF-«B, nuclear factor kB; BLM, bleomycin; H&E,

hematoxylin and eosin; PDTC, pyrrolidine dithiocarbamate.

NALP3, ASC, caspase-1, a-SMA and type I collagen were
measured and NALP3 protein levels were determined in
the lungs of mice. BLM-treated mice exhibited significantly
elevated levels of NALP3, ASC, caspase-1, a-SMA and type [
collagen mRNA compared with the control group when
analyzed on day 28 (Fig. SE). The level of the NALP3 protein
was markedly higher compared with that of the control on
both days 7 and 28, whereas NALP3 protein expression was
reduced on day 28 compared with day 7 after BLM injection
(Fig. 5A and B). PDTC-pretreated mice exhibited a rela-
tively lower expression of NALP3, ASC, caspase-1, a-SMA
and type I collagen mRNA compared with the BLM group.
Furthermore, PDTC reduced NALP3 protein levels to a statis-
tically significant extent in the lungs of BLM-treated mice
on days 7 and 28. In addition, ELISA analysis demonstrated
that BLM administration resulted in a large increase in IL-1p
production, and that PDTC pretreatment was able to attenuate
the BLM-induced production of IL-1f in the lung tissues on
day 28 (Fig. 5D). Western blot analysis revealed a decrease in
IkBa levels in the BLM group as opposed to their preservation
in the BLM+PDTC group (Fig. 5A and C). However, a more
significant change in the level of IxkBa was not observed over
time. These results suggest that the NALP3 inflammasome is
activated during the stages of early inflammation and fibrosis
and, therefore, may play a role in fibrogenesis.

Discussion
NALP3 has been widely investigated with respect to immune

response over the past several decades, and it is considered to act
as a general sensor for cellular stress. In recent years, NALP3

has been found to play important roles in various pathological
processes, including diabetes mellitus (22,23), non-alcoholic
steatohepatitis (24,25), chronic kidney diseases (26) and
IPF (27). Furthermore, an increasing volume of evidence
indicates that NALP3 serves as an important factor in organ
fibrosis. Pulmanary fibrosis develops as a consequence of
abnormalities occurring in multiple biological pathways that
affect inflammation and wound repair, which involve a series
of cells and cytokines. Studies on the process of fibrogenesis
have focused primarily on cell injury, macrophage activation,
inflammation and ECM deposition. Tian er al (28) reported
that siNALP3 may rescue A549 from BLM-induced pulmo-
nary fibrosis. Accordingly, the biological characteristics of the
NALP3 inflammasome during collagen metabolism in pulmo-
nary fibrosis remain unclear. To further elucidate the role of
the NALP3 inflammasome during type I collagen synthesis
in fibroblasts, the effects of NALP3-siRNA on H,O,-treated
mouse embryonic fibroblasts were examined.

In the present study, it was suggested that NALP3 plays
an important role in H,O,-mediated type I collagen synthesis
via the NF-«B signaling pathway. NF-«xB activation and type I
collagen production were shown to be significantly decreased
by NALP3-siRNA. Additionally, the inhibition of NF-kB
resulted in downregulation of type I collagen and the NALP3
inflammasome. In addition, consistent with the results from
previous studies, we demonstrated that the NALP3 inflamma-
some was activated in BLM-induced pulmonary fibrosis and
that this activation was attenuated by PDTC.

There are two essential criteria for triggering NALP3
inflammasome activation. First, NALP3 expression per se
must be transcriptionally induced, which requires NF-xB. A
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Figure 5. NALP3 inflammasome is activated in BLM-induced pulmonary fibrosis after day 28 in mice. (A-C) Protein levels of NALP3 and IxkBa in lung
tissues were determined on day 7 and day 28 by western blotting. Content of IL-1{ in lung tissues was examined on day 28 by ELISA (D). Relative mRNA
expression of NALP3, ASC, caspase-1, a-SMA, and type I collagen (E). Data are presented as the means + standard error of the mean, n=7. "P<0.05, “P<0.01
vs. the control group at day 28; “P<0.05, “P<0.01 vs. the BLM group at day 28. BLM, bleomycin; IxkBa, nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor a; a-SMA, a-smooth muscle actin; IL, interleukin; PDTC, pyrrolidine dithiocarbamate; ASC, apoptosis-associated Speck-like protein.

second, post-transcriptional step then leads to the activation
of NALP3, allowing for NALP3 inflammasome assembly. In
the first step, NALP3 expression is considered as the limiting
factor for inflammasome priming (29). The corresponding
NF-«B binding sites (nt -1,303 to -1,292 and -1,238 to -1,228)
are located in the NALP3 promoter in macrophages (30) and
TLR2/MyD88/NF-kB and TLR4/MyD88/NF-kB signaling is
required for pro-IL-1f and NALP3 gene expression (7,31). Our
data further demonstrated that PDTC inhibits the expression
of NALP3, ASC and caspase-1 to varying degrees. Taken
together, this evidence suggests that NF-kB serves as a critical
upstream mediator for NALP3 inflammasome priming.
Accordingly, our study provides a new viewpoint regarding
the NF-kB/inflammasome pathway. The partial protection
of NF-«xB activation by NALP3 silencing suggests that the
inflammasome may function upstream of NF-«B. In previous
studies, inflammasome activation leading to IL-13 maturation
and release, IL-1 will also activate the IL-1R1/MyD88/NF-«xB
pathway (10). This may contribute to an autocrine/paracrine

amplification loop of IL-1f3 and NF-xB during the process of
collagen metabolism (19).

The second criterion for triggering NALP3 inflammasome
activation involves intracellular ROS and potassium (K*) efflux
due to the stimulation of ATP-sensitive ion channels, which
promote inflammasome assembly leading to caspase-1 activa-
tion and subsequent IL-1f release. Oxidative stress is a strong
NF-«B activator. We thus hypothesized that oxidative stress
acts both up- and downstream of the NALP3 inflammasome,
and it also plays a contributory role in the pathogenesis of
NALP3 inflammasome activation and pulmonary fibrosis by
inducing genetic overexpression of fibrogenic cytokines (32).
Artlett et al indicated that the NALP3 inflammasome plays
important roles in collagen synthesis via type IA and 3A1
collagen, and connective tissue growth factor production and
myofibroblast differentiation (15). Inhibition of caspase-1
abrogated the expression of collagens, IL-1f and a-SMA in
systemic sclerosis dermal and lung fibroblasts. As an NALP3
inflammasome effector, cytokine IL-1B exerts comprehensive
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biological effects associated with inflammation and fibrosis.
The association between IL-1f and fibrosis has been widely
investigated. IL-1 receptor antagonists or IL-1R deficiency may
reduce liver or lung fibrosis (10,24). IL-1p mediates collagen
expression mainly via the induction of TGF-f, the downstream
cytokine of IL-1f, which is also known as the most essential
cytokine in the biochemical processes of fibrosis. TGF-3
directly increases the transcriptional activation of collagen
genes and also stimulates the expression of a number of proin-
flamatory and fibrogenic cytokines, such as TNF-a, PDGF,
IL-1p, or IL-13, thereby further enhancing the fibrotic response
in macrophages, fibroblasts and myofibroblasts. TGF-f is also
a direct mediator of epithelial-to-mesenchymal transition
(EMT), which is one of the most important sources of myofi-
brosis. Another important TGF-f3 feature in increasing ECM
deposition is the creation of a microenvironment that favors
ECM deposition. Redox balance modulation may affect the
NALP3 inflammasome/Smad pathway in terms of collagen
synthesis. Smads are the most crucial intracellular proteins that
transduce extracellular signals from TGF-f3 ligands to activate
downstream gene transcription. Thus, the mechanism under-
lying collagen synthesis may be the NALP3/IL-1p/TGF-3
pathway. Of note, when NALP3” mouse primary cardiac
fibroblasts (CFs) were treated with TGF-f, which plays a
direct role in fibroblast differentiation into myofibroblasts and
EMC deposition, they displayed impaired and delayed myofi-
broblast differentiation with reduced a-SMA expression (18).
Furthermore, the expression of a-SMA and MMP-9 was signif-
icantly decreased in mouse NALP3™ renal tubular epithelial
cells that had been stimulated by TGF-f3. Taken together, these
findings may suggest an upstream role for TGF- to NALP3
in myofibroblast differentiation. Cai er al demonstrated that
angiotensin 2 (Ang-2) increased NALP3 and pro-IL-1
levels by activating the TLR4/MyD88/NF-«xB pathway, and
first demonstrated that Ang-2-induced collagen synthesis in
hepatic stellate cells could be inhibited by NALP3 depletion.
NF-kB may therefore affect inflammasome activation and
downstream IL-1f3-mediated collagen metabolism.

Consistent with prior findings, our data suggest that NALP3
may act as anew mediator in the pathomechanism of fibrosis via
regulating type I collagen and a-SMA expression. NALP3 also
affects the collagen synthesis rate-limiting enzyme (P4Hal)
and collagen breakdown enzymes (MMP-2 and MMP-9) (28).
However, our data demonstrated decreased mRNA expression
with inhibition at the protein level of a-SMA after transfec-
tion. A possible explanation for this apparent discrepancy is
that H,0,-mediated myofibroblast differentiation may involve
multiple pathways in which NALP3 acts upon only a subset.
Another possible explanation may be associated with limita-
tions of cell culture studies including the short duration of
transfection and the transfection efficiency. To resolve this
issue, we must design a more durable transfection system in
our future experiment.

H,0, generates excessive amounts of ROS, and both factors
represent the primary mediators of the effects of TGF-§§ in
various cells (33-35). In particular, H,O,-mediated collagen
synthesis is associated with TGF-f (36). The association
between NALP3 inflammasome and TGF-f is mentioned
above. Notably, the TGF-f} effects involving NALP3 have been
identified as occurring in another inflammasome-independent
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manner. The involvement of NALP3 in TGF-f3-induced R-Smad
phosphorylation, nuclear accumulation and myofibroblast differ-
entiation was demonstrated; however, TGF-f did not induce the
upregulation or secretion of activated IL-1, IL-18, or caspase-1
in CFs. By contrast, the protective effect of NALP3 deficiency
was consistently reported; simultaneously, IL-1p3, IL-18, ASC,
and caspase-1 were shown to be less important under certain
conditions (37,38). It was suggested that ASC can induce
MAPK phosphorylation independently of cytokine production
in macrophages (39) to regulate mRNA stability; this, in turn,
affected DOCK-2 protein expression and phagocytosis in leuko-
cytes (40). These findings demonstrated that the physiological
roles of NALP3 and ASC are not limited to the caspase-1/IL-13
axis. As TGF-f represents one of the most critical cytokines in
the EMT and in ECM deposition, whether the associated regu-
latory mechanisms involving both NALP3 and TGF-f act via
an inflammasome-dependent or -independent manner remains
unclear. The independent biological effects of these compo-
nents were mainly reported in non-monocytes/macrophages,
such as renal tubular epithelial cells or CFs; thus, we may
infer that the inflammasome-independent pathway may
be a mechanism distinguishing epithelial cell lines from
monocytes/macrophages, but this hypothesis requires further
investigation.

As TGF-p represents one of the most critical cytokines in
EMT and in ECM deposition, whether the associated regula-
tory mechanisms involving both NALP3 and TGF-f act in an
inflammasome-dependent or -independent manner remains
unclear.

In the present study, it was first demonstrated that NALP3
deficiency alleviates H,O,-induced type I collagen synthesis
via the NF-kB signaling pathway. However, further research
is required to identify the exact mechanism through which the
NALP3 inflammasome plays a role in collagen production.
As fibroblast activation represents the main checkpoint for
ECM deposition, these results suggest that modulation of the
effects of the NALP3 inflammasome on fibroblasts may have
important therapeutic implications in pulmonary fibrosis.
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