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Abstract: Idiopathic pulmonary fibrosis has poor clinical outcomes despite antifibrotic treatment.
The nucleotide-binding domain leucine-rich repeat-containing receptor, pyrin domain-containing-3
(NLRP3) inflammasome and endothelial-to-mesenchymal transition (EndoMT) were shown to be
involved in the pathogenesis of pulmonary fibrosis. However, the detailed mechanism is unknown.
Our study aimed to investigate the role of the NLRP3 inflammasome in the regulation of EndoMT
in pulmonary fibrosis. The inhibition of the NLRP3 inflammasome via a caspase-1 inhibitor, Ac-
YVAD-cmk (YVAD), was intraperitoneally administered to male C57BL/6 mice (8–12 weeks old) one
hour before bleomycin intratracheal injection (1.5 U/kg). Immunohistochemical staining, Masson’s
trichrome staining, enzyme-linked immunosorbent assay, immunofluorescence, and Western blotting
were used to assess the activity of the NLRP3 inflammasome and EndoMT in lung samples from
mice. Human pulmonary microvascular endothelial cells (HPMECs) were used as a model of
EndoMT in vitro with YVAD and bleomycin stimulation. We observed the activation of the NLRP3
inflammasome and EndoMT (decreased vascular endothelial cadherin with increased alpha-smooth
muscle actin and vimentin) in the lung samples after bleomycin. However, inhibition of the NLRP3
inflammasome significantly reduces EndoMT via inhibiting focal adhesion kinase (FAK). In vitro
studies also confirmed these findings. In conclusion, NLRP3 inflammasome inhibition could reduce
lung inflammation and fibrosis via the regulation of EndoMT by the FAK pathway.

Keywords: nucleotide-binding domain leucine-rich repeat-containing receptor; pyrin domain-containing-3
(NLRP3) inflammasome; endothelial-to-mesenchymal transition; focal adhesion kinase; caspase-1 inhibitor;
pulmonary fibrosis

1. Introduction

Lung fibrosis is commonly observed in the late stage of various pulmonary diseases, in-
cluding interstitial lung disease (ILD) and acute respiratory distress syndrome (ARDS) [1,2].
Histopathological features of pulmonary fibrosis include abnormal collagen deposition,
rapid increase in mesenchymal cells, and damage to lung architecture [3]. The median
survival of idiopathic pulmonary fibrosis (IPF), the most-seen ILD, was less than 5 years [4].
Our previous work showed that both the early use of nintedanib or induced pluripotent
stem cells might reduce lung inflammation and fibrosis in the murine bleomycin model [5,6].
It is thus important to give early treatment to reduce lung fibrosis.
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Inflammasomes are activated during stress or infectious agents, enhancing the matu-
ration of proinflammatory cytokines to participate in innate immunity [7]. One of them,
known as the nucleotide-binding domain leucine-rich repeat-containing receptor, pyrin
domain-containing-3 (NLRP3) inflammasome, is involved in neutrophil influx and elevated
interleukin-1 beta (IL-1β) levels in bleomycin model; these effects are attenuated when
these mice are treated with Z-YVAD-FMK, a caspase-1 inhibitor [8]. It has been reported
that in diabetic wounds, multiple inflammatory cytokines, including IL-1β and TNF-α,
are upregulated by activated NLRP3 inflammasomes [9,10]. The NLRP3 inflammasome is
also activated in patients with IPF via extracellular adenosine triphosphate [11]. In addi-
tion, the NLRP3 inflammasome participates in the regulation of epithelial-to-mesenchymal
transition (EMT) in fibrosis [12].

As observed in a pulmonary fibrosis model, fibroblasts could originate from endothelial-
to-mesenchymal transition (EndoMT) [13]. The inhibition of EndoMT has been found
to ameliorate pulmonary fibrosis in both lipopolysaccharide-induced lung injury and
transforming growth factor-beta (TGF-β)-induced pulmonary fibrosis [14,15]. In addition,
NLRP3 is involved in EndoMT in a mechanical stretch model [16].

In endothelial cells, focal adhesion kinase (FAK) is an important mediator of endothe-
lial cytoskeletal interactions [17]. In addition, both increased FAK expression [18] and
Tyr-397 phosphorylation of FAK [19] are found in association with the downregulation
of vascular endothelial cadherin (VE-cadherin) and increased permeability in endothelial
cells treated with hydrogen peroxide. Phosphorylation of FAK in Tyr397 was also found
to regulate both EMT [20] and EndoMT [21]. Interestingly, the FAK signaling pathway
was involved in the activation of the NLRP3 inflammasome in intestinal epithelial cells
as well [22]. Activation of caspases was known to cleave FAK and cause cytoskeleton
rearrangement in cell apoptosis [23].

Considering these facts, we hypothesized that the NLRP3 inflammasome has sig-
nificant effects on EndoMT in bleomycin-induced pulmonary fibrosis, which could be
attenuated by the inhibition of the NLRP3 inflammasome via a reduction in FAK expres-
sion. The aim of this study is to investigate the mechanisms of the NLRP3 inflammasome
and EndoMT in bleomycin-induced pulmonary fibrosis.

2. Results
2.1. Inhibition of the NLRP3 Inflammasome Alleviated Bleomycin-Induced Pulmonary Fibrosis

The intratracheal administration of bleomycin-induced lung injury is evidenced histopatho-
logically by the presence of alveolar infiltrates of neutrophils (Supplementary Figure S1), thick-
ening of the alveolar walls and interstitium, and extensive fibrosis (Figure 1A). To in-
vestigate the role of NLRP3 inflammasomes in bleomycin-induced pulmonary fibrosis,
we compared the lung sections from pulmonary fibrosis mice that underwent preven-
tive treatment with Ac-YVAD-cmk (YVAD), a caspase-1 inhibitor to inhibit the NLRP3
inflammasome signaling pathway via intraperitoneal injection. Histological evaluation
of the lungs seven days after bleomycin-induced pulmonary fibrosis showed that lung
inflammation and fibrosis were significantly reduced by YVAD preventive treatment. Mice
treated with YVAD had significantly decreased lung injury scores (Figure 1A). Masson’s
trichrome staining of lung tissue and the Ashcroft score showed progressive pulmonary
fibrosis seven days after bleomycin injection (Figure 1B). In contrast, preventive treatment
with YVAD significantly reduced bleomycin-induced pulmonary fibrosis, both according
to Masson’s trichrome staining and the Ashcroft score (Figure 1B).
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Figure 1. Inhibition of NLRP3 inflammasome improved histological features and reduced pulmo-
nary fibrosis in mice with BLM-induced pulmonary fibrosis. (A) H&E stain and lung injury score 
demonstrated that lung inflammation and fibrosis were reduced in mice receiving Ac-YVAD-cmk 
(YVAD), a caspase-1 inhibitor to inhibit NLRP3 inflammasome signaling pathway compared with 
the bleomycin group; (B) Masson’s trichrome staining and the Ashcroft score showed that pulmo-
nary fibrosis mice that received YVAD had significantly less pulmonary fibrosis compared with ble-
omycin group. * p < 0.05 compared with control, # p < 0.05 compared with BLM group. n = 5 per 
group. 

2.2. Activation of NLRP3 Inflammasome in Bleomycin-Induced Pulmonary Fibrosis 
Immunohistochemistry (IHC) staining of the lung tissues showed that the expression 

levels of the NLRP3 inflammasome and caspase-1 p20 were significantly higher in the 
pulmonary fibrosis model group compared to the control group seven days after bleomy-
cin injection (Figure 2A,B). Western blots of the whole lung extracts showed that the 
caspase-1 p20 subunit level was significantly higher in the pulmonary fibrosis model 
group compared to the control group seven days after bleomycin injection (Figure 2C). 
The enzyme-linked immunosorbent assay (ELISA) of the whole lung extracts showed that 
IL-1β levels were significantly higher in the pulmonary fibrosis model group compared 
to the control group seven days after bleomycin injection (Figure 2D). 

Figure 1. Inhibition of NLRP3 inflammasome improved histological features and reduced pulmonary
fibrosis in mice with BLM-induced pulmonary fibrosis. (A) H&E stain and lung injury score demon-
strated that lung inflammation and fibrosis were reduced in mice receiving Ac-YVAD-cmk (YVAD), a
caspase-1 inhibitor to inhibit NLRP3 inflammasome signaling pathway compared with the bleomycin
group; (B) Masson’s trichrome staining and the Ashcroft score showed that pulmonary fibrosis
mice that received YVAD had significantly less pulmonary fibrosis compared with bleomycin group.
* p < 0.05 compared with control, # p < 0.05 compared with BLM group. n = 5 per group.

2.2. Activation of NLRP3 Inflammasome in Bleomycin-Induced Pulmonary Fibrosis

Immunohistochemistry (IHC) staining of the lung tissues showed that the expression
levels of the NLRP3 inflammasome and caspase-1 p20 were significantly higher in the
pulmonary fibrosis model group compared to the control group seven days after bleomycin
injection (Figure 2A,B). Western blots of the whole lung extracts showed that the caspase-1
p20 subunit level was significantly higher in the pulmonary fibrosis model group compared
to the control group seven days after bleomycin injection (Figure 2C). The enzyme-linked
immunosorbent assay (ELISA) of the whole lung extracts showed that IL-1β levels were
significantly higher in the pulmonary fibrosis model group compared to the control group
seven days after bleomycin injection (Figure 2D).
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Mice treated with YVAD one hour before bleomycin injection had significantly lower
NLRP3 inflammasome and caspase-1 p20 subunit expression seven days after bleomycin
injection compared to the bleomycin group; the effect persisted for 21 days (Figure 2A–C).
IL-1β levels were also significantly lower seven days after bleomycin injection in the YVAD
group compared to the bleomycin group; the effect persisted for 21 days (Figure 2D).
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Figure 2. Activation of NLRP3 inflammasome in mice with BLM-induced pulmonary fibrosis. (A) 
IHC analysis showed that the administration of bleomycin increased NLRP3 inflammasome expres-
sion in lung tissue seven days after bleomycin injection, but YVAD decreased NLRP3 expression. 
Areas in red boxes were shown enlarged (arrows: pulmonary vascular endothelial cells); (B) IHC 
analysis of caspase-1 p20 as markers of NLRP3 inflammasome expression showed that the admin-
istration of bleomycin increased NLRP3 inflammasome expression in lung tissue seven days after 
bleomycin injection, but YVAD decreased caspase-1 p20 expression. Areas in red boxes were shown 
enlarged (arrows: pulmonary vascular endothelial cells); (C) Western blot assays of the whole lung 
extracts demonstrated increased caspase-1 p20 expression seven days after bleomycin administra-
tion, but YVAD attenuated caspase-1 p20 expression; (D) ELISA of the whole lung extracts showed 
that IL-1β levels increased significantly seven days after bleomycin administration. The treatment 
of YVAD attenuated IL-1β increased levels seven days after bleomycin administration. * p < 0.05 
compared with control, # p < 0.05 compared with BLM group. n = 5 per group. 
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NLRP3 inflammasome and caspase-1 p20 subunit expression seven days after bleomycin 
injection compared to the bleomycin group; the effect persisted for 21 days (Figure 2A–
C). IL-1β levels were also significantly lower seven days after bleomycin injection in the 
YVAD group compared to the bleomycin group; the effect persisted for 21 days (Figure 
2D). 

Figure 2. Activation of NLRP3 inflammasome in mice with BLM-induced pulmonary fibrosis. (A) IHC
analysis showed that the administration of bleomycin increased NLRP3 inflammasome expression in
lung tissue seven days after bleomycin injection, but YVAD decreased NLRP3 expression. Areas in
red boxes were shown enlarged (arrows: pulmonary vascular endothelial cells); (B) IHC analysis of
caspase-1 p20 as markers of NLRP3 inflammasome expression showed that the administration of
bleomycin increased NLRP3 inflammasome expression in lung tissue seven days after bleomycin
injection, but YVAD decreased caspase-1 p20 expression. Areas in red boxes were shown enlarged
(arrows: pulmonary vascular endothelial cells); (C) Western blot assays of the whole lung extracts
demonstrated increased caspase-1 p20 expression seven days after bleomycin administration, but
YVAD attenuated caspase-1 p20 expression; (D) ELISA of the whole lung extracts showed that IL-1β
levels increased significantly seven days after bleomycin administration. The treatment of YVAD
attenuated IL-1β increased levels seven days after bleomycin administration. * p < 0.05 compared
with control, # p < 0.05 compared with BLM group. n = 5 per group.
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2.3. NLRP3 Inflammasome-Regulated Endothelial and Mesenchymal Markers in Bleomycin-Induced
Pulmonary Fibrosis

IHC staining of lung tissue and Western blots of the whole lung was performed to
detect changes in endothelial and mesenchymal markers in lung tissue following the ad-
ministration of bleomycin. A decrease in VE-cadherin expression levels was observed seven
days after bleomycin use. Increases in TGF-β and α-SMA levels were noted seven days
after bleomycin injection. In addition, the inhibition of the NLRP3 inflammasome via YVAD
preventive treatment preserved VE-cadherin levels significantly after bleomycin-induced
pulmonary fibrosis. The expression of TGF-β and α-SMA was reduced in YVAD-treated
mice seven days after bleomycin-induced pulmonary fibrosis (Figures 3A–C and 4). Im-
munofluorescence double staining was used to detect EndoMT in vessels in lung tissue
after bleomycin injection. Decreases in VE-cadherin with concomitant increases of α-SMA
expression levels among pulmonary vascular endothelial cells were observed seven days
after bleomycin injection (Figure 3D). Similarly, decreases in VE-cadherin with concomi-
tant increases in vimentin expression levels among pulmonary vascular endothelial cells
were observed seven days after bleomycin injection (Figure 3E). Decreases in CD31 with
concomitant increases of caspase-1 p20 among pulmonary vascular endothelial cells were
also observed seven days after bleomycin injection (Figure 3F). Moreover, YVAD treatment
significantly preserved VE-cadherin levels with decreased levels of vimentin and α-SMA
in vascular endothelial cells after bleomycin-induced pulmonary fibrosis (Figure 3D,E).
YVAD also significantly preserved CD31 levels with decreased expression of caspase-1 p20
in vascular endothelial cells after bleomycin use (Figure 3F).
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Figure 3. Inhibition of NLRP3 inflammasome diminished the process of endothelial to mesenchymal 
transition in BLM-induced pulmonary fibrosis. (A) IHC stain demonstrated that the levels of VE-
cadherin significantly decreased seven days after BLM injection. Inhibition of NLRP3 inflam-
masome by YVAD significantly rescued VE-cadherin expression fourteen days after bleomycin in-
jection; (B) IHC stain demonstrated levels of α-SMA increased significantly in the bleomycin group. 
Administration of YVAD decreased α-SMA levels seven days after bleomycin; (C) likewise, TGF-β 
levels increased significantly after bleomycin. Treatment of YVAD decreased TGF-β expression 
seven days after bleomycin; (D) immunofluorescence (IF) double staining of lung tissue demon-
strated decreased expression of VE-cadherin with concomitant increased expression of α-SMA 
among pulmonary vascular endothelial cells seven days after bleomycin-induced pulmonary fibro-
sis. YVAD significantly preserved expression of VE-cadherin with decreased expression of α-SMA 
after bleomycin injection (arrows: pulmonary vascular endothelial cells); (E) IF double staining of 
lung tissue demonstrated decreased expression of VE-cadherin with concomitant increased expres-
sion of vimentin among pulmonary vascular endothelial cells seven days after bleomycin-induced 
pulmonary fibrosis. YVAD significantly preserved expression of VE-cadherin with decreased ex-
pression of vimentin after bleomycin injection (arrows: pulmonary vascular endothelial cells); (F) IF 
double staining of lung tissue demonstrated decreased expression of CD31 with concomitant in-
creased expression of caspase-1 p20 among pulmonary vascular endothelial cells seven days after 
bleomycin injection. YVAD significantly preserved the expression of CD31 with decreased levels of 
caspase-1 p20 after bleomycin (arrows: pulmonary vascular endothelial cells). * p < 0.05 compared 
with control, # p < 0.05 compared with BLM group. n = 5 per group. 

Figure 3. Inhibition of NLRP3 inflammasome diminished the process of endothelial to mesenchymal
transition in BLM-induced pulmonary fibrosis. (A) IHC stain demonstrated that the levels of VE-
cadherin significantly decreased seven days after BLM injection. Inhibition of NLRP3 inflammasome
by YVAD significantly rescued VE-cadherin expression fourteen days after bleomycin injection;
(B) IHC stain demonstrated levels of α-SMA increased significantly in the bleomycin group. Admin-
istration of YVAD decreased α-SMA levels seven days after bleomycin; (C) likewise, TGF-β levels
increased significantly after bleomycin. Treatment of YVAD decreased TGF-β expression seven days
after bleomycin; (D) immunofluorescence (IF) double staining of lung tissue demonstrated decreased
expression of VE-cadherin with concomitant increased expression of α-SMA among pulmonary
vascular endothelial cells seven days after bleomycin-induced pulmonary fibrosis. YVAD signifi-
cantly preserved expression of VE-cadherin with decreased expression of α-SMA after bleomycin
injection (arrows: pulmonary vascular endothelial cells); (E) IF double staining of lung tissue demon-
strated decreased expression of VE-cadherin with concomitant increased expression of vimentin
among pulmonary vascular endothelial cells seven days after bleomycin-induced pulmonary fibrosis.
YVAD significantly preserved expression of VE-cadherin with decreased expression of vimentin
after bleomycin injection (arrows: pulmonary vascular endothelial cells); (F) IF double staining of
lung tissue demonstrated decreased expression of CD31 with concomitant increased expression of
caspase-1 p20 among pulmonary vascular endothelial cells seven days after bleomycin injection.
YVAD significantly preserved the expression of CD31 with decreased levels of caspase-1 p20 after
bleomycin (arrows: pulmonary vascular endothelial cells). * p < 0.05 compared with control, # p < 0.05
compared with BLM group. n = 5 per group.

2.4. Inhibition of the NLRP3 Inflammasome Reduced FAK Activity in Bleomycin-Induced
Pulmonary Fibrosis

Western blots of the whole lung were applied to detect p-FAK changes in the lung
tissue after the administration of bleomycin. The p-FAK-to-FAK ratio significantly increased
after bleomycin administration. In contrast, the inhibition of the NLRP3 inflammasome
via the administration of YVAD attenuated the increase in the p-FAK-to-FAK ratio in
bleomycin-induced pulmonary fibrosis (Figure 4).
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Figure 4. Inhibition of NLRP3 inflammasome reversed changes in protein expression in BLM-
induced pulmonary fibrosis. Western blot assays of the whole lung extracts revealed increased
p-FAK-to-FAK ratio, decreased VE-cadherin expression, and increased levels of TGF-β and α-SMA in
bleomycin-induced pulmonary fibrosis. Inhibition of NLRP3 inflammasome by YVAD attenuated
the p-FAK-to-FAK ratio while preserving VE-cadherin in bleomycin-induced pulmonary fibrosis.
Additionally, YVAD reduced the expression of TGF-β and α-SMA. * p < 0.05 compared with control,
# p < 0.05 compared with BLM group. n = 5 per group.

2.5. Inhibition of the NLRP3 Inflammasome Reduced Bleomycin-Induced EndoMT In Vitro

The immunofluorescence stain of human pulmonary microvascular endothelial cells
(HPMECs) revealed that the expression of caspase-1 p20 and NLRP3 was significantly
increased in HPMEC following the stimulation of bleomycin. However, the inhibition of
the NLRP3 inflammasome by YVAD reduced the increases of caspase-1 p20 and NLRP3
after bleomycin stimulation (Figure 5A). Western blots of HPMEC were performed to detect
various protein changes in HPMEC following the administration of bleomycin. The p-FAK-
to-FAK ratio and TGF-β and α-SMA levels significantly increased after bleomycin, while
VE-cadherin levels decreased; however, the inhibition of the NLRP3 inflammasome by
YVAD reduced the increase in p-FAK-to-FAK ratio, TGF-β and α-SMA levels, and increased
the VE-cadherin levels after bleomycin use (Figure 5B).
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Figure 5. Inhibition of NLRP3 inflammasome reduced BLM-induced EndoMT in vitro. (A) IF stain 
of HPMEC showed that the expression of caspase-1 p20 and NLRP3 was increased significantly in 
HPMEC following the administration of bleomycin. However, inhibition of NLRP3 inflammasome 
by YVAD reduced the increases of caspase-1 p20 and NLRP3 expression after bleomycin use; (B) 
Western blot assays of the whole cell lysates of HPMEC revealed increased p-FAK-to-FAK ratio, 
expressive levels of TGF-β and α-SMA after BLM stimulation, and decreased VE-cadherin expres-
sion. Administration of YVAD diminished the increased levels of p-FAK-to-FAK ratio, TGF-β, and 
α-SMA expression after bleomycin injection. Moreover, YVAD significantly recovered the decreased 
levels of VE-cadherin after bleomycin stimulation; (C) IF double staining of HPMEC demonstrated 
decreased expression of VE-cadherin with concomitant increased expression of α-SMA after bleo-
mycin stimulation. Similarly, decreases in VE-cadherin with concomitant increases in vimentin ex-
pression levels were observed in HPMEC after bleomycin administration. YVAD significantly pre-
served VE-cadherin levels with decreased expression of α-SMA and vimentin after bleomycin use. 
* p < 0.05 compared with control, # p < 0.05 compared with BLM group. 

Immunofluorescence double staining of HPMEC was performed to detect EndoMT 
in HPMEC following the stimulation of bleomycin. Decreases in VE-cadherin with con-
comitant increases in α-SMA expression levels were observed. Similarly, decreases in VE-
cadherin with concomitant increases in vimentin expression levels were also observed. 
However, the inhibition of the NLRP3 inflammasome by YVAD significantly preserved 
VE-cadherin expression levels with decreased expression of α-SMA and vimentin after 
bleomycin stimulation (Figure 5C). 
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inflammasome signaling pathways, the caspase-1 inhibitor had an antifibrotic effect by 
suppressing the EndoMT by reducing the expression of FAK. 

Figure 5. Inhibition of NLRP3 inflammasome reduced BLM-induced EndoMT in vitro. (A) IF stain
of HPMEC showed that the expression of caspase-1 p20 and NLRP3 was increased significantly
in HPMEC following the administration of bleomycin. However, inhibition of NLRP3 inflamma-
some by YVAD reduced the increases of caspase-1 p20 and NLRP3 expression after bleomycin use;
(B) Western blot assays of the whole cell lysates of HPMEC revealed increased p-FAK-to-FAK ratio,
expressive levels of TGF-β and α-SMA after BLM stimulation, and decreased VE-cadherin expression.
Administration of YVAD diminished the increased levels of p-FAK-to-FAK ratio, TGF-β, and α-SMA
expression after bleomycin injection. Moreover, YVAD significantly recovered the decreased levels
of VE-cadherin after bleomycin stimulation; (C) IF double staining of HPMEC demonstrated de-
creased expression of VE-cadherin with concomitant increased expression of α-SMA after bleomycin
stimulation. Similarly, decreases in VE-cadherin with concomitant increases in vimentin expression
levels were observed in HPMEC after bleomycin administration. YVAD significantly preserved
VE-cadherin levels with decreased expression of α-SMA and vimentin after bleomycin use. * p < 0.05
compared with control, # p < 0.05 compared with BLM group.

Immunofluorescence double staining of HPMEC was performed to detect EndoMT
in HPMEC following the stimulation of bleomycin. Decreases in VE-cadherin with con-
comitant increases in α-SMA expression levels were observed. Similarly, decreases in
VE-cadherin with concomitant increases in vimentin expression levels were also observed.
However, the inhibition of the NLRP3 inflammasome by YVAD significantly preserved
VE-cadherin expression levels with decreased expression of α-SMA and vimentin after
bleomycin stimulation (Figure 5C).

3. Discussion

In the present study, the role of the NLRP3 inflammasome in the regulation of En-
doMT in pulmonary fibrosis was demonstrated. In addition to the inhibition of NLRP3
inflammasome signaling pathways, the caspase-1 inhibitor had an antifibrotic effect by
suppressing the EndoMT by reducing the expression of FAK.

The over-deposition of extracellular matrix synthesized by myofibroblasts is the key
feature observed in lung tissue with fibrosis [3]. EndoMT was confirmed in Tie2-Cre/CAG-
CAT-LacZ double transgenic mice with bleomycin administration to induce pulmonary
fibrosis by increasing β-galactosidase activity encoded by the LacZ gene [13]. Besides
bleomycin, other pulmonary fibrosis models, including radiation and mechanical ven-
tilation models, also demonstrated evidence of EndoMT [16,24]. In the lung tissues de-
rived from patients with systemic sclerosis-associated interstitial lung disease, EndoMT
was observed with cells expressing endothelial and mesenchymal cell-specific markers
concomitantly [25]. In a rat model, an NF-κB-dependent Jagged1/Notch1 signaling path-
way was activated, and α-SMA expression was increased in pulmonary microvascular
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endothelial cells after bleomycin use [26]. However, evidence of EndoMT in patients with
IPF was not observed. Our study result was also consistent with the result of the previously
published data by confirming the presence of EndoMT in bleomycin-induced pulmonary
fibrosis.

In preclinical experimental studies, several interventions have been proven to attenuate
EndoMT and lung inflammation and fibrosis. A dipeptidyl peptidase 4 inhibitor, vildagliptin,
could successfully downregulate EndoMT and reduce lung fibrosis in lipopolysaccharides-
induced lung injury [14]. The overexpression of C-X-C chemokine receptor type 7 (CXCR7)
attenuates EndoMT in TGF-β-induced pulmonary fibrosis via a feedback mechanism [15].
Of note, a study also discovered the role of NLRP3 inflammasome activation in EndoMT
and lung fibrosis caused by mechanical ventilation [16]. NLRP3 knockout mice further
ameliorated the activity of EndoMT compared to wild-type ones. Our study further found
that YVAD, a caspase-1 inhibitor, could effectively alleviate bleomycin-induced pulmonary
fibrosis both by downregulating the NLRP3 inflammasome and reducing the activity of
EndoMT. FAK is known to help in cell adhesion to the extracellular matrix and is considered
a central molecule for TGF-β-induced myofibroblast differentiation [27,28]. The inhibition
of FAK could suppress fibrogenic responses by blocking TGF-β signaling. In human
intestine cells, the activation of the NLRP3 inflammasome via FAK-mediated integrin
signaling upon exposure to bacterial toxin is observed [29]. FAK activation is also required
for EndoMT in tumorigenesis related to Kaposi’s sarcoma herpesvirus [30]. In our study, we
demonstrated that YVAD could effectively decrease the p-FAK-to-FAK ratio, subsequently
reducing the decrease in VE-cadherin and downregulating the process of EndoMT.

Our study had several limitations. First, our results were based on the effects of YVAD
on a murine bleomycin model and an in vitro human endothelial cell model. Hence, it
is unclear whether caspase-1 inhibitor exhibits similar clinical benefits in patients with
fibrosing lung diseases. Second, we administered YVAD before bleomycin, and the use of
YVAD successfully attenuated lung inflammation and fibrosis that occurred later. Whether
the different timings of YVAD administration will have similar effects requires further
examination. Third, NLRP3 knockout mice were unavailable at our lab; thus, we used
a caspase-1 inhibitor to design the experiments. Since NLRP3 is dispensable in various
chronic inflammations [31], future study designs should consider using these knockout
mice to carefully address the role of NLRP3 and caspase-1 in bleomycin-induced pulmonary
fibrosis. The complete inactivation of the NLRP3 gene could better understand the NLRP3
inflammasome and caspase-1 in the pathogenesis of bleomycin-induced pulmonary fibrosis
compared with pharmacological inhibition.

4. Materials and Methods
4.1. Experimental Animals

We purchased male C57BL/6 mice (8–12 weeks old with a weight of 20–25 g) from
the National Experimental Animal Center (Taipei, Taiwan). They were kept in standard
plastic animal cages with husk bedding at 25 ± 2 ◦C with a 12 h light/dark cycle. All
of them were provided with food and water ad libitum and maintained under specific
pathogen-free conditions. All experiments complied with the Institutional Animal Care
and Use Committee-approved protocols (TVGH IACUC No. 2017-076, 30 June 2017).

4.2. Animal Model

The mice were intratracheally injected with bleomycin sulfate (BLM) (Merck, Darm-
stadt, Germany) at a dose of 1.5 U/kg in 50 µL phosphate-buffered saline (PBS) to induce
pulmonary fibrosis in a protocol adapted from our previous experiments after anesthesia [5].
The control mice received 50 µL PBS by intratracheal injection. In designated experiments,
one hour before bleomycin injection, C57BL/6 mice in the treatment group were intraperi-
toneally injected with 8 mg/kg of Ac-YVAD-cmk (YVAD) (InvivoGen, San Diego, CA,
USA), a caspase-1 inhibitor [32]. Animals in each group were sacrificed on days 7, 14,
and 21. C57BL/6 mice in the YVAD+PBS group were also intraperitoneally injected with
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8 mg/kg of Ac-YVAD-cmk. The control group mice were examined at the same time point
as the treated mice and pooled from the different time points. Five mice were used in
each group.

4.3. Histology and Immunohistochemistry

Lung tissues were fixed in 4% paraformaldehyde for 10 min, embedded in paraffin,
and cut into 4 µm thick sections. Staining for NLRP3 (1:100, ab214185, Abcam, Cambridge,
UK), anti-caspase 1 (p20) (1:1000, AG-20B-0042-C100, AdipoGen AG, Liestal, Switzerland),
vascular endothelial cadherin (VE-cadherin) (1:100, ab33168, Abcam, Cambridge, UK), and
alpha-smooth muscle actin (α-SMA) (1:100, 14395-1-AP, Proteintech, Rosemont, IL, USA)
was performed using the Envision ® + Dual Link System-HRP (DAB+) kits (K4065, DAKO,
Carpinteria, CA, USA). Briefly, the sections were deparaffinized with xylene, dehydrated
with ethanol, and subsequently heated in 0.01 M citrate buffer (pH 6.0). Endogenous perox-
idase activity was inhibited in 3% H2O2 for 10 min at room temperature, and the sections
were blocked with a blocking buffer (K4065 kit). Secondary anti-rabbit, antibody-coated
polymer peroxidase complexes (K4065 kit) were subsequently administered for 30 min at
room temperature, followed by substrate/chromogen treatment (K4065 kit), and further
incubation for 5–15 s at room temperature. The sections were counterstained with hema-
toxylin (109249, Merck, Darmstadt, Germany) for 10 s and subsequently washed in running
water for 10 min. The sections were observed and pictured using an Olympus AX80
fluorescence microscope (Olympus America, Melville, NY, USA). The percentage of im-
munohistochemistry (IHC) signal per field was analyzed using an image process software
(Image-Pro Plus, Version 5.1.0.20, Media Cybernetics, Inc., Silver Spring, MD, USA).

4.4. Lung Injury Score

By blinded method, two investigators independently evaluated each hematoxylin and
eosin and IHC stained slide. To evaluate the severity of the pathology, 10 random fields
were used on each slide at 100× magnification. Within each field, points were assigned
according to the predetermined criteria [33].

4.5. Masson’s Trichrome Staining

Lung tissues were fixed in 4% paraformaldehyde for 10 min, embedded in paraffin,
and cut into 4 µm thick sections. These sections were stained utilizing the Trichrome Stain
Kit (#ab150686, Abcam, Cambridge, UK).

4.6. Ashcroft Scale

To quantify the severity of pulmonary fibrosis by histology, the Ashcroft scale was
used. Within each field, the points were calculated according to the criteria [34].

4.7. ELISA (Enzyme-Linked Immunosorbent Assay)

Mouse lung tissues were homogenized in a lysis buffer with protease inhibitors.
Cytokine levels were quantitated using mouse IL-1β (MLB00C, R&D Systems, Inc., Min-
neapolis, MN, USA). The minimum detectable dose was 0.46 pg/mL for mouse IL-1β.

4.8. Western Blotting

Mouse lung tissues were homogenized in a lysis buffer with protease inhibitors
(1862209, Thermo, Waltham, MA, USA). Protein homogenate was resolved equally on
7.5–10% sodium dodecyl sulfate-polyacrylamide electrophoresis gels and transferred onto
the polyvinylidene fluoride membranes. Blots were blocked in a tris-buffered saline with
Tween (TBST) containing 5% milk and directly detected with the following primary antibod-
ies: anti-caspase 1 (p20) (1:1000, AG-20B-0042-C100, AdipoGen AG, Liestal, Switzerland),
FAK (1:1000, #3285, Cell Signaling Technology, Danvers, MA, USA), p-FAK (1:500, #3284,
Cell Signaling Technology, Danvers, MA, USA), VE-cadherin (1:1000, ab33168, Abcam,
Cambridge, UK), TGF-β (1:500, #3711, Cell Signaling TECHNOLOGY, Danvers, MA, USA),
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α-SMA (1:1500, 14395-1-AP, Proteintech, Rosemont, IL, USA), and β-actin (1:5000, 20536-1-
AP, Proteintech, Rosemont, IL, USA). Blots were subsequently washed in TBST, incubated
in horseradish peroxidase secondary antibodies, and probed using an enhanced chemilumi-
nescence substrate (Pierce Biochemicals, ThermoFisher SCIENTIFIC, Waltham, MA, USA).
Each blot was exposed to a film, and the relative density of immunoreactive bands was
determined using an ImageJ program, Version 1.53q (National Institute of Health, Bethesda,
MD, USA).

4.9. Immunofluorescence

The sections were deparaffinized with xylene, dehydrated with ethanol, and then
heated in 0.01 M citrate buffer (pH 6.0). At room temperature, after blocked with 3% fetal
bovine serum (FBS) (in PBS) for 60 min, VE-cadherin (1:100, ab33168, Abcam, Cambridge,
UK), α-SMA (1:100, 14395-1-AP, Proteintech, Rosemont, IL, USA), vimentin (1:100, V6630,
Sigma, St. Louis, MO, USA), CD31 (1:1000, ab28364, Abcam, Cambridge, UK), and caspase-
1 p20 (1:1000, AF4005, Affinity Biosciences, Cincinnati, OH, USA) were used overnight at
4 ◦C. On the second day, goat anti-rabbit immunoglobulin G (IgG) H&L (Alexa Fluor® 488,
Thermo Fisher Scientific, Waltham, MA, USA) (1:400, ab150077, Abcam, Cambridge, UK)
and goat anti-rabbit IgG H&L (Cy5 ®, Thermo Fisher Scientific, Waltham, MA, USA) (1:400,
ab6564, Abcam, Cambridge, UK) as secondary antibodies were incubated at 37 ◦C for
2 h. The slides were mounted by mounting medium with 4′, 6-diamidino-2-phenylindole
(DAPI) (H-1200, Vector Laboratories, Burlingame, CA, USA) to obtain nuclear staining. Cell
images were taken on a confocal microscope (FV10i, Olympus America, Melville, NY, USA).

4.10. In Vitro Stimulation and Culture of Human Pulmonary Microvascular Endothelial
Cells (HPMEC)

HPMECs were used as an in vitro model of EndoMT. The cells were obtained from
ScienCell Company (Carlsbad, CA, USA) and grown in an endothelial cell medium (1001, in-
cluding 1X Endothelial Cell Growth Supplement, 1X Penicillin/Streptomycin Solution, and
5% FBS). The incubation condition was in room air with 5% CO2 at 37 ◦C and 95% humidity,
and cell cultures were expanded by performing brief trypsinization with 0.25% trypsin in
PBS containing 0.025% ethylenediaminetetraacetic acid. The experiments were conducted
on passage 2–3 HPMECs. These HPMECs were stimulated with YVAD (50 µM/mL) for 30
min and treated with bleomycin (100 mU/mL) for 90 min. The cell cultures were removed
for all liquid and washed 2 times with 1× PBS. Then, cells were fixed with 4% paraformalde-
hyde. After permeabilized with 0.5% Triton X-100 (in PBS) and blocked with 3% FBS (in
PBS) for 60 min at room temperature, NLRP3 (1:100, ab214185, Abcam, Cambridge, UK)
and anti-caspase 1 (p20) (1:1000, AG-20B-0042-C100, AdipoGen AG, Liestal, Switzerland) as
primary antibodies were used overnight at 4 ◦C. The second day, goat anti-rabbit IgG H&L
(Alexa Fluor® 488) (1:400, ab150077, Abcam, Cambridge, UK) and goat anti-rabbit IgG H&L
(Cy5 ®) (1:400, ab6564, Abcam, Cambridge, UK) as secondary antibodies were incubated at
37 ◦C for 2 h. The culture slides were mounted by mounting medium with DAPI (H-1200,
Vector Laboratories, Burlingame, CA, USA) to obtain nuclear staining. Cells images were
taken on a confocal microscope (FV10i, Olympus America, Melville, NY, USA).

4.11. Statistics

The animals were prepared and studied simultaneously. Separate mice were used for
the IHC, permeability assays, Western blotting, Ashcroft scale, ELISA, and immunofluores-
cence analyses. Data were presented as mean ± standard deviation or standard error of
mean for each experimental group. One-way analysis of variance and the Tukey–Kramer
multiple comparisons test or pair-wise Student’s t-test were applied. A p value less than
0.05 was considered statistically significant.
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5. Conclusions

In conclusion, we identified the novel role of the NLRP3 inflammasome in the regu-
lation of EndoMT in bleomycin-induced lung inflammation and fibrosis. This effect was
reduced by the inhibition of the NLRP3 inflammasome and the FAK signaling pathways
by YVAD. These findings provide further evidence that caspase-1 inhibitors may amelio-
rate pulmonary fibrosis by blocking NLRP3 inflammasome and downregulating EndoMT.
The inhibition of NLRP3 inflammasome may be a potential target in the management of
fibrosing lung diseases.
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