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Purpose: Idiopathic pulmonary fibrosis is a chronic and irreversible fibrotic interstitial pneumonia of unknown etiology and
therapeutic strategies are limited. Emerging evidence suggests that the continuous activation of the central nucleotide-binding
oligomerization-, leucine-rich repeat-, and pyrin domain-containing protein 3 (NLRP3) inflammasome is involved in the pathogenesis
of pulmonary fibrosis. Ginsenoside Rb1 (G-Rb1) is the most abundant component in the traditional Chinese herb ginseng and has anti-
inflammatory and anti-fibrotic activities. The purpose of this study was to explore whether G-Rb1 exerts anti-inflammatory and anti-
fibrotic activities in vivo and in vitro by suppressing the activation of the NLRP3 inflammasome and NF-κB pathway.
Methods: Forty-eight male C57BL/6 mice were randomly divided into four groups (n=12/group) as follows: control, bleomycin
(BLM), BLM/G-Rb1, and G-Rb1. A pulmonary fibrosis model was developed via an intratracheal injection of BLM. Six mice from
each group were euthanized on days 3 and 21. The degree of pulmonary fibrosis was examined by histological evaluation and
assessing α-smooth muscle actin levels. THP-1 cells were differentiated into macrophages, and stimulated by lipopolysaccharide and
adenosine triphosphate. Activation of the NLRP3 inflammasome and NF-κB pathway was determined by Western blotting. Interleukin-
1 beta and interleukin-18 levels were measured by ELISA. MRC-5 cells were cultured in the conditioned medium of the treated
macrophages, after which markers of myofibroblasts were determined by Western blotting.
Results: G-Rb1 ameliorated BLM-induced pulmonary inflammation and fibrosis in mice, and suppressed NLRP3 inflammasome
activation and the NF-κB pathway in lung tissues. Moreover, interleukin-1 beta secreted after NLRP3 inflammasome activation in
macrophages promoted fibroblast differentiation. G-Rb1 inhibited lipopolysaccharide- and adenosine triphosphate-induced NLRP3
inflammasome activation in macrophages and disturbed the crosstalk between macrophages and fibroblasts.
Conclusion: G-Rb1 ameliorates BLM-induced pulmonary inflammation and fibrosis by suppressing NLRP3 inflammasome activation
and the NF-κB pathway. Hence, G-Rb1 is a potential novel therapeutic drug for idiopathic pulmonary fibrosis.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive and irreversible fibrotic disease characterized by alveolar epithelial
cell injury, chronic inflammation, an unusual activation of myofibroblasts, and the excessive deposition of collagen.1–3

Patients with IPF have an overall poor prognosis and high mortality.4 Until now, the only effective curative therapy for
IPF has been lung transplantation; however, the high cost of this procedure and lack of donors limit its clinical
application.2 Additionally, although nintedanib and pirfenidone, which reduce the progression of IPF, have been
authorized, neither can reverse the outcome of IPF.2 Therefore, new research elucidating the pathogenesis of pulmonary
fibrosis to discover novel therapeutic drugs is urgently needed.

The inflammasome is an intracellular multi-protein complex, consisting of a sensor protein, an adaptor protein, and the
inflammatory caspase-1 family protease.5 More specifically, the central nucleotide-binding oligomerization-, leucine-rich
repeat-, and pyrin domain-containing protein 3 (NLRP3) inflammasome is the best characterized and extensively studied
inflammasome. The NLRP3 inflammasome is triggered by microorganisms (eg bacteria or viruses), endogenous damage
mediators (eg adenosine triphosphate [ATP] and reactive oxygen species), and foreign particulate matter to serve as a platform
for caspase-1 activation.6–8 Then, bioactive caspase-1 cleaves the interleukin-1 beta (IL-1β) and interleukin-18 (IL-18)
precursor into mature forms.6 The NF-κB pathway is the upstream initiator of NLRP3 inflammasome activation, which
upregulates the transcription of NLRP3.9 The NLRP3 inflammasome is expressed in various innate immune cells, including
dendritic cells, macrophages, and Tcells.9 Alveolar macrophages, as resident immune cells in the lung, release a large amount
of profibrotic soluble mediators, chemokines, extracellular matrix proteins, and metalloproteases, which provide an extra-
cellular environment for fibroblasts to differentiate into myofibroblasts.10–12 Emerging evidence revealed that the NLRP3
inflammasome is involved in the pathogenesis of lung fibrosis in experimental models and patients.5,13–15 In addition, NLRP3
inflammasome activation in aged mice increases their susceptibility to pulmonary fibrosis, whereas, in NLRP3-/- mice, IL-1β
production and progression of fibrosis are reduced.13 IL-1β participates in the development of pulmonary fibrosis, which
promotes the production of TGF-β1.16 Furthermore, IL-1β drives the transformation and activation of myofibroblasts and
stimulates collagen expression in vitro.17,18 Thus, suppressing NLRP3 inflammasome activation in alveolar macrophages has
the potential to become a feasible treatment strategy for patients with IPF.

Ginsenosides, a class of triterpene saponins, are the major active compounds in the traditional Chinese herb ginseng,
and ginsenoside Rb1 (G-Rb1) is the most abundant active compound among the bioactive ginsenosides.19 Previous
studies have demonstrated that G-Rb1 exerts anti-fibrotic effects on the liver and kidneys20,21 and suppresses collagen
I level.22 In addition, G-Rb1 attenuates lipopolysaccharide (LPS)-induced acute lung injury through the NF-κB
pathway.23 However, although a protective effect of ginsenoside Rg1, a protopanaxatriol-type ginsenoside, against
bleomycin (BLM)-induced fibrosis has been demonstrated in rats,24 the efficacy of the protopanaxadiol-type ginsenoside
G-Rb1 in BLM-induced pulmonary fibrosis has not been reported. Therefore, in this study, we investigated whether
G-Rb1 can alleviate pulmonary fibrosis by suppressing NLRP3 inflammasome activation.

Materials and Methods
Reagents
Bleomycin (BLM) hydrochloride was purchased from Nippon Kayaku Co. Ltd. (Tokyo, Japan). Ginsenoside Rb1 was
purchased from Solarbio (Beijing, China). MCC950 was purchased from APExBIO (Houston, TX, USA). LPS (Escherichia
coli 0111:B4), ATP, and phorbol-12-myristate-13-acetate (PMA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against NLRP3 (ab263899), IL-1β (ab234437), pro-caspase-1 (ab179515), and phospho-NF-κBS536 p65
(ab76302) were purchased from Abcam (Waltham, MA, USA). Antibodies against apoptosis-associated speck-like (ASC)
(#67824), phospho-IκBαSer32 (#2859), and β-actin (#4970) were purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibodies against NF-κB p65 (10745–1), IκBα (10268–1), α-smooth muscle actin (α-SMA; 80008–1), collagen type
I (Col I) (66761–1), and CD11c (17342–1), as well as secondary antibodies were purchased from Proteintech (Rosemont, IL,
USA). Recombinant human IL-1β was purchased from Proteintech. Lipofectamine™ 3000 Transfection Reagent was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Thiazolyl blue tetrazolium bromide, hematoxylin-eosin
solution (H&E), and Masson’s trichrome staining kit, and Giemsa Stain kit were purchased from Solarbio. IL-1β and IL-18
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ELISA kits were purchased from R&D Systems (Wiesbaden-Nordenstadt, Germany). Hydroxyproline assay kit were
purchased from NanJing JianCheng Taihao Biotechnology (NanJing, China).

Animals and Treatments
Eight-week-old male C57BL/6 mice, weighing approximately 22 g were obtained from SPF Biotechnology (Beijing,
China). All mice were maintained under standard humidity, temperature, and light conditions (55±5% humidity, 22±2 °C,
12 h light-dark cycle, respectively) and had free access to food and water. After a week of adaptation, 48 mice were
randomly divided into four groups (12 mice per group) as follows: Control group (control); BLM group (BLM); BLM/
G-Rb1 group (BLM+G-Rb1); and G-Rb1 group (G-Rb1). Pulmonary fibrosis was initiated via an intratracheal injection
of BLM (5 mg/kg, 50 μL), whereas control and G-Rb1 groups were administered the same dose of saline intratracheally.
Twenty-four hours after BLM provocation, the G-Rb1 mice (20 mg/kg, once per day) were injected intraperitoneally
every day until they were euthanized. Six mice from each group were euthanized on days 3 and 21. Lung tissues, serum,
and broncho-alveolar lavage fluid (BALF) were collected for further experiments. The procedures involving experi-
mental animals were authorized by the Medical Ethics Committee of the Second Hospital of Shandong University
(KYLL-2019(KJ)A-0150) and conducted according to the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) and the Institutional Animal Care and Use Committee (IACUC) guidelines.

Cell Culture
THP-1 cells and MRC-5 cells were obtained from Peking Union Medical College. THP-1 cells were cultured in RPMI
1640 media (Gibco, Amarillo, TX, USA) with 10% fetal bovine serum (Gibco) and 1% penicillin and streptomycin.
MRC-5 cells were maintained in Minimum Essential Medium with Earle’s Balanced Salts (Gibco), 10% fetal bovine
serum, and 1% penicillin and streptomycin. All cells were grown at 37 °C with 5% CO2. THP-1 cells were differentiated
into macrophages by adding PMA (100 ng/mL) for 24 h in a serum-free medium, and were then used in the subsequent
experiments. The macrophages were pre-treated with or without G-Rb1 (20 μM) for 24 h or MCC950 (1 μM) for 1 h,
then stimulated by LPS (100 ng/mL) for 5.5 h and ATP (5 mM) for 30 min or with the vehicle control. Protein extraction
was performed for Western blot analyses.

The conditioned medium of the treated macrophages was replaced with a fresh culture medium for 24 h. Conditioned
medium obtained from the cell supernatants was gathered, centrifuged, and mixed with a fresh culture medium. MRC-5
cells were cultured in the conditioned media; the cells were collected after 48 h for further experiments.

Small Interfering RNA (siRNA)-Mediated Knockdown of NLRP3 in THP-1 Cells
siRNA (GenePharma, Shanghai, China) was used to knockdown NLRP3 expression. The sequence of the NLRP3 siRNA
was 5’ CAACAGGAGAGACCUUUAUTT AUAAAGGUCUCUCCUGUUGTT 3’. The macrophages were transfected
with control siRNA or NLRP3 siRNA using Lipofectamine 3000. NLRP3 siRNA-transfected cells were cultured for 48
h before LPS and ATP stimulation. NLRP3-knockdown was confirmed via Western blot analysis.

Histological Evaluation
Lung tissue samples were cut into 5 -μm sections and stained with H&E and the Masson’s Trichrome stain kit. The
staining results were observed by light microscopy (Olympus, Tokyo, Japan).

BALF Analysis
The total number of cells in BALF was counted by hemocytometer. The number of neutrophils and macrophages were
counted by Giemsa Stain kit.

Hydroxyproline Assay
Briefly, the lung tissue collected on day 21 was homogenized and evaluated using a hydroxyproline assay kit (NanJing
Jiancheng Taihao Biotechnology).

Drug Design, Development and Therapy 2022:16 https://doi.org/10.2147/DDDT.S361748

DovePress
1795

Dovepress Liu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Immunofluorescence Staining
Macrophages were treated as described above. Subsequently, the cells were fixed and blocked. The cells were incubated
with rabbit anti-NF-κB p65 antibody overnight at 4 °C, followed by subsequent incubation with fluorescently labeled
secondary antibodies at 37 °C for 30 min. Finally, the nuclei were stained with 4’, 6-diamidino-2-phenylindole and
observed using fluorescence microscopy (Olympus).

MRC-5 cells were cultured in the conditioned medium for 48 h. Then, they were subjected to immunofluorescence
staining as mentioned above. The rabbit anti-α-SMA primary antibody was used for immunofluorescence staining.

The lung sections were deparaffinized, and the antigen was repaired with sodium citrate and sealed with 5% bovine
serum albumin. The sections were incubated with rabbit anti-α-SMA antibody overnight at 4 °C and then with
fluorescently labeled secondary antibodies at 37 °C for 30 min. The nuclei were stained with 4’, 6-diamidino-2-pheny-
lindole and imaged by fluorescence microscopy (Olympus).

The primary antibodies used for the immunofluorescence co-localization of lung tissue sections were rabbit anti-
CD11c and mouse anti-NLRP3. The images were captured via fluorescence microscopy (Olympus).

ELISA
The IL-1β and IL-18 levels of mouse BALF and cell supernatants were determined using ELISA kits (R&D Systems).

Cell Viability Assay
THP-1 cells (1×104 cells/well) were seeded onto a 96-well plate. The cells were treated with 0.1% dimethyl sulfoxide
(vehicle control) and with G-Rb1 at different doses (0, 5, 10, 20, 40, 80, 160, and 320 μM) for 24 h. The cells were
analyzed using a thiazolyl blue tetrazolium bromide assay kit to determine cell viability. The optical density was
measured at 490 nm using a microplate reader (Thermo Fisher Scientific).

Western Blot Analysis
Lung tissues or cells were lysed with a RIPA lysis buffer supplemented with phosphatase and protease inhibitors and
quantified using a BCA Protein Assay Kit (Thermo Fisher Scientific). The total protein in the cell supernatant was
extracted with acetone. Equal amounts of proteins were separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5%
skim milk and then incubated with the primary antibodies against β-actin, α-SMA, Col I, NLRP3, ASC, pro-caspase-1,
IL-1β, phospho-NF-κBS536 p65, NF-κB p65, phospho-IκBαSer32, and IκBα. The membranes were then incubated with
HRP-conjugated goat anti-rabbit or goat anti-mouse antibodies. The results were evaluated using ImageJ (National
Institute of Mental Health, Bethesda, MD, USA).

Statistical Analysis
All data from three to six independent experiments were analyzed using GraphPad Prism 8 software (GraphPad Software,
San Diego, CA, USA) and are presented as the mean ± standard error of the mean. Student’s t-test with Welch’s
correction was applied to compare two distinct groups. The differences in multiple comparisons were analyzed using
one-way analysis of variance (ANOVA) with Tukey’s post-hoc test correction for repeated measurements. P values <0.05
were defined as statistically significant.

Results
G-Rb1 Alleviated BLM-Induced Pulmonary Inflammation
The therapeutic impact of G-Rb1 was examined using a BLM-induced pulmonary inflammation and fibrosis mouse
model (Figure 1A). Mice were injected with BLM through their airways to induce pulmonary inflammation over 72
h. According to the H&E staining results, the BLM group showed severe alveolitis, pulmonary edema, and serious
inflammatory cell infiltration compared with the control group. The administration of G-Rb1 markedly reduced the
intensity of alveolitis, edema, and inflammatory cell accumulation (Figure 1B). The Szapiel score was used to assess the
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degree of alveolitis in the H&E-stained samples. The results showed that the BLM group showed more severe alveolitis
than the control group, and that the treatment with G-Rb1 alleviated the severe alveolitis (Figure 1C). To assess the anti-
inflammatory effect of G-Rb1, we examined the inflammatory cytokine levels in the BALF. ELISA demonstrated that the
levels of cytokines, including those of IL-1β and IL-18, in the BALF were higher in the BLM group than in the control
group. G-Rb1 treatment decreased the inflammatory mediator levels induced by BLM (Figure 1D). Furthermore, we
detected the total cell count and cell classifications in the BALF. G-Rb1 treatment also reduced the total cell count, and
the numbers of macrophages and neutrophils in the BALF (Figure 1E).

Figure 1 Ginsenoside Rb1 attenuates BLM-induced pulmonary inflammation in mice on day 3. (A) Forty-eight mice were randomly divided into four groups (n=12): Control
group (control); BLM group (BLM); BLM/ginsenoside Rb1 group (BLM+G-Rb1); ginsenoside Rb1 group (G-Rb1). Mice were intratracheally injected with either saline or
bleomycin (BLM, 5 mg/kg, 50 μL) on day 0. Twenty-four hours after the establishment of the model, the mice were treated with G-Rb1 (20 mg/kg) every day until they were
euthanized. Six mice in each group were euthanized on days 3 and 21. (B) Hematoxylin-eosin (H&E) staining of lung tissues. Scale bar: 100 μm. (C) Szapiel score of lung
tissue in mice (n=6). (D) IL-1β and IL-18 levels in mouse BALF were measured using ELISA (n=6). (E) Total numbers of cells, macrophages, and neutrophils in BALF. (n=6,
**P< 0.01, ***P < 0.001, ****P < 0.0001).
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G-Rb1 Inhibited NLRP3 Inflammasome Activation in BLM-Induced Pulmonary
Inflammation
We further explored whether G-Rb1 can inhibit NLRP3 inflammasome activation. The expression levels of NLRP3,
ASC, caspase-1 p10, and pro-IL-1β increased significantly in the lungs on day 3 of BLM exposure compared with those
in the control group (Figure 2A). Compared with the BLM group, the levels of NLRP3, ASC, caspase-1 p10, and pro-IL
-1β were markedly inhibited in the G-Rb1 group (Figure 2A, and B).

To further elucidate the cellular source of the NLRP3 inflammasome in the BLM-induced fibrotic lungs, we examined
the co-localization of NLRP3 with the alveolar macrophage marker CD11c by immunofluorescence. NLRP3 staining was
highly colocalized with CD11c+ alveolar macrophages in the lungs of BLM mice (Figure 2C). The results confirmed that
NLRP3 was mainly located in alveolar macrophages in BLM-induced pulmonary fibrosis.

G-Rb1 Inhibited the NF-κB Pathway in BLM-Induced Pulmonary Inflammation
To further characterize the molecular mechanism by which G-Rb1 inhibits inflammation and NLRP3 inflammasome
activation, we investigated the IκBα/NF-κB pathway in BLM mice. After BLM stimulation, the phosphorylation of IκBα
and NF-κB p65 increased obviously, and the G-Rb1 treatment inhibited phosphorylation compared with that following
the BLM treatment (Figure 2D, and E).

G-Rb1 Attenuated BLM-Induced Pulmonary Fibrosis
More vascular hemorrhage, excessive collagen accumulation, and chaotic alveolar structure were observed in the BLM
group compared with the control group, whereas the G-Rb1 treatment resulted in a major reduction in inflammation and
fibrosis (Figure 3A). Furthermore, evident collagen accumulation in lung tissues after BLM stimulation was detected
using Masson’s trichrome staining, whereas the administration of G-Rb1 attenuated the destruction of alveolar structures
and collagen accumulation (Figure 3B). The Ashcroft score was used to assess the degree of pulmonary inflammation
and fibrosis in the H&E-stained and Masson’s trichrome-stained samples. The Ashcroft semi-quantitative score results
showed that the degree of pulmonary fibrosis in the BLM group was significantly higher than that in the control group,
whereas the administration of G-Rb1 effectively alleviated pulmonary fibrosis (Figure 3C). α-SMA, as a typical fibrosis
marker, was detected using Western blotting and immunofluorescence staining. The α-SMA level increased markedly in
the lungs of mice in the BLM group compared with that in the control group, which was blocked by G-Rb1 (Figure 3D,
and E). The hydroxyproline content in lung tissue, which can reflect the degree of pulmonary fibrosis, was significantly
higher in BLM group mice than in control group animals, which was blocked by G-Rb1 (Figure 3F). The expression of
IL-1β and IL-18 in the BALF from the BLM group on day 21 was significantly higher than that from the control group,
whereas G-Rb1 treatment reduced the cytokine levels (Figure 3G).

G-Rb1 Inhibited BLM-Induced NLRP3 Inflammasome Activation and the NF-κB
Pathway in the Lungs
The expression levels of NLRP3, ASC, caspase-1 p10, and pro-IL-1β were significantly increased in the lungs of mice 21
days after BLM administration in comparison with those in the control group (Figure 4A, B). Additionally, NLRP3
inflammasome activation was remarkably blocked upon G-Rb1 administration in lung tissues. Consistent with this, the
phosphorylation of IκBα and NF-κB p65 increased significantly, whereas G-Rb1 treatment reversed this effect
(Figure 4C, and D). Therefore, it was postulated that G-Rb1 could suppress BLM-induced fibrosis by suppressing
NLRP3 inflammasome activation and the NF-κB signaling pathway.

G-Rb1 Suppressed NLRP3 Inflammasome Activation and IL-1β Maturation in
Macrophages in vitro
To further verify the mechanism of how G-Rb1 affects NLRP3 inflammasome activation in vitro, the effect of different
concentrations of G-Rb1 on THP-1 cell viability was assessed using a thiazolyl blue tetrazolium bromide assay
(Figure 5A). The results showed that G-Rb1 was not cytotoxic to THP-1 cells at doses below 20 μM but was slightly
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Figure 2 Ginsenoside Rb1 inhibits NLRP3 inflammasome activation and the NF-κB pathway in BLM-induced pulmonary inflammation in mice on day 3. (A) The expression
of NLRP3, ASC, caspase-1, caspase-1 p10, and pro IL-1β in lung tissues, measured using Western blotting (n=6). (C) Immunofluorescence co-localization of NLRP3 and
CD11c. (D) The expression of phosphorylated IκBα and NF-κB p65 in lung tissues, measured using Western blotting (n=6). (B) (E) Quantitative analysis of the Western
blots shown in (A) and (D). (n=6, *P < 0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 3 Ginsenoside Rb1 attenuates BLM-induced pulmonary fibrosis. Mice were euthanized on day 21. (A) H&E staining of lung tissues. Scale bar: 100 μm. (B) Masson’s
trichrome staining of lung tissues. Scale bar: 100 μm. (C) Semi-quantitative assessment of pulmonary fibrosis by Ashcroft score (n=6). (D) (E) The expression of α-SMA in
the lung tissues was evaluated using Western blotting and immunofluorescence (n=6). (F) The hydroxyproline content in lung tissues (n=6). (G) The IL-1β and IL-18 levels of
BALF were evaluated using ELISA. (n=6, **P< 0.01, ***P < 0.001, ****P < 0.0001).
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toxic at doses above 40 μM. Therefore, the G-Rb1 concentration of 20 μM was selected for further experiments. The
macrophages were exposed to LPS and ATP to activate the NLRP3 inflammasome. As expected, upon LPS and ATP
stimulation, the NLRP3 level in cells increased and abundant cleaved caspase-1 was detected in the cell supernatants,
which was blocked by G-Rb1 (Figure 5B, and C). Correspondingly, more mature cleaved IL-1β was present in cell
supernatants exposed to LPS/ATP, whereas G-Rb1 pretreatment inhibited the release of cleaved IL-1β (Figure 5D).
Therefore, our results suggested that G-Rb1 pretreatment inhibited NLRP3 inflammasome activation and IL-1β
secretion.

Effect of G-Rb1 on the NF-κB Pathway in Macrophages
To further demonstrate the effect of G-Rb1 on the NF-κB pathway in vitro, we investigated the expression of IκBα and
NF-κB p65 in THP-1 cells upon LPS/ATP stimulation. Compared with the control group, the protein expression levels of
phosphorylated IκBα and NF-κB p65 increased markedly in THP-1 cells stimulated by LPS/ATP, and this effect was
suppressed by G-Rb1 (Figure 6A, and B). To further clarify the molecular mechanism by which G-Rb1 inhibited the NF-
κB pathway, the nuclear translocation of NF-κB p65, which is a marker of NF-κB activation, was investigated using
immunofluorescence. Immunofluorescence images showed that the nuclear translocation of NF-κB p65 increased upon
LPS/ATP stimulation, whereas G-Rb1 pretreatment significantly reduced the LPS/ATP-induced nuclear translocation of
NF-κB p65 from the cytoplasm (Figure 6C). We also compared the effects of G-Rb1 and MCC950 on the NF-κB
pathway. MCC950 pretreatment had no inhibitory effect on IκBα and NF-κB p65 phosphorylation (Figure 6D, and E).

Figure 4 G-Rb1 inhibits BLM-induced NLRP3 inflammasome activation and the NF-κB pathway in lungs on day 21. (A) Representative Western blots of NLRP3, ASC,
caspase-1, caspase-1 p10, and pro IL-1β expression in lung tissues (n=6). (C) Representative Western blots of IκBα and NF-κB p65 phosphorylation in lung tissues (n=6). (B)
(D) Quantitative analysis of the Western blots shown in A and C. (n=6, *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 5 G-Rb1 inhibits NLRP3 inflammasome activation in macrophages. (A) Effect of G-Rb1 at various doses on the viability of THP-1 cells. (B) Representative Western
blots of NLRP3, ASC, pro-caspase-1, caspase-1 p10, pro-IL-1β, and cleaved IL-1β. (C) Quantitative analysis of the Western blots shown in B. (D) IL-1β levels in the cell
supernatants, detected using ELISA. (n≥3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 6 G-Rb1 suppresses the NF-κB pathway in macrophages whereas MCC950 has no inhibitory effect on the NF-κB pathway. (A) (D) Representative Western blots of
pIκBα/IκBα and pNF-κB p65/NF-κB p65. (B) (E) Quantitative analysis of the Western blots shown in (A) and (D). (C) Nuclear translocation of NF-κB p65 in macrophages
examined using immunofluorescence. (n≥3, *P < 0.05, **P < 0.01, ***P < 0.001).
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The Activation of the NLRP3 Inflammasome in Macrophages Promoted Fibroblast to
Myofibroblast Differentiation, and G-Rb1 Inhibited the Crosstalk Between
Macrophages and Fibroblasts
The conditioned medium was applied to assess the influence of macrophages on the differentiation of fibroblasts into
myofibroblasts (Figure 7A). Differentiation of MRC-5 cells to myofibroblasts was observed after they were stimulated
using the conditioned medium. The result was supported by the increased levels of α-SMA and collagen I (Figure 7B and
C). Furthermore, G-Rb1 pretreatment restrained the macrophage-fibroblast crosstalk. These results showed that the
NLRP3 inflammasome in macrophages promoted fibroblast differentiation, and G-Rb1 inhibited the crosstalk between
macrophages and fibroblasts.

NLRP3 siRNA was used to downregulate the expression of NLRP3 (Figure 8A), ELISA results demonstrated that
upon NLRP3 knockdown, IL-1β levels in cell supernatants exposed to LPS/ATP decreased markedly (Figure 8B). These
results confirmed that IL-1β production by macrophages in response to LPS/ATP was NLRP3-dependent. Conditioned
medium was then obtained from the macrophages that were transfected with control siRNA or NLRP3 siRNA, and the
differentiation of MRC-5 cells to myofibroblasts was observed following stimulation using the conditioned medium. The
results suggested that the differentiation of MRC-5 cells to myofibroblasts was inhibited upon NLRP3 knockdown in

Figure 7 G-Rb1 attenuates macrophage-induced myofibroblast differentiation of fibroblasts. (A) Illustration of the conditioned medium. THP-1 cells were differentiated into
macrophages. Cells were pretreated with or without G-Rb1 and then stimulated with LPS and ATP or the vehicle control. The conditioned medium was then collected and
diluted for culture of the MRC-5 cells. (B) The expression of α-SMA and collagen I in MRC-5 cells exposed to the conditioned medium, detected using Western blotting. (C)
The expression of α-SMA in MRC-5 cells exposed to the conditioned medium, detected using immunofluorescence. (n≥3, *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 8 The role of the NLRP3-IL-1β axis in the crosstalk between macrophages and fibroblasts. (A) The expression of NLRP3 after NLRP3 siRNA transfection. (B) IL-1β
levels in cell supernatants after NLRP3 siRNA transfection. (C) The expression of α-SMA in MRC-5 cells exposed to the conditioned medium, detected using immuno-
fluorescence. (D) The expression of α-SMA and collagen I in MRC-5 cells stimulated by IL-1β. (n≥3, *P < 0.05, **P < 0.01, ***P < 0.001).
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macrophages (Figure 8C). Moreover, the results following the addition of rhIL-1β (10 ng/mL) to MRC-5 cell culture
confirmed the role of the NLRP3-IL-1β axis in the crosstalk between macrophages and fibroblasts (Figure 8D).

Discussion
IPF is an interstitial lung disease with high mortality and poor prognosis.1,4 To date, the treatment of IPF remains
a major challenge worldwide. Emerging evidence has demonstrated that NLRP3 inflammasome activation is involved
in the development of multiple pulmonary fibrosis, including silicosis-, nanoparticle-, LPS-, or BLM-induced
pulmonary fibrosis.13,18,25–27 Previous research has demonstrated that G-Rb1 can delay the progression of inflamma-
tion and fibrosis.20–23 In this work, to our knowledge, the pharmacological mechanism of the effect of G-Rb1 on
BLM-induced pulmonary fibrosis and inflammation was evaluated for the first time. In vivo, G-Rb1 inhibited
extracellular matrix deposition and inflammation by suppressing the NLRP3 inflammasome and the NF-κB pathway.
In addition, G-Rb1 interrupted the macrophage-fibroblast communication by suppressing NLRP3 inflammasome
activation in vitro.

Our results confirm that G-Rb1 alleviated BLM-induced pulmonary inflammation. According to the results of H&E
staining, G-Rb ameliorated the severe alveolitis, pulmonary edema, abundant inflammatory cell infiltration, and thicken-
ing of alveolar septa induced by the exposure to BLM. Furthermore, BLM stimulation triggered the NLRP3 inflamma-
some in the lung tissues whereas treatment with G-Rb1 suppressed the activation of the NLRP3 inflammasome. Our
results are in agreement with those of other studies, which have reported that BLM induces acute lung injury and
activates the NLRP3 inflammasome.28–30 The NLRP3 inflammasome is expressed in various cells. To locate the main
source of the NLRP3 inflammasome in the lung tissue, double immunofluorescence staining of NLRP3 and the alveolar
macrophage marker CD11c was performed. The results indicated that the NLRP3 inflammasome was mainly expressed
in alveolar macrophages during lung inflammation, which was consistent with previous reports.13 Additionally, the
phosphorylation of IκBα and NF-κB p65 increased notably in the BLM group, which was subsequently blocked by
G-Rb1. Our results were consistent with those of previous studies, which suggested that the NF-κB signaling pathway is
activated in BLM-induced acute lung injury.31,32 A previous study by Yuan et al confirmed that G-Rb1 attenuates acute
lung injury by suppressing the NF-κB pathway.23 Therefore, our results demonstrated that G-Rb1 alleviated lung
inflammation triggered by BLM in mice by suppressing the NLRP3 inflammasome and NF-κB pathway.

We demonstrated that G-Rb1 ameliorated pulmonary fibrosis in mice. The pathological results suggested that vascular
hemorrhage, excessive collagen accumulation, and alveolar structure destruction were detected in the BLM group, whereas
G-Rb1 treatment yielded a significant reduction in fibrosis. Previous studies have demonstrated that G-Rb1 delayed the
progression of carbon tetrachloride-induced liver fibrosis and unilateral ureter obstruction-induced renal fibrosis.20,21

However, the therapeutic effect of G-Rb1 in pulmonary fibrosis has not been evaluated. Moreover, the NLRP3 inflamma-
some was activated and the phosphorylation of IκBα and NF-κB p65 in the NF-κB pathway was elevated in lung tissues
exposed to BLM, whereas these effects were blocked by G-Rb1. Previous studies have indicated that the NLRP3
inflammasome is involved in the process of BLM-induced pulmonary fibrosis.5,13,14 In addition, the NF-κB signaling
pathway is activated in BLM-induced pulmonary fibrosis, leading to the upregulated transcription of NLRP3 and pro-IL-1β
and upregulated expression of pro-fibrotic factors such as CXCL12 and MCP-1.9,31,33 Our results demonstrated, for the first
time, that G-Rb1 alleviated pulmonary fibrosis induced by BLM in mice by blocking the NLRP3 inflammasome and the
NF-κB pathway.

In addition, we verified the mechanism of G-Rb1 in vitro. Macrophages were exposed to LPS/ATP to trigger NLRP3
inflammasome activation. G-Rb1 pretreatment suppressed NLRP3 inflammasome activation. Correspondingly, G-Rb1
administration effectively inhibited the phosphorylation of IκBα and NF-κB p65, as well as the nuclear translocation of
the latter. Research shows that the NF-κB pathway regulates the production of IL-1β due to the upregulation of pro-IL-1β.34

Moreover, the NLRP3 inflammasome promotes the maturation of IL-1β through bioactive caspase-1 to cleave pro-IL-1β.
Therefore, G-Rb1 can block the production and maturation of IL-1β. Emerging evidence suggests that MCC950, a specific
small-molecule inhibitor of NLRP3 inflammasome, alleviates BLM-induced pulmonary fibrosis in mice.35 To compare the
effect of G-Rb1 and MCC950 on the NF-κB pathway, MCC950 was evaluated for its role in the NF-κB pathway. However,
the results confirmed that MCC950 has no impact on the repression of the NF-κB pathway.
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Myofibroblasts are the primary effector cells in the progression of IPF and they contribute to the synthesis of extracellular
matrix and collagen deposition.36 Myofibroblast sources include epithelial-mesenchymal transition, bone marrow-derived
progenitors, and lung fibroblast differentiation; the differentiated lung fibroblasts are key contributors to myofibroblasts.37

Macrophages secrete abundant cytokines to promote the proliferation and differentiation of fibroblasts. Therefore, we used
conditioned medium to confirm the influence of cytokines secreted by macrophages on fibroblast differentiation. Our results
showed that cytokines secreted by macrophages promoted fibroblast differentiation, whereas G-Rb1 inhibited the interaction
between macrophages and fibroblasts. IL-1β, the main cytokine produced by macrophages, plays an indispensable role in
fibroblast differentiation and the deposition of extracellular matrix.15,16,18 To confirm the role of IL-1β in the differentiation
of myofibroblasts, exogenous IL-1β was added to the MRC-5 cell culture. Our results demonstrated that the α-SMA and
collagen I levels increased more in the rhIL-1β group than that in the control group. Furthermore, NLRP3 inflammasome
activation is the upstream regulatory platform for the production and secretion of IL-1β. In our study, NLRP3 expression was
knocked down in macrophages by NLRP3 siRNA, and IL-1β levels in cell supernatants were detected by ELISA after LPS/
ATP stimulation. The results demonstrated that IL-1β expression decreased significantly after NLRP3 siRNA treatment. The
results confirmed that IL-1β production in macrophages was NLRP3-specific and that the NLRP3 inflammasome-IL-1β axis
participates in the progression of macrophage-initiated fibroblast differentiation, which may underlie the early phase fibrotic
response to lung injury. Furthermore, G-Rb1 inhibited the crosstalk between macrophages and fibroblasts by suppressing
NLRP3 inflammasome activation in macrophages.

Our study has some limitations. First of all, it is controversial whether a BLM-induced pulmonary fibrosis mouse
model can completely reproduce the pathogenesis of IPF in humans. Second, the pharmacological mechanism of G-Rb1
and its direct molecular target were not elucidated adequately. Finally, no positive control drug was used in the animal
experiments.

Conclusion
In brief, the results of this study showed that G-Rb1 effectively ameliorated BLM-induced pulmonary inflammation and
fibrosis by inhibiting NLRP3 inflammasome activation and the NF-κB pathway in alveolar macrophages. Therefore,
ginsenosides may be a candidate drug for IPF treatment in the future.
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