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1  |  INTRODUC TION

Silicosis caused by long-term exposure to dust containing free crys-
talline silica is the most common and serious occupational disease in 
China and other developing countries.1 The lung cannot expel insol-
uble silica, which continuously stimulates macrophages and cause 
gradual and cumulative damage to the pulmonary parenchyma, re-
sulting in diffuse chronic inflammation, formation of silicotic nodules 

and progressive fibrosis.2 Patients with silicosis have progressive 
clinical lung function decline even 20  years after leaving the dust 
environment,3 and eventually, suffer respiratory failure. Silicosis 
has no specific treatment except lung transplantation.4 Therefore, 
knowledge of the pathogenesis and effective therapeutic targets of 
silicosis is critical.

Caveolae are invaginations in the plasma membrane of cells that 
regulate signal transduction, lipid metabolism and receptor-mediated 
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Abstract
Inhalation of crystalline silica causes silicosis, the most common and serious occupa-
tional disease, which is characterized by progressive lung inflammation and fibrosis. 
Recent studies revealed the anti-inflammatory and anti-fibrosis role of Caveolin-1 
(Cav-1) in lung, but this role in silicosis has not been investigated. Thus, this study 
evaluated Cav-1 regulatory effects in silicosis. It was found that Cav-1  levels were 
significantly reduced in the lung from silicosis patients and silicotic mice. The silico-
sis models were established in C57BL/6 (wild-type) and Cav-1 deficiency (Cav-1−/−) 
mice, and Cav-1−/− mice displayed wider alveolar septa, increased collagen deposition 
and more silicotic nodules. The mice peritoneal-derived macrophages were used to 
explore the role of Cav-1 in silica-induced inflammation, which plays a central role in 
mechanism of silicosis. Cav-1 inhibited silica-induced infiltration of inflammatory cells 
and secretion of inflammatory factors in vitro and in vivo, partly by downregulating 
NF-κB pathway. Additionally, silica uptake and expression of 4-hydroxynonenal in sili-
cotic mice were observed, and it was found that Cav-1 absence triggered excessive 
silica deposition, causing a stronger oxidative stress response. These findings dem-
onstrate the protective effects of Cav-1 in silica-induced lung injury, suggesting its 
potential therapeutic value in silicosis.
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endocytosis.5 Caveolin-1 (Cav-1) is the caveolae major functional 
protein, highly expressed in lungs.6 Cav-1 regulates lung fibrosis and 
inflammatory response. In lungs from bleomycin-induced mice and 
radiation-induced rats, Cav-1 deficiency aggravated fibroblast prolif-
eration and collagen deposition.7,8 Cav-1 inhibited the infiltration of 
inflammatory cells and the secretion of inflammatory factors in lungs 
from lipopolysaccharide (LPS)-instilled mice.9,10 Furthermore, Cav-1 
inhibited macrophages activation through multiple pathways.10,11

The role of Cav-1 in silicosis has not been investigated. Therefore, 
this study aimed to elucidate the function of Cav-1 in silicosis. The 
results showed that Cav-1 protected against lung injury in silicosis. 
Cav-1 also inhibited silica-induced inflammation, partly by regulating 
the NF-κB pathway, silica intake and oxidative stress. These results 
provide new ideas for exploring the silicosis mechanism and propose 
that Cav-1 is a potential silicosis therapeutic target.

2  |  MATERIAL S AND METHODS

2.1  |  Subjects

Paraffin-embedded sections of biopsy specimens were collected 
from nine silicosis subjects. A local pneumoconiosis diagnosis group 
diagnosed silicosis following the GBZ25-2014  standard issued in 
China. None of the silicosis subjects presented clinical signs of auto-
immune diseases, active stage tuberculosis or lung tumour. Paraffin-
embedded sections of normal tumour-adjacent tissues from nine 
lobectomy specimens were collected as the control group. None 
of the control subjects had a history of occupational exposure his-
tory to silica dust. The Medical Ethics Committee of Third Xiangya 
Hospital of Centre South University approved this study (permit 
number: 2020-S269).

2.2  |  Animals

Male C57BL/6  mice were purchased from Silaike Laboratory. The 
Yuan Lei group from Shanghai Medical College of Fudan University 
provided Cav-1 knockout (Cav-1−/−) mice free of charge.12 All animal 
experiments were conducted following the Animal Care and Use 
Committee of Central South University guidelines (permit number: 
2020sydw0474).

2.3  |  Establishment of the silicosis mouse model

There were two animal experiments: (1) Cav-1 expression in the 
lungs of silicotic mice; (2) the effects of Cav-1 deficiency in silicotic 
mice. In the first experiment, male C57BL/6 mice (8 weeks old, 22–
24 g) were divided into three groups as follows: (1) sham group, (2) 
silica 7 day group, (3) silica 28 day group. In the second experiment, 
C57BL/6 mice (wild-type [WT]) and Cav-1−/− mice (8 weeks old, 20–
24 g) were divided into four groups as follows: (1) WT sham group, 

(2) WT silica 28 day group, (3) Cav-1−/− sham group and (4) Cav-1−/− 
silica 28 day group. There were five mice in each group.

On day 0, the silicosis model mice were intratracheally injected 
with 25  μl silica (U.S Silica Company; MIN-U-SIL5) suspension 
(200 mg/ml, equal to 5 mg/mouse).13 The mice in the sham group 
were intratracheally injected with 25 μl sterile saline, as previously 
described.14

In the first experiment, all mice were euthanized 28 days after 
treatment, except mice in the silica 7 day group, which were euth-
anized 7  days after treatment. In the second experiment, all mice 
were euthanized 28 days after treatment.

2.4  |  Bronchoalveolar lavage fluid isolation

Bronchoalveolar lavage fluid (BALF) was collected from euthanized 
mice at designated time points. BALF samples were centrifuged at 
1000  g for 10  min at 4℃. The protein concentrations of cell-free 
supernatants were measured with a bicinchoninic acid protein assay 
kit (Thermo Fisher Scientific). The cell pellets were re-suspended in 
1 ml phosphate-buffered saline for cell counting using Countess 3 
Automated Cell Counters (Invitrogen).

2.5  |  Lung tissues collection

Left lungs were collected and fixed with 4% paraformaldehyde for 
histopathological analysis. Right lungs were preserved at 80℃ for 
Western blot (WB) and Reverse transcription real-time polymerase 
chain reaction (RT-qPCR) analyses.

2.6  |  Lung histology

Fixed lungs were dehydrated, embedded in paraffin and cut into 
4  μm-thick slices. The lung tissue sections were stained with 
haematoxylin-eosin (HE) and Masson trichrome staining. Histological 
examination and photomicrography were conducted using a scanner 
(3DHISTECH).

Pulmonary fibrosis was quantified as eight grades according to 
the Ashcroft score as previously described.15 Silicotic nodules were 
graded as follows: cellular nodules as Stage I, scores 1-point; fibrotic 
cellular nodules as Stage II, scores 1.2-points; cellular fibrotic nod-
ules as Stage III, scores 1.4-points; and fibrotic nodules as Stage IV, 
scores 1.6-point.16 The total silicotic nodules of each sample and the 
total number of points were counted and calculated, respectively.

2.7  |  Immunohistochemistry

The mice lung sections were evaluated for immunohistochemical lo-
calization of Cav-1 (CST; #3267, 1:800), collagen I (Abcam; ab34710, 
1:400), CD68 (Boster; BA3638, 1:200), myeloperoxidase (MPO) 
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(Servicebio; G1311224, 1:400) and 4-hydroxynonenal (4-HNE) 
(Bioss; bs-6313R, 1:200). The human lung sections were evaluated 
for immunohistochemical localization of Cav-1 (CST; #3267, 1:800). 
The positive staining area was calculated from five random and non-
coincident fields in each section at ×200 using the Image-Pro-Plus 
software to quantify expression of caveolin-1, collagen I and 4-HNE. 
Neutrophil (MPO) and macrophage (CD68+ cell) quantification were 
determined in 10 random and noncoincident fields in each section 
at ×100.

2.8  |  Warthin-Starry silver staining of the silica

The histological sections were stained with 1% silver nitrate in a 
43℃-water bath for 30 min. After washing, the enzyme reaction was 
developed with a colour liquid containing 1.5 ml of 2% silver nitrate, 
2 ml of 0.15% hydroquinone and 3.75 ml of 5% gelatin solution (1% 
citric acid solution, pH 4). When the sections turned brown-yellow, 
the reaction was terminated using preheated water (54℃). Finally, 
they were dehydrated and mounted.

2.9  |  Isolation and culture of peritoneal-derived 
macrophages

Peritoneal-derived macrophages (PDMs) are commonly used for 
research in various diseases17 and simulate the inflammation of al-
veolar macrophages in silicosis.18 Therefore, this study employed 
silica-stimulated PDMs to explore the Cav-1 mechanism in silicosis.

The PDMs were isolated from WT and Cav-1−/− mice as previ-
ously described.19 After 12  h of serum starvation, cells were ex-
posed to 50 μg/ml silica (Nano-SiO2; Invivogen).20,21 The cells were 
harvested for protein extraction after treatment for 3 and 24 h, re-
spectively. Supernatants of 24  h-treated cells were centrifuged at 
1800 g for 5 min at 4℃. After that, the cell-free supernatants were 
preserved at −80℃ for cytokine detection.

In the caveolin-1 overexpression experiment, PDMs were tran-
siently transfected with pcDNA3.1(+)-caveolin-1 (Cav-1 OE group) 
and pcDNA3.1(+) (Vehicle group) purchased from Genepharma 
Technology. Cells were prepared in 12-well plates. When the cells 
reached 70–80% confluence, plasmids (1  µg per well) were in-
troduced using 2  μl Lipofectamine max (Invitrogen) following the 
manufacturer's instructions. After 6 h of incubation, cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal bovine 
serum for 48 h, followed by 50 μg/ml silica exposure for 3 and 24h, 
respectively.

2.10  |  Western blot

Proteins were extracted from lung tissues and cells. Target proteins 
were separated on 8%–12% sodium dodecyl sulphate-polyacrylamide 
gels (according to the target protein sizes: 8% for collagen I, 10% for 

proteins in NF-κB pathway, 12% for Cav-1) and subsequently trans-
ferred onto polyvinylidene difluoride membranes. The membranes 
were blocked for 1 h in 5% bovine serum albumin (BSA) buffer and 
incubated with primary antibodies in 5% BSA at 4℃ overnight. The 
primary antibodies were as follows: rabbit anti-caveolin-1 (#3267, 
1:5000), rabbit anti-p-NF-κB(#3033, 1:1000), rabbit anti-p-IκBα 
(#2859, 1:1000), rabbit anti-NF-κB (#8242, 1:1000) and rabbit 
anti-IκBα (#9242, 1:1000) from Cell Signaling Technology; rabbit 
anti-collagen I (ab34710, 1:1000) from Abcam; mouse anti-GAPDH 
(60004-1-Ig, 1:10,000), rabbit anti-α-tubulin (11224-1-AP, 1:5000) 
and mouse anti-β-actin (66009-1-Ig,1:20000) from ProteinTech. The 
membranes were incubated with horseradish peroxidase-conjugated 
anti-rabbit and anti-rat for 60 min for detection. Protein expression 
was normalized using α-tubulin and GAPDH or β-actin.

2.11  |  Reverse transcription real-time polymerase 
chain reaction (RT-qPCR)

Total RNA was isolated from the lung tissues using TRIzol (Invitrogen) 
following the manufacturer's instructions. A Revert Aid First 
Strand cDNA Synthesis Kit reverse-transcribed the RNA into DNA 
(Invitrogen). RT-qPCR was performed using a CFX96 Quantitative 
PCR Detection System (Bio-Rad). Specific primers were designed 
from GenBank sequences and synthesized by Sangon Biotech.

2.12  |  Enzyme linked immunosorbent assay

The interleukin (IL)-1β, IL-6 and tumour necrosis factor-α (TNF-α) 
levels in the supernatants were detected by enzyme linked immu-
nosorbent assay (ELISA), following the manufacturer's instructions 
(Invitrogen).

2.13  |  Statistical analysis

The SPSS 25 statistical software was used to analyse the data. All 
data were expressed as the mean, standard deviation. The two-
tailed Student t test analysed comparisons between two groups. 
p < 0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  Caveolin-1 was significantly reduced in lungs 
from silicosis patients and silicotic mice

Paraffin-embedded sections of lung tissues from nine patients 
with silicosis and nine cases of tumour-adjacent tissues used as 
control were collected, and immunohistochemistry (IHC) was per-
formed to measure the Cav-1 expression. The IHC staining showed 
that the Cav-1  level was high in normal tumour-adjacent tissues 
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but significantly decreased in silicosis lung tissues (p  <  0.0001) 
(Figure 1A).

The silicosis model was established in WT mice for 7 and 
28 days to detect the Cav-1 level in silicosis. The lung tissue dam-
age, silicotic nodule formation and inflammation infiltration pro-
gressed with increasing modelling time (Figure 1B). In mice from 
the silica 7 day group, part of the alveolar wall was destroyed, caus-
ing alveolar fusion. Around the small airway, silicotic nodules and 
inflammatory cells were observed. In mice from the silica 28 day 
group, part of the alveolar wall was remodelled into a continuous 
fibre wall with collagen deposition. The size and amount of silico-
tic nodules increased, and inflammatory cells diffusely infiltrated 
(Figure 1B, Table 1). The formation of silicotic nodules confirmed 
the silicosis model.

Immunohistochemistry, WB and RT-PCR determined the Cav-1 
expression (Figure 1C–E). The Cav-1 protein levels time-dependently 
reduced in the lungs of silicotic mice after different time points of 
silica exposure. However, the transcription-level analysis showed 
no significant difference in the Cav-1 reduction in the silica 7 day 
group compared with the control group. Nevertheless, the Cav-1 in 

the silica 28 day group significantly decreased against the control 
group (p < 0.05).

3.2  |  Caveolin-1 deficiency exacerbated silicotic 
lung injury and fibrosis

The silicosis model was established in WT and Cav-1−/− mice for 
28 day. Based on HE staining, Cav-1 deficiency significantly aggra-
vated lung structural remodelling and silicotic nodules formation 
in silicosis (Figure  2A). After 28  days of silica treatment, the Cav-
1−/− mice displayed more severe morphological damage, evidenced 
by more alveoli fusion, fibroblasts, collagen in the fibrotic walls 
(Figure 2A[c,d]), and more confluent silicotic nodules than the WT 
mice (Figure  2A[a,b]). The higher protein content in BALF further 
indicated that Cav-1 deficiency aggravated lung injury after silica 
treatment (Figure S1). Based on Masson staining and IHC stain-
ing of collagen Ⅰ, Cav-1 deficiency aggravated diffuse fibrosis in 
silicosis (Figure 2B,E), further confirmed in the WB analysis of col-
lagen Ⅰ (Figure  2F). The silicosis severity increased in the lungs of 

F I G U R E  1  Caveolin-1 (Cav-1) was significantly reduced in lungs of silicosis patients and silicotic mice. (A) Immunochemistry staining of 
caveolin-1 of lung sections from silicosis patients and normal tumour-adjacent tissues (n = 9). (B) Haematoxylin-eosin (HE) staining of lung 
sections from silicotic mice sampled at 7 and 28 days (n = 5), and silicotic nodules score in the silicosis group. (C) Immunochemistry staining 
of caveolin-1 in the lung sections from silicotic mice sampled at 7 and 28 days (n = 5). (D) Western blot analysis of caveolin-1 and collagen 
Ⅰ in lung tissues from silicotic mice sampled at 7 and 28 days (n = 3). (E) Caveolin-1 relative mRNA levels in lung tissues from silicotic mice 
sampled at 7 and 28 days (n = 5). *p < 0.05, ***p < 0.001, ****p < 0.0001, NS: no significance
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silicotic Cav-1−/− group than the silicotic nodules score (p < 0.05) and 
Ashcroft score (3.53 ± 0.81 vs. 5.29 ± 0.99, p < 0.05) of silicotic WT 
mice (Figure 2C,D).

3.3  |  Caveolin-1 deficiency exacerbated silica-
induced inflammation

CD68 and MPO are the most commonly used markers of mac-
rophage and neutrophil.22 The IHC detected the accumulation of 
inflammatory cells in the lungs from WT and Cav-1−/− silicotic mice 

(Figure 3A). The silicotic Cav-1−/− mice presented greater neutrophil 
and macrophage numbers than the silicotic WT mice (macrophage: 
49.88 ± 8.83 vs. 82.44 ± 9.71, p < 0.001; neutrophils: 66.84 ± 7.70 
vs. 97.64 ± 9.92, p < 0.001). The total cell counts in BALF (1.94 ± 0.64 
vs. 3.414 ± 1.11, p < 0.01) further verified the difference (Figure 3B–
D). Cav-1 deficiency enhanced the levels of pro-inflammatory fac-
tors (pro-IL-1β, IL-6 and TNF-α) after silica treatment (p  <  0.05) 
(Figure 3E). These results indicate that the Cav-1  loss exacerbated 
pulmonary inflammation in silicosis. In vitro, the PDMs from WT 
and Cav-1−/− mice mimicked the inflammation response of mac-
rophages to silica exposure. Silica exposure reduced Cav-1 levels in 

TA B L E  1  Nucleotide sequences of the primers used for real-time qPCR

Genes Forward primer 5′−3′ Reverse primer 5′−3′

Mouse TNF-α CACCACGCTCTTCTGTCTACT AACTGATGAGAGGGAGGCCAT

Mouse IL-1β CTGGTGTGTGACGTTCCCAT TCGTTGCTTGGTTCTCCTTGT

Mouse IL-6 ACCAAGAGATAAGCTGGAGTCAC TAACGCACTAGGTTTGCCGA

Mouse β-actin CACTGTCGAGTCGCGTCC TCATCCATGGCGAACTGGTG

Abbreviations: IL, interleukin; TNF-α, tumour necrosis factor-α.

F I G U R E  2  Caveolin-1 (Cav-1) deficiency exacerbated silicotic lung injury and fibrosis. (A) Haematoxylin-eosin (HE) staining of lung 
sections from wild-type (WT) and Cav-1−/− mice in the sham and silica 28 day groups. (a) The WT group showed isolated silicotic nodules. (b) 
The Cav-1−/− group showed fused silicotic nodules accompanied by more I and II-degree nodules. (c, d) The Cav-1−/− group showed more cells 
and fibre deposition in the alveolar septum than the WT group. (B) Masson staining of lung sections from WT and Cav-1−/− mice in the sham 
and silica 28 day groups. (C) Ashcroft score of WT and Cav-1−/− mice in the sham and silica 28 day groups (n = 5). (D) Silicotic nodules score 
of WT and Cav-1−/− mice in the sham and silica 28 day groups (n = 5). (E) Collagen Ⅰ immunochemistry staining of lung sections from WT and 
Cav-1−/− mice in the sham and silica 28 day groups (n = 5). (F) Western blot analysis of Cav-1 and collagen Ⅰ in lung tissues from WT and Cav-
1−/− mice in the sham and silica 28 day groups (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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PDMs (Figure 3F). ELISA analyses showed that Cav-1 deficiency en-
hanced the levels of pro-inflammatory factors in silica-treated PDMs 
(p < 0.05) (Figure 3G). Additionally, Cav-1 over expression inhibited 
the secretion of pro-inflammatory factors (p < 0.01) (Figure 3H,I). 
These results indicate that Cav-1 negatively regulates silica-induced 
inflammation in PDMs.

3.4  |  The possible mechanisms of Caveolin-1 
regulating silica-induced inflammation

The sections from WT and Cav-1−/− silicotic mice were treated with 
Warthin-Starry (W-S) silver staining to display the distribution of 
dust particles. Macrophages in the lungs from Cav-1−/− silicotic mice 
had much more silica dust deposits than WT mice (Figure 4A[c,d]), 
indicating that Cav-1 absence caused more silica dust accumulation 
in the lung tissue, thus causing continuous stimulation.

Silica induces pulmonary inflammation through oxidative 
stress.23,24 The IHC of 4-HNE shows that the Cav-1−/− oxidative 
stress level is significantly higher than the WT, indicating that the 
same dose of silica dust causes more severe oxidative damage to 
cells due to the Cav-1 absence (Figure 4B).

Moreover, the NF-κB pathway is among the classic downstream 
pathways of oxidative stress. The NF-κB signalling pathway was 
activated in lungs from silicotic mice, shown by upregulated levels 
of the NF-κB subunit phospho-p65, phospho-IκB-a, IκB-a degrada-
tion. Cav-1 deficiency promoted the activation of NF-κB pathway 
in silicotic mice (p  <  0.05) (Figure  4C) and PDMs treated with sil-
ica for 3 h (p < 0.05) (Figure 4D). In contrast, Cav-1 overexpression 
downregulated the activation of NF-κB signalling pathway (p < 0.05) 
(Figure 4E).

4  |  DISCUSSIONS

It was firstly found in this study that Cav-1 levels were significantly 
reduced in the lung from silicosis patients and silicotic mice. Cav-1 
deficiency exacerbated the silica-induced lung injury. Cav-1 nega-
tively regulates silica-induced inflammation, in part, by regulating 
the NF-κB pathway, silica intake and oxidative stress. Therefore, 
Cav-1 has an essential protective effect in silicosis.

Cav-1 is highly expressed in lung tissue, an anti-inflammatory 
and anti-fibrosis against lung injury.10,25 This study suggests reduced 
Cav-1 involved in the silicosis progression. Although the mechanism 

F I G U R E  3  Caveolin-1 (Cav-1) deficiency exacerbated silica-induced inflammation. (A) Immunochemistry staining of CD68 and 
myeloperoxidase (MPO) in the lung sections from wild-type (WT) and Cav-1−/− mice in the sham and silica 28 day groups. (B) The numbers 
of total cells in bronchoalveolar lavage fluid (BALF) from WT and Cav-1−/− mice in the sham and silica 28 day groups (n = 5). (C, D) 
Quantification of total macrophages (CD68-positive cells) and neutrophils (MPO-positive cells) in lung parenchyma of WT and Cav-1−/− mice 
in the sham and silica 28 day groups (n = 5). Relative mRNA levels of pro-interleukin (IL)-1β, IL-6 and tumour necrosis factor- α (TNF-α) in 
lung tissues from WT and Cav-1−/− mice in the sham and silica 28 day groups (n = 5). Western blot analysis of caveolin-1 of WT and Cav-1−/− 
peritoneal-derived macrophages (PDMs) after 24 h of silica exposure. Enzyme linked immunosorbent assay (ELISA) analysis of IL-1β, TNF-α 
and IL-6 (n = 6) of WT and Cav-1−/− PDMs after 24 h of silica exposure. (H–I) PDMs were transfected with the Cav-1 plasmid (Cav-1 OE) and 
empty plasmid (Vehicle). Western blot analysis of Cav-1 and ELISA analysis of IL-1β, TNF-α and IL-6 (n = 3) of PDMs in Cav-1 OE and vehicle 
groups after 24 h of silica treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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of silicosis is not fully elucidated, the belief is that silica-induced 
macrophage inflammation induces initial injury and the insoluble sil-
ica causes continuous damage and inflammation, eventually leading 
to progressive fibrosis. Thus, the key treatment involves blocking the 
silica-induced inflammation reaction. The in vivo and in vitro stud-
ies showed that silica-induced inflammation significantly increased 
under Cav-1 deficiency, and Cav-1 overexpression inhibited the se-
cretion of inflammatory factors. These results show that Cav-1 is 
vital for regulating silicosis inflammation. However, the mechanism 
of silica-induced inflammation is complex. The current belief is that 
direct silica toxicity induces oxidative stress,26 receptor recogni-
tion,21 phagocytic overload,27 thereby inducing inflammation. This 
study employed the W-S silver staining to observe silica intake and 

IHC of 4-HNE to observe the oxidative stress. The Cav-1 absence 
triggered excessive silica deposition in cells, causing a stronger oxi-
dative stress response. The NF-κB pathway is important in oxidative 
stress-induced inflammation. Systemic NF-κB inhibition effectively 
improves lung tissue damage in silicosis mice.28 In vivo and in vitro 
experiments established that Cav-1 negatively regulates NF-κB 
pathway in silicosis.

These results suggest that decreasing Cav-1 influenced the 
pathogenesis of silicosis and that enhancing Cav-1 is a new candidate 
silicosis therapeutic strategy. In previous studies, three methods up-
regulated the Cav-1 levels in various diseases. First, anti-pulmonary 
fibrosis drugs (pirfenidone, fluorofenidone and ginsenoside Rg1) at-
tenuated lung injury in bleomycin-instilled animal models, secondary 

F I G U R E  4  Possible mechanisms of Caveolin-1 (Cav-1) regulating silica-induced inflammation. (A) Warthin-Starry (W-S) silver staining 
of lung sections from wild-type (WT) and Cav-1−/− mice in the sham and silica 28 day groups. W-S silver staining shows the nuclear (a) 
and fibre (b), and much more silica dust deposited in macrophages in the lungs from Cav-1−/− silicotic mice than the WT group (c, d). (B) 
Immunochemistry staining of 4-hydroxynonenal (4-HNE) in the lung sections from WT and Cav-1−/− mice in the sham and silica 28 day 
groups. (C) Western blot analysis of the NF-κB pathway in lung tissues from WT and Cav-1−/− silicotic mice (n = 3). (D) Western blot analysis 
of the NF-κB pathway in WT and Cav-1−/− peritoneal-derived macrophages (PDMs) after 3 h of silica exposure (n = 3). (E) PDMs transfected 
with the Cav-1 (Cav-1 OE) and empty (Vehicle) plasmids. Western blot analysis of the NF-κB pathway in Cav-1 OE and vehicle 3h after 
treatment (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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to enhancing caveolin-1 expression.29–31 Secondly, knocking out the 
Cav-1 E3 ubiquitin ligase, ZNRF1could reduce pulmonary inflamma-
tory infiltration in LPS-induced acute lung injury mice.32 Lastly, exog-
enous Cav-1 peptide injection effectively upregulated Cav-1 levels, 
therapeutically influenced myocardial remodelling, BLM-induced 
pulmonary fibrosis and LPS-induced inflammation.33,34 Indeed, 
a Cav-1-derived peptide LTI-03 entered phase 1  clinical trial with 
adaptation disease for idiopathic pulmonary fibrosis indication 
(NCT04233814). These studies suggest Cav-1 as a potential thera-
peutic target for silicosis. This research team plans to exogenously 
inject Cav-1 peptide to upregulate Cav-1 expression in WT and 
Cav-1−/− silicotic mice to clarify the Cav-1 therapeutic effect on sil-
icotic mice by observing injury, fibrosis and inflammation. Work is 
underway to explore the appropriate route and dose of the caveo-
lin-1 scaffolding domain peptide.

5  |  CONCLUSION

Cav-1 significantly reduced in the lungs of silicosis patients and sili-
cotic mice. Cav-1 deficiency exacerbated silica-induced lung injury 
and fibrosis. Cav-1 negatively regulated silica-induced inflammation, 
partly through NF-κB pathway. Cav-1 regulation is a potential treat-
ment approach for silicosis.
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