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● This study investigated the role of new 
member of matrix metalloproteinases 
in the development of silicosis. 

● The interactions between extracellular 
matrix and cells in a silicosis model was 
investigated. 

● Multi-omics sequencing were combined 
to investigate the potential mechanisms 
of silicosis.  
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A B S T R A C T   

Macrophages are essential for the maintenance of endothelial cell function. However, the potential impact and 
mechanisms of crosstalk between macrophages and endothelial cells during silicosis progression remain unex
plored. To fill this knowledge gap, a mouse model of silicosis was established. Single cell sequencing, spatial 
transcriptome sequencing, western blotting, immunofluorescence staining, tube-forming and wound healing 
assays were used to explore the effects of silicon dioxide on macrophage-endothelial interactions. To investigate 

Abbreviations: ARRIVE, animal research in vivo experimental report; ATCC, American Type Culture Collection; BCA, bicinchoninic acid; CM, conditioned medium; 
Ct, cycle threshold; ECM, extracellular matrix; HUVEC, Human Umbilical Vein Endothelial Cell; IPF, idiopathic pulmonary fibrosis; MMP, matrix metalloproteinase; 
PBS, phosphate-buffered saline; PCA, principal component analysis; PE150, 150-bp paired end; PMA, phorbol acetate; qRT-PCR, real-time quantitative RT-PCR; 
TEER, transendothelial electrical resistance; t-SNE, t-distributed stochastic neighbor embedding; UMI, Unique Molecular Identifier. 

* Correspondence to: Department of Physiology, School of Medicine, Southeast University, 87 Dingjiaqiao Rd, Nanjing, Jiangsu, 210009, China. 
E-mail address: chaojie@seu.edu.cn (J. Chao).   

1 These authors contribute equally to this work. 

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2023.132733 
Received 27 April 2023; Received in revised form 16 September 2023; Accepted 4 October 2023   

mailto:chaojie@seu.edu.cn
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2023.132733
https://doi.org/10.1016/j.jhazmat.2023.132733
https://doi.org/10.1016/j.jhazmat.2023.132733
http://creativecommons.org/licenses/by/4.0/


Journal of Hazardous Materials 461 (2024) 132733

2

Macrophage-endothelial interactions 
Extracellular matrix (ECM) 

the mechanism of macrophage-mediated fibrosis, MMP12 was specifically inactivated using siRNA and phar
macological approaches, and macrophages were depleted using disodium chlorophosphite liposomes. Compared 
to the normal saline group, the silica dust group showed altered macrophage-endothelial interactions. Matrix 
metalloproteinase family member MMP12 was identified as a key mediator of the altered function of 
macrophage-endothelial interactions after silica exposure, which was accompanied by pro-inflammatory 
macrophage activation and fibrotic progression. By using ablation strategies, macrophage-derived MMP12 was 
shown to mediate endothelial cell dysfunction by accumulating on the extracellular matrix. During the in
flammatory phase of silicosis, MMP12 secreted by pro-inflammatory macrophages caused decreased endothelial 
cell viability, reduced migration, decreased trans-endothelial resistance and increased permeability; while during 
the fibrotic phase, macrophage-derived MMP12 sustained endothelial cell injury through accumulation on the 
extracellular matrix.   

1. Introduction 

Silicosis is characterized by diffuse fibrosis of lung tissues with sys
temic inflammation caused by long-term inhalation of free silica dust 
[1]. The specific mechanisms underlying the development of silicosis 
have not been elucidated; generally, fibroblasts are considered to be 
central players in pulmonary fibrosis, but it has also been recognized 
that the absence of endothelial cells and uncontrolled angiogenesis are 
key biological processes underlying pulmonary fibrosis [2-4]. Under 
physiological conditions, vascular endothelial cells support fibroblast 
development and regeneration, whereas in response to exogenous 
stimuli, endothelial cells are activated and vascular integrity is dis
rupted, directly initiating an inflammatory response or promoting an 
already existing inflammatory response. Endothelial cells can also 
mediate vasorelaxation and reduction of angiogenesis by increasing 
myofibroblasts and promoting the recruitment of immune cells; or can 
contribute to the development and progression of fibrosis by secreting 
pro-fibrotic mediators [5]. Moreover, in idiopathic fibrotic lungs, 
endothelial cells and macrophages have been shown to have tight spatial 
connections and multi-directional intercellular communication [6,7]. 
Thus, accumulating evidence supports a key underlying role for 
macrophage-endothelial interactions in the development of 
silica-associated fibrosis. 

Macrophages are known to regulate endothelial germination and 
angiogenesis by secreting matrix metalloproteinases (MMPs) that 
degrade different extracellular matrix (ECM) proteins, leading to the 
release of pro-angiogenic growth factors into the perivascular matrix [8, 
9]. MMPs are zinc-dependent endopeptidases that play a key role in the 
imbalance between ECM deposition and degradation. Therefore, it was 
initially thought that MMPs may limit pulmonary fibrosis by degrading 
ECM proteins in the lung. However, recent studies have shown that 
MMPs are involved in regulating various other cellular and signaling 
pathways in addition to ECM proteins [10], including inflammatory 
mediators, growth factors, etc. [11]. Tissue fibrosis is traditionally 
considered to be characterized by a pathological imbalance in ECM 
metabolism that is irreversible. Thickened alveolar interstitial spaces 
with distorted epithelial and vascular structures form a unique 
ECM-ecological niche [12,13] that affects the proliferation, migration, 
and differentiation of resident cells within the lung, thus emphasizing 
the importance of ECM-cell crosstalk [14-16]. Most previous studies 
have been limited to the role of MMPs in tissue remodeling, while fewer 
studies have reported whether MMPs can act as a key molecule in 
ECM-cell crosstalk, which could influence the biological process of 
fibrosis. Consequently, we sought to examine the role and mechanism of 
ECM-cell crosstalk, including a potential role for MMPs in silicosis. 

2. Materials and methods 

2.1. Establishment of a mouse model of silicosis 

Specific pathogen free grade male C57BL mice were utilized in ex
periments at 6–8 weeks of age and about 30 g. The mice were housed in a 
20–22 ◦C room with a relative humidity of 40–60% and 12 h of light that 

alternated between day and night. The tracheas of the mice were 
exposed after intraperitoneal sodium pentobarbital anesthesia, and a 
single intratracheal injection of silica suspension (0.2 g/kg, 50 mg/ml 
saline) was given. Equal volumes of sterile saline were administered to 
the control group. At 7 days and 56 days after modeling, lung tissues 
were collected. Phosphate-buffered saline (PBS) perfusion, 4% formalin 
treatment, and 30% sucrose for dehydration, sectioning, and freeze 
staining were administered prior to immunohistochemical analysis. All 
animal experiments were carried out strictly in compliance with the 
Animal Research In Vivo Experimental Report (ARRIVE) and according 
to the Southeast University Laboratory Animal Center’s animal man
agement guidelines. 

2.2. Single-cell RNA sequencing 

2.2.1. Sample collection 
Lung samples for scRNA-seq were collected from four groups of 

mouse whole lung tissues (NS-7d, SiO2-7d, NS-56d and SiO2-56d) and 
washed three times rapidly with precooled × *PBS. 

2.2.2. Cell capture and cDNA synthesis 
Lung tissue was cut into approximately 1 mm2 pieces, and individual 

cells were obtained using the Lung Isolation Kit (Miltenyi Biotech, 
130–095–927, Germany) and suspended in PBS containing 0.04% BSA, 
according to the operating protocol instructions. The captured cells 
(approximately 1 ×104) were placed in individual GEMs for reverse 
transcription to obtain barcode codes. Reverse transcription was per
formed on an S1000TM Touch Thermal Cycler (Bio-Rad) (53 ◦C, 45 min; 
85 ◦C, 5 min; stored at 4 ◦C) to obtain cDNA. Finally, the quality was 
assessed using an Agilent 4200 system (Beijing BIO Biotechnology Co.). 

2.2.3. scRNA-seq library preparation 
The scRNA-seq libraries were constructed using the Single-Cell 5′ 

Library and Gel Bead Kit, Single Cell V(D)J Enrichment Kit, and Human 
T Cell (1000005) and Single Cell V(D)J Enrichment Kit according to the 
manufacturers’ instructions. The sequencing was performed on an Illu
mina NovaSeq6000 sequencer and required a depth of no less than 
100,000 reads per spot, accompanied by a 150-bp paired end (PE150). 
Sequencing was performed by Beijing BIO Biotechnology Co. 

2.2.4. scRNA-seq data pre-processing and analysis 
Cell barcode filtering, comparison and UMI counting were performed 

using Cell Ranger 4.0.0 (https://www.10xgenomics.com/). Further 
analysis was conducted with the R package Seurat v3.2.2 and was based 
primarily on the official tutorial [17]. The double linkage rate (the nExp 
parameter in DoubletFinder) was estimated from the user guide for 10 ×
Chromium. For quality control and filtering, the R package Doublet
Finder was used to detect and remove doublets [18]; cells with detected 
genes less than 500 or with mitochondrial gene content > 20% were 
excluded, and genes presented in less than 10 cells were deleted. The 
scRNA-seq data were normalized using Log Normalize (scale factor 10, 
000), two thousand highly variable genes were identified, and normal
ized counts were scaled by default. We performed principal component 
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analysis (PCA) for primary dimensionality reduction with 30 di
mensions, which were selected based on the elbow plot. Batch effects 
among four samples were alleviated with Harmony [19]. Thirty-three 
Clusters were identified by the FindNeighbors (based on KNN graphs) 
and FindClusters (based on Louvain method, resolution = 1) functions in 
Seurat. Harmony embeddings were used as the input for t-distributed 
stochastic neighbor embedding (t-SNE) [Journal of Machine Learning 
Research 9 (2008) 2579–2605], which allows data visualization in a 
two-dimensional space. Cell-type annotation was conducted with the 
manually curated cell type markers and 33 clusters were merged into 20 
cell types. Harmonic embeddings were used as input to t-SNE, which 
allows for data visualisation in two dimensions. The differential 
expression levels of genes were calculated using the FindMarkers, which 
is based on the Wilcoxon ranking and test with default parameters. 

2.3. Spatial transcriptome sequencing 

2.3.1. Sample collection 
Mice with significant fibrotic lesions on CT imaging were selected, 

and their lung tissue was trimmed horizontally close to the hilum. The 
samples were immediately frozen in optimal cutting temperature com
pound on dry ice and stored at − 80 ◦C. 

2.3.2. Staining and imaging 
The 10-μm frozen sections of lung tissue were mounted on a GEX 

matrix, which were then placed on a thermocycling adapter with the 
active surface facing upwards. After incubation at 37 ◦C for 1 min, the 
sections were fixed in methanol at − 20 ◦C for 30 min and then H&E- 
stained to observe the moulding. Imaging was performed at 10 × reso
lution using a Leica DMI8 full-load broken section scanner. 

2.3.3. Permeabilization and reverse transcription 
Leak-proof grooves were constructed using a slide cassette. Accord

ing to the instructions of the Visium Spatial Gene Expression Tablets and 
Kit (10 × Genomics, PN-1000184), 70 μl of permease was added to each 
groove, and the samples were incubated at 37 ◦C for 30 min. Next, 100 μl 
of SSC and 75 μl of RT Master Mix were added for cDNA synthesis (65 ◦C, 
15 min, stored at 4 ◦C). 

2.3.4. cDNA library preparation for sequencing 
After first strand synthesis, the RT Master Mix was removed, and 75 

μl of 0.08 M KOH were added. The samples were incubated at room 
temperature for 5 min, after which the KOH was removed, the samples 
were washed with 100 μl EB buffer, and Second Strand Mix (75 μl) was 
added to each well. After second strand synthesis, cDNA amplification 
was performed (98 ◦C, 3 min; 98 ◦C, 15 s; 63 ◦C, 20 s; 72 ◦C, 1 min; cycle 
14 times, 72 ◦C, 1 min; stored at 4 ◦C). Visium spatial libraries were 
constructed using the Visium Spatial Library Construction Kit (10x Ge
nomics, PN-1000184). The libraries were sequenced using an Illumina 
NovaSeq6000 sequencer with a depth of no less than 100,000 reads per 
spot, accompanied by a 150-bp paired end (PE150). Sequencing was 
performed by Beijing Brio Biotechnology Co. 

2.3.5. Data preprocessing 
Each point of the mouse reference genome was processed, compared 

and summarised with Unique Molecular Identifier (UMI) counts using 
10X Space Ranger software LOL to obtain a characteristic barcode ma
trix. Points that covered the tissue sections were further analysed, and 
clustering algorithms based on 10 principal component maps were used 
to visualise the points in two dimensions using the t-SNE method. The 
final spatial transcript expression map was generated using the R 
package Seurat v3.2.2 [17]. 

2.4. Cell culture 

Mouse macrophages (RAW264.7), human myeloid leukemia 

monocytes (THP-1), and human umbilical vein endothelial cells 
(HUVECs) were purchased from ATCC. Mouse lung primary endothelial 
cells were isolated from 7-day-old mouse lungs and verified by FACS 
analysis, kindly performed by Dr Qiu’s Lab (Front Immunol.2021 Dec 
8;12:759176). THP-1 cells were cultured in RPMI1640 containing 10% 
FBS, streptomycin (100 μg/ml), and penicillin (100 U/m L) in a cell 
culture incubator with 5% CO2 at 37 ◦C, followed by stimulation of 
differentiation with 50 nM/well of Phorbol acetate (PMA) for 24 h. 
HUVECs were grown in DMEM with 10% FBS, 1% glutamine, and 1% 
double antibodies in an incubator at 37 ◦C with 5% CO2. The cells were 
cultivated for passaging and amplification at 2–3-day intervals. Before 
being processed, the cells were injected in 24-well plates at a concen
tration of 1 × 105 cells/ml for 24 h. The cell concentration was adjusted 
according to the specific experimental requirements. Primary lung 
endothelial cells were cultivated in ECM medium containing 20% FBS, 
1% glutamine, 1% double antibodies, and 1% Endothelial Cell Growth 
Supplement and were utilized for research from 3 to 5 generations at a 
density of less than 3 × 105 cells/ml. 

2.5. Reagents 

Silicon dioxide (SiO2) pellets were purchased from Sigma-Aldrich 
supplied (S5631; Billerica, MA, USA), and at least 80% had a diameter 
of 1–5 µm. The pellets were produced using sedimentation selection, 
acid hydrolysis, and overnight baking (200 ◦C, at least 16 h) with sorting 
using Stokes’ law. Silica samples were dissolved in saline before being 
used experimentally. Recombinant MMP12 protein (10266) was ob
tained from Yiqiao Shenzhou. MMP408 (a specific inhibitor of MMP12) 
was purchased from Sigma (44291). TJP1 (rabbit polyclonal antibody, 
21773–1-AP), MMP12 (rabbit polyclonal antibody, 22989–1-AP), and 
occludin (rabbit polyclonal antibody, 13049–1-AP) were acquired from 
Proteintech. CDH5 (rabbit polyclonal antibody, AF3265) was purchased 
from Affinity. 

2.6. Tube-formation assays 

Ibidi angiogenesis slides were first filled with 10 μl of regular 
Matrigel gel per well, then placed in a moist box at 37 ◦C for half an hour 
to solidify. HUVECs were digested and resuspended in a cell suspension 
containing 3.0 × 105 cells/ml. The solidified gel ibidi angiogenesis slides 
were taken from the wet box, and 50 μl of cell suspension was added to 
each well. Images were captured at regular intervals (3–24 h) based on 
the development rate. The tube-forming length, area covered, number of 
loops, and number of nodes were measured and recorded. ImageJ was 
used for statistical analysis. 

2.7. siRNA-mediated knockdown 

siRNAs were purchased from Shanghai Jima Pharmaceutical Co. 
Ltd., and the transfection reagent Lipofectamine 3000 was purchased 
from Thermo Fisher Scientific. To knock down MMP12 in macrophages, 
9 μl of serum-free medium and 1 μl of transfection reagent were placed 
in one tube, while 1.5 μl of siRNA and 9 μl of serum-free medium were 
placed in another tube. The solutions were incubated for 5 min at room 
temperature. The two solutions were then mixed and incubated for 20 
min 100 μl of cell suspension containing 3 × 105 cells/ml was added to 
the mixture with an additional 80 μl of serum-free medium. Finally, 200 
μl of the transfected cells were inoculated into the wells of a 24-well 
plate, and the standard medium was replaced after 24 h of incubation. 

2.8. Identification of trans-monolayer cell permeability and resistance 
values 

The measurement method was derived from previous studies with 
some modifications [20-22]. TEER measurements were used to estimate 
the integrity of cellular tight junctions by measuring the cell layer’s 
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resistance. 3 × 105 HUVEC cells per well were cultivated on 12 mm 
Transwell® plates for three days to achieve 90% cell fusion. After being 
exposed to stimuli, Millipore Milli cell ERS-2 was used to evaluate 
transendothelial electrical resistance (TEER), which was calculated as 
follows:  

TEER (Ω⋅cm2) = (RS(Ω) − (RB(Ω)⋅A(cm2)                                                

where RS is the total resistance of the cell monolayer across the mem
brane, RB is the blanking resistance of the blanking chamber (no cells), 
and A is the bottom area of the chamber (1.12 cm2). 

In FITC-dextran permeability assays, FITC-dextran (Sigma-Aldrich, 
relative molecular mass 40 kDa) was added to the inner chamber. After 
1 h of incubation in the dark, fluorescence values were measured using 
an enzyme marker at 490 nm excitation and 520 nm emission wave
length (BioTek, USA). The following equation was used to determine the 
permeation value: 

Permeation value/% = outer chamber medium FITC-dextran fluo
rescence value / (inner chamber medium FITC-dextran fluorescence 
value + outer chamber medium FITC-dextran fluorescence value) ×
100%. 

2.9. Cell migration assays 

The cell migratory capability was measured using a wound healing 
test. HUVEC-GFP cells were seeded in 24-well plates at a density of 1 ×
105 cells per well and incubated at 37 ◦C until the cells were 90% fused. 
Then, a medium-width straight line was scored vertically in the middle 
of the 24-well plate using a sterile 200-μl pipet. The plates were washed 
three times with PBS to remove cell debris before adding new standard 
media to each well to promote cell development. The cells were stim
ulated experimentally, and digital photographs of the scratch gaps were 
obtained at 0, 6, 12, and 24 h. The distances between the cell gaps were 
quantified using ImageJ. 

2.10. Western blot assays 

Western blotting was used to measure the amounts of selected pro
teins in THP-1 macrophages. The cells were rapidly washed with 
phosphate buffer and lysed to get total proteins. Protein concentrations 
of lysis products were determined using a BCA Protein Quantitative Kit 
(Beyotime, China), then separated using SDS-PAGE gel electrophoresis 
and transferred to PVDF membranes. After blocking, the membranes 
were treated with primary antibodies overnight at 4 ◦C. After washing 
with TBST, they were incubated for 1 h at room temperature with 
horseradish peroxidase-labeled secondary antibodies. The chem
iluminescence detection technique was used to reveal protein bands, 
and ImageJ was used to quantify the protein. All Western blotting tests 
were performed at least three times. 

2.11. Immunofluorescence staining assays 

The lung tissues or ECM were sliced into 8-m slices and placed in a 
freezing microtome. The sections were treated with specific primary 
antibodies at 4 ◦C overnight after being sealed with 10% goat serum in 
0.3% Triton X-100 for two hours at room temperature. The next day, 
nuclei were stained with DAPI by incubating them for two hours with a 
suitable fluorescent secondary antibody at room temperature (Alexa 
Fluor, Thermo Fisher Science). The FV3000 was used to capture the 
images. 

2.12. Real-time quantitative RT-PCR assays 

The relative expression of Mmp12 mRNAs was determined using real- 
time quantitative RT-PCR (qRT-PCR). THP-1 cells were inoculated at the 
density required for the experiment, induced into macrophages with 

PMA, and treated accordingly after 24 h. The cells were washed three 
times with ribonuclease-free PBS, and total RNA was extracted using 
TRIzol reagent (Invitrogen) according to the manufacturer’s in
structions. The concentration of the RNA was determined using a 
NanoDrop One spectrophotometer (Thermo Fisher Science). The RNA 
were normalized to include 400 ng of RNA and reverse transcribed into 
cDNA, which was utilized as a template for quantitative reverse tran
scription polymerase chain reaction. The cell cycle threshold (Ct) and 
the Ct value were determined, and quantification was carried out uti
lizing Opticon monitoring software (Bio-Rad). The relative mRNA 
expression measurement was adjusted to an endogenous reference 
(Gapdh). 

2.13. Decellularisation of the lung matrices 

Lung tissue slices were frozen at − 80 ◦C and then frozen tissue 
sections of 200 µm were made on a frozen sectioning machine. The tissue 
sections were sequentially placed in lysis buffer (1% SDS in ddH2O), 1% 
Triton X-100 (diluted with ddH2O) and NaCl (1 M) for decellularisation 
at room temperature. Tissue sections were then treated in a solution 
containing DNase (20 μg/ml) and MgCl (4.2 mM) in a mixture of solu
tions and incubated for 1 h at 37 ◦C. The decellularisation process was 
terminated after aspiration of DNase. 

2.14. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8.0.2 
(GraphPad Software, USA). Two-group comparisons were assessed for 
significance using the two-tailed Student’s t-test. Multiple group (three 
or more group) comparisons were performed using one- and two-way 
ANOVA. All data are expressed as the mean ± SEM, and differences 
were considered statistically significant when P < 0.05. 

3. Results 

3.1. Aberrant interactions between macrophage and endothelial cells are 
observed in the mouse silicosis model 

To explore mechanisms of crosstalk between macrophages and 
endothelial cells during silicosis progression, we employed a mouse 
silicosis model. After 56 days of suspension infusion, H&E staining 
(Fig. 1A) revealed that the alveolar structure of the mice from the silica 
group (SiO2) was disturbed, with hemorrhagic patches and enlarged 
alveolar septa relative to the lungs of the control (NS) group. The gross 
lung tissue in the silica group demonstrated an increase in lung volume 
together with edema and blood exudation, with high-density shadows in 
CT scans after 56 days, indicating a serious insult to the lung tissue with 
a compromised endothelial cell barrier function (Fig. 1B). To evaluate 
changes in the cellular composition of the lung tissue after SiO2 expo
sure, we performed single cell RNA sequencing (scRNA-Seq) on lung 
tissue samples. A total of 20 clusters were identified, which were viewed 
in two dimensions using t-SNE[23]. Although the number of endothelial 
cells did not change considerably, the number of macrophages was 
significantly higher in the silica group than in the control group 
(Fig. S1C). Interestingly, endothelial cells in the silica group showed 
decreased mRNA expression levels of the tight junction protein tjp1 and 
the calmodulin cdh5 (Fig. 1C), suggestive of reduced barrier function. 
The effect of SiO2 in compromising the alveolar barrier was further 
verified by the reduced expression of the endothelial barrier protein 
occludin (Fig. 1D). 

To investigate the interactions between endothelial cells and mac
rophages in lung tissue, we used the CellChat database of ligand- 
receptor interaction pairings created by Efremova et al. [24]. Potential 
linkages between macrophages, endothelial cells, epithelial cells, and 
stromal cells were identified in terms of the type, quantity, and strength 
of reciprocal receptor-ligand interactions. The results show that in the 
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control group, interactions with endothelial-1 cells, compared to other 
intrinsic cells (including endothelial-2 cells, fibroblasts, myofibroblasts, 
and epithelial cells), were strongest for macrophage-1 cells on day 7 and 
macrophage-2 cells on day 56 (Fig. S1A). This is consistent with the 
possibility that macrophage-endothelial-1 interactions may maintain 
the balance of typical lung biological activities under physiological 
circumstances. We further examined the connections between macro
phages and endothelial cells after silica treatment. In the silica group 
compared to the control group, the number of possible ligand-receptor 
and ligand-receptor strength interactions between macrophages and 
endothelial cells showed a predominate trend of reduction (Fig. 1E and 
S1B, C). To mimic a silica-stimulated intrapulmonary inflammatory 
milieu, we co-cultured alveolar macrophage conditioned cultures 
treated with SiO2 (CM) with endothelial cells. Over time, the expression 
of CDH5, TJP1, and Occludin protein was reduced (Fig. 1F and S1D–F). 
In addition, analysis of cell-cell interactions by Transwell experiments 
(Figs. S2A-F) further supports the possibility that aberrant 
macrophage-epithelial interactions may mediate endothelial cell injury 
in response to SiO2 stimulation. 

3.2. Key molecules underlie endothelial cell functional alterations in 
macrophages 

To explore the mechanisms of endothelial cell injury in our silicosis 
model, we evaluated the roles of the top 100 genes of macrophages and 
endothelial cells from the above scRNA-Seq; these genes intersected in 
the "regulation of cytokine production" and "regulation of cell adhesion" 
pathways (Fig. 2A–C). Genes enriched in the above two pathways were 
further evaluated by intersection analysis with the top 20 genes of 
macrophages (Fig. S3A, B), suggesting key roles for four intersecting 
genes (MMP12, CCL2, GPNMB, and Il-1β; see Fig. 2D). Protein network 
interaction analysis (PPI) of these four genes with the genes related to 
endothelial cell function revealed that three of them (MMP12, CCL2, 
and Il-1β) functionally interacted with genes expressed in endothelial 
(Fig. S3C). Based on five classification techniques (MNC, DMHC, Radi
ality, Closeness, and Stress) in the cytoHubba plugin, the top 20 genes 
for each ranking method were chosen in the Cytoscape program. Finally, 
by considering the top 20 genes in the Wayne diagram, the top core 
gene, Mmp12, was filtered (Fig. 2E). 

To provide additional evidence for the key role of Mmp12, we eval
uated its expression as compared to the expression of other MMP family 
members. The results confirmed that Mmp12 displayed differential 
expression when adjusted to create normalized standard values and 
coupled with differential expression ploidy log|2 FC= and q-value 
(Fig. S3D, E). Additionally, assessment of the GEO clinical database 
revealed that Mmp12 expression was higher in patients’ lungs with 
idiopathic pulmonary fibrosis (IPF) than in healthy controls (Fig. S3F). 
scRNA-Seq revealed that Mmp12 expression levels were higher in mac
rophages from the silica group than from the control group of mice 
(Fig. 2F, G). Furthermore, macrophages tended to collect in areas of 
inflammation and nodular lesions (Fig. 2H). Immunofluorescence 
staining (Fig. 2I), further verified that Mmp12 in macrophages is 
increased in response to SiO2 stimulation, thus supporting its potential 
role in silicosis. 

3.3. Increased MMP12 expression is associated with M1 macrophage 
activation after SiO2 treatment 

To investigate which cell subtypes are responsible for changes in 
endothelial cell function after SiO2 treatment, we divided macrophages 
according to cell markers, into M1, M2, and S100a9high subtypes 
(Fig. 3A, B). The number of M1 macrophages (Fig. 3C) and the expres
sion of IL-1β and TNF-α, both markers of M1 activation (Fig. S4A–C), 
were higher in the silica group than in the saline group. Based on the 
three subpopulations of macrophages, Mmp12 was found to show dif
ferential expression only in M1, and the expression was greater in the 
silica group than in the control group on the 7th and 56th days (Fig. 3D, 
E). For additional verification, we treated resting-state macrophages 
(PMA-induced THP-1 cells) with SiO2 suspension, which revealed a 
time-dependent increase in MMP12 expression (Fig. 3F and S5A). 
Similar results were observed for Raw 264.7 murine-derived macro
phages (Fig. S5B, C). NOS2 (a marker of M1 macrophages) and ARG1 
and SOCS3 (markers of M2 macrophages) expression levels were also 
considerably enhanced (Fig. 3G and S5D–F). Furthermore, when lipo
polysaccharide (LPS) was utilized to convert resting macrophages to an 
activated M1 state, subsequent treatment with SiO2 revealed a compa
rable time-dependent rise in MMP12 expression (Fig. 3H and S5G). 
These results suggest that MMP12 expression is enhanced with SiO2 
treatment in M1 macrophages. 

3.4. Macrophage-derived MMP12 is involved in endothelial cell 
dysfunction 

To investigate whether MMP12 regulates the altered endothelial cell 
vascular function associated with silicosis, we performed PPI analysis 
focused on MMP12. The findings reveal interactions between MMP12 
and TJP1, CDH5, and Occludin (Fig. 4A). Furthermore, GO analysis of 
differentially expressed genes in macrophages revealed that MMP12 is 
enriched in biological processes that regulate blood vessels (Fig. 4B). To 
further investigate the relationship between changes in MMP12 protein 
in macrophages and endothelial cell function, we treated HUVECs for 
48 h with recombinant MMP12 (rhMMP12). Western blotting assays 
revealed that the expression of occludin, CDH5, and TJP1 in HUVECs 
was significantly reduced by rhMMP12 (Fig. 4C and S6A–G). Further
more, in scratch test and tube formation assays of endothelial vascular 
cell function, the addition of rhMMP12 substantially reduced the 
HUVEC migratory ability (Fig. 4D, E), hindered tube formation (Fig. 4F, 
G), and increased permeability (Fig. 4H, I). 

To further verify that macrophage-derived MMP12 is involved in 
endothelial cell injury, we cultured Mmp12 knockdown macrophages 
with and without SiO2 treatment, prior to culture of HUVECs in the 
resulting conditioned medium (CM) (Fig. 5A and S6H, I). The reduction 
in Occludin, CDH5, and TJP1 expression caused by SiO2-treated 
macrophage CM was considerably reversed by knockdown of Mmp12 
(Fig. 5B and S6J–L). At the same time, Mmp12 knockdown in CM pre
vented tube formation, reduced resistance values, and reversed the in
crease in permeability caused by SiO2-treated conditioned cultures 
(Fig. 5C–F). 

3.5. Macrophage-derived MMP12 partially accumulates in the ECM 

To further explore the role of MMP12 in SiO2-dependent macrophage 

Fig. 1. Single-cell sequencing analysis of macrophage and endothelial cell interactions. (A) H&E staining of lung tissues from control saline-treated mice (NS) and 
silica-treated mice (SiO2) after 7 or 56 days of treatment. Mice in the silica group had higher collagen deposition than mice in the saline group, suggesting effective 
modeling. Scale bar= 200 µm. (B) Gross and CT scan images of the lungs. Compared to the control group, mice exposed to silica dust exhibited expanded lung tissue 
and high-density lung tissue shadows. (C) Expression of tjp1 and cdh5 in endothelial cells. (D) Immunofluorescence staining of the endothelial cell marker CD31 and 
the tight junction protein occludin in mouse lung tissues. Scale bar = 20 µm. (E) Network of interactions predicted in silica dust-treated lungs. The nodes represent 
clusters and edges represent the number of meaningful ligand-receptor pairings. (F) Representative western blot showing that conditioned medium of macrophages 
treated with SiO2 (CM) resulted in decreased expression of tight junction proteins occludin and TJP1 and calmodulin CDH5 in HUVECs, n = 5, P < 0.05 compared to 
the 0 h group. 
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function, GO analysis of differentially expressed genes in macrophages 
was performed, which suggested that the MMP12 protein is enriched in 
the ECM (Fig. 6A). Because abnormal accumulation of ECM during sil
icofibrosis has been reported to affect resident cells in the lung [13], we 
sought to determine the ECM protein changes in pulmonary fibrosis 
samples. Lung tissue ECM proteins were extracted from the control and 
silica groups of mice for proteomic analysis, and MMP12 was identified 
as a differentially expressed protein using |Log2FC= ≥1, P < 0.05 as the 
screening criterion (Fig. S7A) [23]. Heat mapping based on normalized 
expression values of the MMP family revealed that MMP12 was most 
highly differentially regulated (Fig. 6B). Furthermore, both western 
blotting and immunofluorescence staining results showed increased 
levels of MMP12 protein in pulmonary fibrosis-like ECM (Fig. 6C, D). To 
verify whether the MMP12 accumulation in ECM may be derived from 
macrophages, RAW264.7 cells were first transplanted onto decellular
ized ECM of normal mice and cultured for 3 days after stimulation with a 
SiO2 suspension. Immunofluorescence staining showed that MMP12 was 
detectable in the ECM, and that the expression of MMP12 was higher 
after SiO2 stimulation (Fig. 6E). To distinguish whether the detected 
MMP12 was accumulated in ECM rather than being representative of 
intracellular MMP12, a portion of the samples were decellularized prior 
to immunofluorescence staining. However, MMP12 did not disappear 
with decellularization, suggesting that macrophages secrete MMP12 and 
partially accumulate in the ECM in response to SiO2 stimulation (Fig. 6E, 
second row). 

To further investigate the connection between macrophages, 
MMP12, and lung ECM, we injected disodium chlorophosphate lipo
somes (100 μl at 5 mg/ml) into the tail veins of silicosis model mice to 
eliminate macrophages (Fig. 7A). H&E and Masson staining showed 
structural disorganization of the ECM and excessive collagen deposition 
in silicosis mice compared with control mice (Fig. S7B). Furthermore, 
lung CT scans of the mice showed a decrease in the dense mass shadows 
in both lungs after macrophage removal (Fig. S7C, first row). After 
decellularization, ECM, H&E and Masson staining showed that the lung 
ECM of silicosis mice was less disorganized and collagen deposition was 
reduced after macrophage clearance (Fig. S7C, last three rows). To 
investigate the effect of macrophage clearance on MMP12 protein 
expression, we performed western blotting assays; a significant decrease 
in MMP12 levels was observed in macrophage-cleared mice (Fig. 7B). 
Moreover, immunofluorescence staining of mouse lung tissues showed 
that the expression of macrophage markers F4/80 as well as MMP12 
were decreased after specific knockdown of macrophages, though co- 
localization was still observed (Fig. 7C). MMP12 expression was also 
decreased after decellularization in ECM, thus supporting the role of 
macrophages as a source for MMP12 (Fig. 7D). The above results suggest 
that the high level of MMP12 in ECM is partially derived from macro
phages and that when macrophages are reduced, the MMP12 accumu
lated to ECM is also reduced. 

3.6. MMP12 accumulation in the ECM induces endothelial cell 
dysfunction 

To verify whether MMP12 accumulated in the ECM can continuously 
cause endothelial cell injury, we pretreated decellularized ECM with 
MMP408, an inhibitor of MMP12, at 10 μg/ml to further examine if 
MMP12 may alter endothelial cell function in lung fibrosis-like ECM. 
Primary lung endothelial cells were transplanted onto normal ECM and 

fibrosis-like ECM. The results of three-dimensional cell migration assays 
and CCK-8 assays show that the addition of MMP408 reversed the 
decrease in endothelial cell viability as well as the decrease in migration 
to fibrosis-like ECM (Fig. 8A–D). The above results suggest that MMP12 
affects endothelial cell function via the lung ECM. 

4. Discussion 

As one of the most serious occupational diseases in the world, [25] 
silicosis has been an important focus of the public health community 
because of its high prevalence in developing countries [26]. The chal
lenge in its treatment lies in both the lack of specific targets for screening 
and diagnosis in the early stages, and the lack of specific therapeutic 
measures in the later stages. The lung is a highly vascularized organ 
responsible for efficient gas exchange [27]. The intravascular space is 
covered by pulmonary endothelial cells, and because the endothelium is 
anatomically adjacent to both epithelial and mesenchymal cells [28], it 
has been proposed that it may contributes significantly to the develop
ment of pulmonary fibrosis [29-31]. Inflammatory reactions to tissue 
fibrosis are contributed by activated endothelial cells, which may 
manifest their effects by either initiating the inflammatory response or 
by fostering an already present response. Both routes involve endothe
lial cells, fibroblasts, cytokines, and inflammatory cells in a complicated 
network of feedback interactions [32]. Resting endothelial cells are also 
essential for maintaining vascular function. For example, signaling 
pathways modulated by resting endothelial cell-binding paracrine fac
tors have been shown to maintain homeostasis and inhibit fibrosis [5]. 
Therefore, the development of silicosis is likely to involve a variety of 
molecular and cellular interactions. 

In the current study, we found that the lung tissues of mice were 
larger after SiO2 exposure, with edema and blood exudation, while the 
expression levels of endothelial tight junction protein (TJP1) and 
calmodulin (CDH5) were decreased (Fig. 9). As the major inter
connecting proteins between vascular endothelial cells, these two pro
teins mediate the stability of endothelial junctions and related signaling, 
as well as regulating vascular remodeling and maintaining vascular 
integrity [33]. We also demonstrated that levels of the tight junction 
linker protein occludin were reduced, which further verifies the ability 
of SiO2 to disrupt the barrier function of the endothelium. Disruption of 
vascular integrity is thought to be a phenotype of endothelial cell acti
vation [33]. Activated endothelial cells contribute to tissue fibrosis in a 
variety of ways, often by directly or indirectly inducing an inflammatory 
response [34,35]. Moreover, vascular rarefaction is known to precede 
fibrosis, especially in kidney injury models [36,37]. Therefore, it is 
likely that the increase in permeability of the lung resulting from 
endothelial activation is a key underlying mediator of fibrotic changes 
associated with silicosis. 

A variety of different cell types exist in the local vascular microen
vironment, including specialized subgroups of immune cells, such as 
macrophages that can regulate the angiogenic process [38,39]. Previous 
studies in our laboratory have demonstrated the effect of macrophage 
polarization on fibrosis. We confirmed that M1 macrophages induced 
with SiO2 in the early stage of silicosis initiates inflammation, followed 
by fibrosis mediated by M2 macrophages in the late stage of silicosis, for 
which autophagy plays an important role [40,41]. Moreover, the effect 
of SiO2 on M1 and M2 polarization are also mediated by epigenetic 
mechanisms, such as circRNAs and ubiquitination [42,43]. On the other 

Fig. 2. Screening for key molecules involved in endothelial cell function alterations by macrophages. (A, B). GO enrichment analysis of the top 100 differentially 
expressed genes in macrophages (panel A) and endothelial cells (panel B) from lungs of SiO2 versus control (NS) mice at 56 days. (C) Venn diagram showing the 
overlap between endothelial and macrophage top100 gene biological processes. (D) Venn diagram showing the top 20 genes in macrophages that are enriched for the 
gene ontology pathways “regulation of cytokine production” (GO:0001817) and “regulation of cell adhesion” (GO:0030155). (E) The top 20 genes from differentially 
expressed genes of macrophages were categorized by the cytoHubba five techniques (DMNC, MNC, Radiality, Stress, Betweenness). (F) Violin graphs showing the 
levels of the total macrophage mmp12 mRNA expression in the silica dust and control saline groups. (G) t-SNE plot illustrating changes in the levels of mmp12 mRNA 
expression in M1 from the silica and control groups. (H) Single-cell spatial transcriptome mapping and the spatial expression of mmp12 mRNA. (I) Immunofluo
rescence staining of mouse lung tissue slices to detect co-localized expression of the macrophage markers F4/80 with MMP12. Scale bar= 20 µm. 
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Fig. 3. SiO2-induced macrophage activation leads to increased MMP12 expression. (A) t-SNE demonstrates three subclusters of macrophages in control (NS) and 
SiO2-treated mouse lungs. (B) A bubble diagram showing macrophages divided into three subpopulations based on cellular markers, with the bubble size representing 
expression levels. (C) Changes in the cell numbers of macrophage subclusters in control and SiO2-treated mouse lungs at 7 and 56 days. (D) Violin plot showing 
mmp12 mRNA expression levels in three subclusters of macrophages. (E) Violin plot showing mmp12 mRNA expression levels in M1 macrophages. (F) Representative 
western blotting assay to determine MMP12 protein levels in THP-1 macrophages induced into a resting state with PMA. (G) Representative western blotting assay to 
detect NOS2, ARG1, and SOCS3 levels in THP1 macrophages induced into a resting state with PMA. (H) Representative western blotting assay to detect MMP12 levels 
in THP1 cells induced into an activated M1 state with LPS. 
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Fig. 4. MMP12 is involved in endothelial cell dysfunction. (A) Protein-protein interaction (PPI) analysis demonstrates the interaction of MMP12 with endothelial cell 
function-related proteins. (B) The GO chord diagram demonstrates the biological process of MMP12 protein enrichment in relation to endothelial cell function. (C) In 
HUVECs, the expression of occludin, CDH5, and TJP1 is reduced in a time-dependent manner. (D) Wound healing assay to detect changes in migration of rhMMP12- 
treated HUVEC cells. (E) Quantification of the results from panel D. * * P < 0.01 indicates diminished migratory capacity in the rhMMP12 group compared with the 
PBS group, n = 5. (F) Tube formation assays were used to detect the tube formation ability after rhMMP12 treatment of HUVECs. Scale bar = 650 µm. (G) Quan
tification of the results from panel E. * P < 0.05 indicates a significant decrease in tube-forming ability after rhMMP12 treatment compared with the PBS group, 
n = 5. (H) Transendothelial electrical resistance (TEER) values indicate the change in HUVEC resistance after rhMMP12 stimulation. * P < 0.05 indicates a sig
nificant decrease in resistance values in the rhMMP12 group compared with the PBS group, n = 5. (I) Permeability results showing that after rhMMP12 stimulation, 
the permeability of HUVEC is elevated. * * P < 0.01 indicates a significantly higher permeability in the rhMMP12 group compared with that in the PBS group. 
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hand, SiO2 also induces apoptosis of macrophages through the MCPIP1 
pathway, which mediates the activation of fibroblasts followed by 
fibrosis [44]. Furthermore, the polarization of macrophage is a potential 
therapeutically target via treatment with neogambogic acid (NGA), 
which inhibits their apoptosis [45]. It would be valuable to confirm the 
relationship between macrophage polarization and fibrosis in patients 

using a clinically available macrophage polarization inhibitor in the 
future. 

In the present study, we observed that under physiological condi
tions, macrophages had stronger interactions with endothelial cells than 
with epithelial or mesenchymal cells, and the strength of the interaction 
was altered in the SiO2 group compared to the NS group, suggesting that 

Fig. 5. Macrophage-derived MMP12 is involved in endothelial cell dysfunction. (A) The process of obtaining macrophage conditioned culture medium (CM) for co- 
culture with HUVEC. (B) Knockdown of Mmp12 partially reversed the CM-SiO2-induced decrease in the expression of occludin, CDH5 and TJP1. (C) Transendothelial 
electrical resistance (TEER) values show that downregulation of Mmp12 expression reverses the CM-SiO2-induced decrease in resistance values. * * P < 0.01 indicates 
significantly lower resistance values in the CM-SiO2 group compared with that in the CM-Con group. * P < 0.05 suggests that after treatment, the si-Mmp12 group 
had significantly higher resistance values than in the si-NC group. (D) Permeability results showing that downregulation of Mmp12 expression reverses the CM-SiO2- 
induced elevation in permeability. * * P < 0.01 indicates a significantly higher permeability in the CM-SiO2 group compared with that in the CM-Con group. 
* P < 0.05 suggests that after treatment, the si-Mmp12 group had a significantly lower permeability than the si-NC group.(E, F) Wound healing assay showed that 
downregulation of Mmp12 expression reversed the cell migration inhibited by CM-SiO2. * ** P < 0.001 suggests that cell migration was significantly lower in the 
CM-SiO2 group than in the CM-Con group. * P < 0.05 suggests that the cell migration ability of the si-Mmp12 group was higher than that of the si-Con group after 
treatment. (G, H) Tubule formation assay showed that down-regulation of Mmp12 expression reversed CM-SiO2 inhibition of the tube-forming ability. Scale 
bar= 650 µm. * ** * P < 0.0001 suggests that the cellular tube formation ability of the CM-SiO2 group was significantly lower than that of the CM-Con group; 
* * P < 0.01 suggests that the cellular tube formation ability of the si-Mmp12 group was higher than that of the si-Con group after treatment. 
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macrophage-endothelial interactions may contribute to the progression 
of silicosis. We therefore speculate that macrophage polarization may 
affect the fibrosis process by influencing endothelial cell. Growing evi
dence supports the role of alveolar macrophages in acute lung injury, 
and macrophages have also been shown to be essential for the mainte
nance of endothelial cell function in the physiological state [46]. After 
exposure to disease or injury, activated tissue-resident macrophages 
release inflammatory mediators (TNF-α, IL-1β, IL-6), which in turn 
disrupt endothelial cell-cell adhesion junctions and lead to the formation 
of intercellular gaps. Roy et al. [47] found that NOS1-mediated mac
rophage-endothelial cell interactions affect atherosclerotic progression 
and that macrophage-derived Wnt signaling increases endothelial 
permeability in a VEGF-dependent manner after muscle injury [48], 
while alveolar macrophages have also been reported to drive the 
development of lung reperfusion injury by enhancing endothelial cell 
production of pro-inflammatory chemokines [49]. Thus, macrophages 

are likely to play an important regulatory role in 
macrophage-endothelial cell interactions and are essential for normal 
embryonic development and tissue homeostasis, as well as for the im
mune response to invading pathogens [9]. 

In addition, their roles in providing protection against lung injury 
and infection via communication with endothelial cells, macrophages 
regulate endothelial germination and angiogenesis by secreting pro
teases that degrade different ECM proteins (including collagen, laminin 
and elastin) and by releasing pro-angiogenic growth factors embedded 
in the perivascular matrix [8,9]. MMPs are activated when their cata
lytic structural domain comes into contact with protein substrates and 
cleaves them at specific sites, destroying extracellular scaffolds or 
modifying bioactive molecules in the ECM [50]. Active MMP9 produced 
by neutrophils is associated with vascular injury and may lead to 
mobilization of bone marrow mesenchymal stem cells (CD34+ stem 
cells), which contributes to reendothelialization and restenosis in 

Fig. 6. MMP12 partially accumulates in the ECM. (A) Cellular components involved in the top 100 genes of macrophages. (B) Heat map showing the clustering of 
each protein of the MMP family in lung ECM proteins in lungs of control (NS) and SiO2-treated mice. The bar chart shows the Log|2FC= values of each protein in SiO2 
mice relative to NS mice. (C) Representative western blot of MMP12 content in mouse lung ECM, n = 3. (D) Immunofluorescence staining of MMP12 in mouse lung 
ECM. Scale bar = 20 µm. (E) Immunofluorescence staining to detect MMP12 expression in ECM after macrophage transplantation and MMP12 accumulation in lung 
ECM after transplantation and decellularization treatment. Scale bar= 20 µm. 
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patients with coronary stent implantation [51,52]. MMP2 has also been 
linked to normal and tumor angiogenesis, as well as the development of 
atherosclerosis and neointimal lesions. In our study, MMP12 was iden
tified as a possible key macrophage molecule involved in the induction 
of endothelial cell injury in silicosis. MMP12 is known to be involved in 
many physiological processes such as embryonic development, repro
duction, and tissue remodeling [53]. Furthermore, MMP12 has been 
implicated in the pathogenesis of inflammatory diseases such as chronic 
obstructive pulmonary disease, emphysema, asthma, skin diseases, 
arthritis, and tumors [54]. Because MMP12 levels and activity in the 
sputum of chronic obstructive pulmonary disease patients are directly 
related to the degree of emphysema, blocking MMP12 activity may 

prevent the worsening of the disease [55]. Patients with systemic scle
rosis and interstitial lung disease also have higher levels of MMP12 in 
their blood and lungs, respectively, which is correlated with worsening 
measures of pulmonary function [56]. Therefore, our findings are 
consistent with the established role of MMP12 in other lung inflamma
tory conditions. 

In previous studies, MMP12 has been shown to be protective against 
tumor progression [57,58], and this activity was ascribed to the gener
ation of anti-angiogenic peptides [59]. However, in recent years, an 
increasing number of studies have demonstrated that MMP12 may also 
play a key role in fibrosis. This includes delineation of the potential 
value of MMP12 as a disease-related biomarker in patients with IPF 

Fig. 7. MMP12 accumulation in ECM is partially derived from macrophages. (A) Experimental design of silicosis mice injected with disodium chlorophosphite li
posomes to eliminate macrophages. (B) Representative western blot assays to analyse MMP12 content in macrophage-cleared mouse lung ECM, n = 3. (C) Immu
nofluorescence staining analysis of the macrophage markers F4/80 as well as MMP12 expression in lung tissue. Scale bar= 20 µm. (D) Immunofluorescence staining 
to detect MMP12 expression in mouse lung decellularized ECM. Scale bar= 20 µm. 
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[60], as well as the demonstration of large increases in MMP12 in mice 
with experimentally induced asbestosis [61]. In fibrosis, MMPs exert 
many biological effects through the degradation of fibronectin, colla
gens, and other extracellular matrices. In doing so, these proteinases 
facilitate migration of cells through basement membranes, generate 
chemotactic gradients, and release growth factors from the matrix 
environment [62]. It has been suggested that the divergent function of 
MMP12 in the perivascular and mesenchymal regions during Ang 
II-induced injury correlates with the presence of M2 macrophages. M2 
macrophages can produce profibrotic mediators, including TGFb1 and 
PDGFBB [63]. Furthermore, fibrosis has been postulated to develop as a 
consequence of vascular injury, possibly through the production of 
profibrotic growth factors and cytokines by injured endothelial cells 
[34]. Additional studies support the notion of too little angiogenesis in 
pulmonary fibrosis [64-66], which is similar to our findings. 

Though we observed that pro-inflammatory macrophage-derived 
MMP12 was highly expressed in the silica group and was involved in 
mediating endothelial cell injury, how macrophage polarization and 
MMP production are related remains unclear. While some studies have 

found that MMP12 is produced by M2 macrophages, others have shown 
that M1 macrophages produce MMP12 [67-70]. We found that the 
expression levels of Mmp12 were increased in both the early (day 7) and 
late stages (day 56) of the pathological model. Therefore, we hypothe
size that M1 macrophages are primarily responsible for the increased 
MMP12 in the mouse lungs during the early stages of the disease, 
whereas M2 macrophages secrete and release some MMP12 during the 
late stages of the disease, when M1 macrophages undergo apoptotic 
senescence. We further speculate that macrophage-derived MMP12 may 
exert a sustained effect in the ECM in the late stage of the pathological 
model. In general, fibroblasts and epithelial cells profoundly affect the 
ECM protein composition and mechanical properties of pulmonary 
fibrosis, but due to ECM-cell crosstalk, fibrosis-like ECM can also in
fluence cell proliferation, migration and differentiation [14-16]. The 
stiffness of the fibrotic tissue accelerates the development of disease in 
IPF by modifying gene expression profiles and translational processes in 
fibroblasts and inducing mechanotransduction pathways [71-74]. 
Kalafatis et al. [75] discovered that fibroblasts in the ECM can release 
recruitment factors, causing inflammatory cells such as monocytes and B 

Fig. 8. Endothelial cell dysfunction induced by MMP12 accumulation in ECM. (A) Three-dimensional cell migration assay to detect the effect of MMP12 on fibrosis- 
like ECM on the migration ability of lung endothelial cells. Scale bar= 100 µm. (B) Statistics of the number of cells migrating out and the maximum distance 
migrating out in a three-dimensional migration experiment. * ** * P < 0.0001 indicates that the number of cell migration as well as the maximum distance were 
significantly reduced in the Fib-ECM group compared with the Nor-ECM group, * * P < 0.01 indicates that in the Fib-ECM group, MMP408 significantly reversed the 
reduction in cell migration, * P < 0.05 indicates that in the Fib-ECM group, MMP408 significantly reversed the maximum distance reduction. (C) * ** P < 0.001 
indicates a significant decrease in cell viability in the Fib-ECM group compared with the Nor-ECM group, * P < 0.05 indicates that in the Fib-ECM group, MMP408 
significantly reversed the MMP12-induced decrease in cell viability. Nor-ECM, normal ECM; Fib- ECM, fibrotic ECM. (D) CCK-8 was used to detect the effect of 
MMP12 on fibrosis-like ECM as indicated by the viability of lung endothelial cells. 
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cells to circulate back to the site of injury. Furthermore, activation of 
MMP7 can lead to cell infiltration and chronic tissue damage due to the 
lack of an intact epithelial and endothelial vascular barrier. In our study, 
MMP12 in fibrosis-like ECM was shown to inhibit the migration and 
viability of endothelial cells, which was attributed to ECM-cell crosstalk. 
As a limitation, we were unable to prove that MMP12 accumulation in 
the ECM can impact the endothelial cell barrier in humans. The cellular 
microenvironment surrounding fibrotic tissue in mice is different from 
that in humans, and because our ECM was derived from mice, 
human-derived ECM will be needed in the future to confirm these re
sults. The present study focused on MMP12 released extracellularly in a 
secreted form rather than intracellularly, and we therefore used re
combinant protein to mimic the effect of secreted protein, which is 
similar to the approach of another study [76]. In addition, we used an 
MMP12 inhibitor to block protein function. As a drug target, protein 
blockade is more advantageous than inhibition of intracellular protein 
synthesis because it removes the consideration of effects on drug 
transport across the membrane. However, investigation of MMP12 at the 
level of protein synthesis also would be worth exploring in future studies 
to extend the analysis to the regulatory mechanisms of MMP12. 

5. Conclusion 

This study demonstrates the involvement of MMP12 secreted by 
macrophages in regulating endothelial cell injury. In this process, pro- 
inflammatory macrophages secrete MMP12, which can cause endothe
lial cell injury through cleavage of CDH5, occludin, and TJP1, conse
quently manifesting as decreased endothelial cell viability, decreased 
migration, decreased trans endothelial resistance, and increased 
permeability. We demonstrated that MMP12 deficiency can inhibit these 
phenomena, and that in the fibrosis phase, macrophage-secreted 
MMP12 can cause endothelial cell injury through accumulation in the 
ECM to mediate endothelial cell injury. These results provide insight 
into mechanisms that may underlie the development of a prevalent and 
debilitating worldwide disease. 
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