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ABSTRACT 
 

Objective: Paraquat (N,N0-dimethyl-4,40-bipyridinium dichloride;PQ) is a highly toxic pesticide, which usually 
leads to acute lung injury and subsequent development of pulmonary fibrosis. The exact mechanism underlying 
PQ-induced lung fibrosis remain largely unclear and as yet, no specific treatment drugs have been approved. 
Our study aimed to identify its potential mechanisms of PQ-induced fibrosis through a modeling study in vitro 
studies and bioinformatics analysis.  
Methods: Gene expression datasets associated with PQ-induced lung fibrosis were obtained from the Gene 
Expression Omnibus, wherefrom differentially expressed genes (DEGs) were identified using GEO2R. Functional 
enrichment analyses were performed using the Database for Annotation Visualization and Integrated 
Discovery. The DEGs analyzed by a protein–protein interaction network was constructed with the Search Tool 
for the Retrieval of Interacting Genes database. MCODE, a Cytoscape plugin, was subsequently used to identify 
the most significant modules. The expression of the key genes in PQ-induced pulmonary fibrotic tissues was 
verified by reverse transcription-quantitative PCR (RT-qPCR).  
Results: Two datasets were analyzed and revealed 92 overlapping DEGs. Functional analysis demonstrated that 
these 92 DEGs were enriched in the ‘TNF signaling pathway’, ‘CXCR chemokine receptor binding’, and ‘core 
promoter binding’. Moreover, nine hub genes were identified from the protein–protein interaction network 
formed from the DEGs. These results suggested that the TNF signaling pathway and nine hub genes are possibly 
involved in PQ-induced lung fibrosis progression.  
Conclusions: This integrative analysis identified candidate genes and pathways potentially involved in PQ-
induced lung fibrosis, and could benefit future development of novel approaches for controlling and 
treating this disease. 
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INTRODUCTION 
 

Paraquat (PQ) has become a widely used herbicide in 

agriculture for its ability to rapidly kill leaf weeds with 

non-selective characteristics [1, 2]. As a harmful 

substance to humans and livestock, PQ poisoning has 

become a common cause of deaths by pesticide poisoning 

and has a fatality rate of 38.08% [2]. PQ intoxication 

leads to health damage in human health and causes 

multiple serious diseases, such as severe pulmonary 

inflammation, edema, and pulmonary fibrosis, which have 

high mortality rate and lack effective therapeutic 

strategies [3, 4]. Moreover, the extremely high toxicity 

and lethality of PQ impedes effective research, and the 

identification of the mechanisms underlying PQ-induced 

pulmonary fibrosis remains challenging. Thus, the 

accurate determination and control of the highest non-

lethal concentration of PQ is a crucial prerequisite for 

further research on PQ-induced pulmonary fibrosis.  

 

Microarray technology helps determine mRNA profiles 

and provides a comprehensive and systematic analysis of 

disease processes, including those involved in pulmonary 

fibrosis [5]. In addition, some studies have revealed that 

PQ intoxication may cause alterations at the genome level 

[5–8]. Thus, integrative analyses of genes and pathways 

associated with lung fibrosis may provide insights into 

potential therapeutic targets and diagnostic biomarkers for 

PQ-induced pulmonary fibrosis. 

 

This study identified the highest non-lethal concen-

tration of PQ usable to induce pulmonary fibrosis in 

vitro studies through testing collage I protein and α-

SMA expression (α-Smooth Muscle Actin), paving the 

way for further studies. Moreover, we analyzed 

differentially expressed genes (DEGs) during PQ 

intoxication, and Hub genes were determined from a 

protein–protein interaction (PPI) network to help guide 

future. This integrative method is the first to identify 

candidate genes and pathways involved in PQ 

intoxication and the highest non-lethal concentration of 

PQ usable to induce pulmonary fibrosis in vitro studies. 

 

MATERIALS AND METHODS 
 

Establishment of in vitro studies 

 

The human embryonic pulmonary fibrosis cell line 

(MRC-5) was purchased from the cell bank of the 

Institute for Occupational Diseases in Guangdong 

Province and cultured in DMEM supplemented with  

10% fetal bovine serum (Invitrogen, USA), 25 μg/mL 

penicillin, and 25 μg/mL streptomycin (Invitrogen, USA). 
The cells were cultured at a constant temperature of 37° C 

in an incubator under 5% CO2. MRC-5 cells in 

logarithmic growth phase were digested to prepare a 

single-cell suspension and were inoculated at a density of 

5×103 cells/well into cultures performed in 96-well plates 

and grown at 37° C overnight. PQ at concentrations of 0 

(negative control), 50, 100, 150, and 200 μmol/L were 

used to treat cells for 24, 48, and 72 h. Fifty microliters of 

MTT (5 g/L) solution were added to the wells, and the 

cells were further incubated at 37° C for four hours. After 

incubation, 150 μL of a DMSO solution was added to 

each well. Subsequently, a volume of CCK-8 reagent 

equivalent to 72% of the medium volume was added to 

the 72-h culture, and was incubated for one hour. Then, 

the absorbance at 450 nm was measured with a microplate 

reader, and the values were used to construct the growth 

curves. This experimental protocol did not require any 

ethical approval because it was performed in vitro studies. 

 

Western blot analysis 

 
Western blot analysis was applied to quantify collagen I, 

collagen III, and SAM proteins in lung tissues. Total 

proteins (Sigma, USA) were extracted from the cell 

cultures according to the manufacturer's instruction. The 

proteins separated by SDS-PAGE were transferred onto a 

PVDF membrane (300 mA, 80 min). After transfer, the 

target band was sealed with 5% TBS. The PVDF 

membrane was placed into a small ziplock bag containing 

3 mL of a solution with horseradish peroxidase-labeled 

secondary antibody at room temperature for 50 min under 

gentle agitation on a shaker. The PVDF membrane was 

washed three times for 10 min with TBST. The solutions 

A and B from the ECL kit were mixed in equal volumes 

in 1.5 mL microtubes in the dark. After one minute, the 

PVDF membrane previously incubated with the above 

antibodies was placed facing up onto a plastic wrap, and 

the mixed liquid was poured onto the membrane. After 

one minute, the PVDF membrane with plastic wrap was 

placed into a medical X-ray film cassette. The X-ray film 

was placed onto the film, and the X-ray film cassette was 

closed. The time of reaction was monitored and the time 

of exposure, usually ranging from few seconds to few 

minutes, was adjusted according to the strength of the 

signal. On some occasions, a table showing the time 

gradient could be used to select the best exposure time. 

Next, the X-ray film cassette was opened, and the film 

was taken out and quickly immersed into the developing 

solution. Once the bands had appeared and were obvious, 

the film was washed in water and then transfer to the 

fixing solution to terminate the development process. 

 
RT-PCR 

 

Total cellular RNA was extracted with a kit, according to 

the manufacturer’s instructions (Thermo, Shenzhen, 
China). The sequences of the primers used to detect the 

internal control SMA cDNA were as follows: forward, 

CCTTGAGAAGAGTTACGAGTTG; reverse, TGCT 
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GTTGTAGGTGGTTTCA; length of the amplification 

product, 122 bp. The sequence of the primers used to 

detect the 18 srRNA were forward, CCTGGAT 

ACCGCAGCTAGGA; reverse, GCGGCGCAATAC 

GAATGCCCC; length of the amplification product, 140 

bp. The synthesized primers were purchased from 

Shenzhen Thermo Co., Ltd. (Shenzhen, China). The 

relative mRNA expression was calculated using the 2–

ΔΔCq method and normalized to the internal reference 

gene GAPDH. 

 

Microarray data  

 

The data were screened and analyzed by two 

contributors according to the following criteria: i) The 

sample was from Homo sapiens; and ii) a comparison 

showing high levels of alpha-SMA in lung fibrosis 

compared to healthy donors (negative control) was 

conducted. Datasets GSE40839 and GSE53845 were 

retrieved from the GEO (http://www.ncbi.nlm. 

nih.gov/geo; version 2.0) database for analysis [9, 10]. 

In the GSE40839 and GSE53845 datasets, the human 

samples were enriched with study.  

 

Identification of DEGs 

 

DEGs were analyzed using GEO2R (http://www.ncbi. 

nlm.nih.gov/geo/geo2r; version 2.19.4) [11], according 

to the methods published by Wang et al. in 2019 [12]. 

Probe sets without corresponding gene symbols or 

genes with >1 probe set were averaged. Samples with 

an absolute value of log fold-change >1 and a p-value of 

P < 0.05 were retained as DEGs. 

 

Functional enrichment analysis 

 

We assessed the biological characteristics and 

functional enrichment of the candidate DEGs according 

to the methods described by Wang et al. [12]. The 

functional enrichment analysis was performed using 

Database for Annotation (https://david.ncifcrf.gov/; 

version 6.8). Results with P < 0.05 were considered 

significant. Additionally, Circos, a visualization 

software (version 0.1.1) was used to present the data 

[13], and a Venn diagram was plotted using a dedicated 

online tool (http://bioinformatics.psb.ugent.be/webtools/ 

Venn/; version 1.0). 

 

PPI network construction and module analysis 

 

A PPI network including the DEGs was constructed using 

the Search Tool for Retrieval of Interacting Genes 

(STRING) database (https://string-db.org/cgi/; version 
11.0). Following the methods from Wang et al. [12], 

interactions with a combined score >0.4 were considered 

significant. The results were visualized using Cytoscape 

software (version 3.7.1) [14]. MCODE, a Cytoscape 

plugin, was used to identify the most significant modules. 

The selection criteria were as follows: MCODE score ≥ 3, 

degree cutoff = 2, node score cutoff = 0.2, and max depth 

= 100. 

 

Statistical analysis  

 

All statistical analyses of the results were performed 

using SPSS 20.0 software. All data are presented as the 

mean ± SD. P < 0.05 was considered to indicate a 

statistically significant difference. 

 

Data availability statement 

 

The data used to support the findings of this study are 

available from the corresponding author upon request. 

 

RESULTS 
 

In vitro model of MRC-5 cells induced by PQ 

 

The CCK-8 method was used to assess MRC-5 cells’ 

viability at different concentrations on PQ, to 

determine PQ toxicity (Figure 1). After 48 hours of 

treatment, upon increase of PQ concentration, MRC-5 

cells showed significant proliferation. With 200 

μmol/L of PQ, the MRC-5 cells proliferated 

significantly. However, beyond 48 h, the proliferation 

of the MRC-5 cells was strongly inhibited. It could be 

seen that the highest non-lethal concentration of PQ 

was 200 μmol/L, and the time window before 

cytotoxicity was 0–48 h. 

 

Western blot analysis 

 

As shown in Figure 2 and Table 1, western blot analysis 

indicated that the collagen I protein was expressed in 

lung tissues treated with PQ at 200 μmol/L for 48 hours. 

In addition, as shown in Figure 3, the analysis by 

western blot demonstrated that PQ treatment induced a 

pronounced increase in the levels of α-SMA protein, 

with a peak of expression at 200 μmol/L of PQ lasting 

for 48 h. These results are indicative of a differentiation 

of the lung fibroblasts into myofibroblasts. This 

differentiation process has been associated with the 

development of lung fibrosis. 

 

Identification of DEGs in PQ -induced human  

embryonic pulmonary fibrosis  

 

The GSE40839 and GSE53845 microarray datasets were 

standardized. The degree of overlap between ontology 

terms associated with the DEGs in GSE40839 and 

GSE53845 was high (Figure 4). Moreover, the functional 

enrichment of these gene sets was analyzed jointly, and 92 

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/geo2r
http://www.ncbi.nlm.nih.gov/geo/geo2r
https://david.ncifcrf.gov/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/cgi/
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overlapping genes between the GSE40839 and GSE53845 

datasets were identified (Figure 4). 

 

Functional enrichment analysis of DEGs 

 

The Gene Ontology (GO) analysis showed that the DEGs 

were significantly enriched in components involved in 

‘nucleic acid binding’, ‘CXCR chemokine receptor 

binding’, ‘cell surface’, and ‘G-protein coupled receptor 

binding’ (Table 2). To evaluate the biologically 

functional characteristic of fibrosis-related proteins 

interaction network, the signaling pathways participated 

in this biological process were assessed using KEGG 

pathway enrichment analysis. The biological processes 

and KEGG pathway analyses demonstrated that the 

DEGs were enriched in proteins intervening in ‘TNF 

signaling pathway’, ‘Chemokine signaling pathway’, 

‘Jak-STAT signaling pathway’, and ‘p53 signaling 

pathway’ (Table 2). It’s worth to note that Pathways in 

fibrosis consisted of TNF signaling pathway (bta04668), 

Jak-STAT signaling pathway (bta04630) and other 

signaling pathway involved in lung fibrosis on KEGG 

website. Additionally, TNF signaling pathway (bta04668) 

was an essential regulator which acted multi- functional 

role in cell viability. It linked the main members with 

various upstream or downstream molecules and other 

pathways, for example, Chemokine signaling pathway 

(bta04062), Jak-STAT signaling pathway (bta04630) and 

p53 signaling pathway (bta04115).  

 

Module analysis from the PPI network 

 

The interactions of 92 DEGs were identified using the 

STRING online database. A PPI network was generated 

with Cytoscape, and the most significant modules were 

obtained using MCODE (Figure 5A). This analysis 

 

 
 

Figure 1. Cell viability of PQ at different concentrations on MRC-5 cells by CCk-8 assay.

 

 
 

Figure 2. Collage I and collage III protein expression in lung tissues detected by western blot analysis. Lane 1, control group; 

lane 2, PQ with concentrations of 50 μmol/L was selected for 24h; lane 3, PQ with concentrations of 50 μmol/L was selected for 48h; lane 4, 
PQ with concentrations of 50 μmol/L was selected for 72h; lane 5, PQ with concentrations of 100 μmol/L was selected for 24h; lane 6, PQ 
with concentrations of 100 μmol/L was selected for 48h; lane 7, PQ with concentrations of 100 μmol/L was selected for 72h; lane 8, PQ with 
concentrations of 150 μmol/L was selected for 24h; lane 9, PQ with concentrations of 150 μmol/L was selected for 48h; lane 10, PQ with 
concentrations of 150 μmol/L was selected for 72h; lane 11, PQ with concentrations of 200 μmol/L was selected for 24h; lane 12, PQ with 
concentrations of 200 μmol/L was selected for 48h; lane 12, PQ with concentrations of 200 μmol/L was selected for 72h. 
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Table 1. Collage I and collage III protein expression in lung tissues detected by western blot analysis. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 

COL I 881.3702 649.9987 1832.703 2568.678 2818.209 3147.572 3451.245 3181.307 3539.749 3513.014 3847.802 5188.892 142.3254 

COL III 505.3061 484.2094 749.4388 908.0861 1260.177 1496.222 1701.527 1636.657 1462.328 1255.216 1323.994 1795.405 90.23677 

GAPDH 4804.041 5780.667 5607.124 5567.676 5250.71 5264.191 5177.216 5562.457 5222.558 4894.892 4387.933 4556.368 4180.9 

 

revealed AP-1 transcription factor subunit (JunB),  

fos-like antigen 2 (FosL2), suppressor of cytokine 

signaling 3 (SOCS3), dual specificity phosphatase 1  

(DUSP1), C-C motif chemokine ligand 2 (CCL2), 

CCAAT/enhancer binding protein (CEBP), chemokine 

ligand 2 (CXCL2), activating transcription factor 3 

(ATF3), and CCAAT/enhancer binding protein (C/EBP) 

as hub genes (Figure 5B). These genes were closely 

related to the term ‘transcription factor activity’ and were 

enriched in ‘TNF signaling pathway’ (Table 2). 

 

DISCUSSION 
 

Because PQ causes acute lung injuries and subsequent 

development of pulmonary fibrosis, it ultimately leads  

 

 
 

Figure 3. PQ-induced α-SMA expression. 1, control group 

was for 24h; 2, control group was for 48h; 3, control group 
was for 72h; 4, PQ with concentrations of 50 μmol/L was 
selected for 24h; 5, PQ with concentrations of 50μmol/L was 
selected for 48h; 6, PQ with concentrations of 50μmol/L was 
selected for 72h; 7, PQ with concentrations of 100μmol/L was 
selected for 24h; 8, PQ with concentrations of 100 μmol/L was 
selected for 48h; 9, PQ with concentrations of 100 μmol/L was 
selected for 72h; 10, PQ with concentrations of 150 μmol/L 
was selected for 24h; 11, PQ with concentrations of 
150μmol/L was selected for 48h; 12, PQ with concentrations 
of 150 μmol/L was selected for 72h; 13, PQ with 
concentrations of 200 μmol/L was selected for 24h; 14, PQ 
with concentrations of 200 μmol/L was selected for 48h; 15, 
PQ with concentrations of 200 μmol/L was selected for 72h.  

to respiratory failure and death [13]. The main known 

pathological changes associated with PQ poisoning, 

entering the lung by intranasal or oropharyngeal route, 

consist of oxidative damages in alveolar cells. This 

toxic effect triggers lung pathophysiology characterized 

by extensive deposition of collagen onto the extra-

cellular matrix, release of inflammatory cytokines, and 

fibroblast proliferation [14, 15]. However, until today, 

the exact mechanism of PQ-induced lung fibrosis 

remains largely unclear and no specific treatment drugs 

for this disease have been approved. Thus, innovative 

treatment strategies are required to prevent, treat, and 

even reverse pulmonary fibrosis caused by PQ 

poisoning.  

 

Importantly, this is the first study to report the 

development of a preclinical in vitro model of PQ-

induced pulmonary fibrosis and explore the potential 

mechanism of development of this disease through 

bioinformatics analysis. Pulmonary fibrosis is 

characterized by fibroblast proliferation and abnormal 

amount of extracellular matrix (ECM) molecules  

[16, 17]. Lung fibrosis is induced by fibroblasts and 

myofibroblasts that secrete higher amount of ECM, 

constituted primarily of collagen types I and III  

[18, 19]. Therefore, the collagen content in lung tissues 

can directly reflect the degree of fibrosis. The extent 

of collagen deposition is reflected by the amount of 

hydroxyproline content [20], and collagen deposition  

 

 
 

Figure 4. Venn diagram of DEGs in the two GEO datasets. 
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Table 2. Functional analysis of the hub genes identified from the protein–protein interaction network.  

Term Description Count P-Value Gene ID 

GO:0003676 
nucleic acid 

binding 
26 

0.00935

58566 

FASN,CKM,MTCR,ACACB,PLCL2,PLCE1,PLCB4,A

LDH1A1,CKM,AKT3,PLPL3,PLB1,GPLD1,MCTS1,C

CL20,MAFKG,LIF,SIK1,RGS1,GADD45B,NFIL3,WW

TRI,CXCL2,DUSP1,CEBP,FosL2 

GO:0003700 

transcription 

factor activity, 

sequence-specific 

DNA binding 

14 
0.00958

83844 

ALDH1A1,NFIL3,DUSP1,CKM,AKT3,GADD45B,RG

S1,PLB1,JunB,WWTRI,SOCS3,FLT4,PTHIR,CLTR4, 

GO:0008083 
growth factor 

activity 
5 

0.03424

423 
MTCR,BCL6,IGFBP3,FosL2,IGFBP4 

GO:0045236 
CXCR chemokine 

receptor binding 
3 

0.02054

6538 
RERG,SERPINE2,ATF3 

GO:0001664 
G-protein coupled 

receptor binding 
5 

0.03424

423 
HBEGF,BCL6,WNT5A,NFIL3,CCL2 

GO:0001047 
core promoter 

binding 
4 

0.02739

5384 
RET,CCL2,ILK,RPTOR 

GO:0000987 

core promoter 

proximal region 

sequence-specific 

DNA binding 

5 
0.03424

423 
CHRNB2,CEBP,FMNL3,ZSWIM5,ATF3 

bta04668 
TNF signaling 

pathway 
10 

0.02739

5384 

JunB,CEBP,C/EBP,DUSP1,ATF3,FosL2,Cidec, 

CCL2,SOCS3,Fabp4 

bta04062 
Chemokine 

signaling pathway 
5 

0.03424

423 
TGFB3,TEK,PARD6B,MACF1,KDR 

bta04630 
Jak-STAT 

signaling pathway 
4 

0.02739

5384 
FBLN5,Fabp4,RPTOR,IGFBP4 

bta04115 
p53 signaling 

pathway 
3 

0.02054

6538 
TP53,PDPN,ATF3 

GO, Gene Ontology. 

 

in local tissues can reflect the severity of the 

pathology and can be evaluated by collagen staining. 

Thus, in our study, we detected that in cells exposed 

to 200 μmol/L PQ for 48 hours, the expression of 

collagen I and α-SMA proteins was significantly 

upregulated. In other words, on exposure to PQ at a 

concentration of 200 μmol/L, MRC-5 developed signs 

of severe pulmonary fibrosis. Thus, we found that PQ 

exposure significantly upregulated collage I, collagen 

III, and SAM expression in lung cells. These data 

indicate that the injuries caused by PQ in the lung 

tissues activate TNF signaling by recruiting inflam-

matory factors into the lung cells, in line with results 

from a previous study [21]. In previous experiments 

and in this preliminary study, we initially found  

that under the aforementioned experimental 

conditions, the proportion of cell necrosis was low. 

The expression of fibrosis-related proteins needs 

further mechanistic studies and intervention 

experiments. 

Previous studies have demonstrated that TNF-α 

causes significant damages to lung tissues [22, 23] and 

is an important regulator of cell proliferation [24–26]. 

Christopher et al. [27] found that TNF-R2 can also 

independently activate JNK (c-jun N-terminal protein 

kinase) and ERK (extracellular signal 2 regulated 

protein kinase) in lung tissues, indicating that TNF-R2 

not only has "ligand transmission" function, but also 

transmits signals independently. PQ can activate 

inflammatory cells such as macrophages and neutro-

phils to secrete a large spectrum of inflammatory 

factors, and thereby, to participate in the occurrence 

of pulmonary fibrosis. Previous studies have 

suggested that the levels of tumor necrosis factor α 

(TNF-α), nuclear factor (NF-κB), interleukin 1β (IL-

1β), and IL-6 increase in the bronchoalveolar lavage 

fluid of experimental rats with acute PQ-induced lung 

injury [28]. Nine hub genes (JUNB, FOSL2, SOCS3, 

DUSP1, CEBPB, CEBPD, ATF3, CCL2, and CXCL2) 

were identified as having the highest scores in the PPI 
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network. JUNB, which is strongly dependent on the 

AP1 factor, could regulate collagen type 1 and 

collagen type II in pulmonary fibrosis [29]. DUSP1 

was associated with increased expression of collagen I, 

collagen IV, and fibronectin [30]. CEBPB and 

CEBPD could act on bleomycin-induced fibrosis [31]. 

ATF3, a member of the integrated stress response 

(ISR), negatively regulates PINK1 (PTEN Induced 

Kinase 1) transcription. ATF3 in type II lung 

epithelial cells accelerates PQ-induced lung fibrosis in 

mouse [32]. CCL2, which is produced by AECs, 

promotes fibrosis through CCR2 activation. CCR2 

signaling is critical for the initiation and progression 

of pulmonary fibrosis partly through the recruitment 

of pro-fibrotic bone marrow-derived monocytes [33, 

34]. Chemokine receptor type 2 (CXCR2), which is a 

chemokine highly expressed in the lung, exhibits 

inflammatory and fibrotic effects [35]. Therefore, 

TNF modulators can potentially act as therapeutic 

targets in PQ-induced pulmonary fibrosis. This study 

revealed that the expression levels of JUNB, FOSL2, 

SOCS3, DUSP1, CEBPB, CEBPD, ATF3, CCL2, and 

CXCL2 were significantly higher in lung fibrosis and 

could promote the disease [36]. Thus, our findings 

may provide new insights into potential gene-

targeting therapeutic approaches to regulate PQ-

induced pulmonary toxicity. 
 

Nevertheless, there are some defects in this study. The 

experimental results were obtained in a single 

experimental setup and will need to be strengthened in 

other systems. Moreover, our experimental groups 

were relatively small. Finally, this study describes 

phenomena associated with PQ-induced fibrosis using 

bioinformatics analyses but needs to be completed by 

specific mechanistic experiments. Further research is 

needed to confirm and explore the mechanisms 

underlying PQ-induced lung fibrosis. 
 

CONCLUSIONS 
 

In summary, for the first time, our study successfully 

established a preclinical in vitro model of PQ-induced 

pulmonary fibrosis based on MRC-5 cells, and defined 

the highest non-lethal concentration of PQ at 200 μmol/L 

until 48-hour exposure. Furthermore, we uncovered TNF 

signaling pathway and nine hub genes as potentially 

involved in PQ-induced lung fibrosis progression. Our 

study may aid the design of novel approaches for the 

control and treatment of PQ-induced pulmonary fibrosis. 

 

 
 

Figure 5. Module analysis of the PPI network. Up-regulated genes are marked in light red, down-regulated genes are marked in light 
blue (A). The most significant module generated from the PPI network. JUNB, FOSL2, SOCS3, DUSP1, CCL2, CEBPD, CXCL2, ATF3 protein–
protein interaction (B). Up-regulated genes are marked in light red, down-regulated genes are marked in light blue. 



www.aging-us.com 22799 AGING 

AUTHOR CONTRIBUTIONS 
 

Z.X.X. contributed to conception and design of the 

study. Z.X.X. and F.Y. managed patients, researched 

the data, and wrote the manuscript. H.J.L. and G.Z.C. 

did statistics. Y.M, X.W.G. and X.C.M. did in vitro 

experiments, Z.X.X. managed bioinformatics analysis. 

All authors approved the final version of the 

manuscript. Z.X.X. and F.Y. is the guarantor of this 

work and, as such, had full access to all the data in the 

study and takes responsibility for the integrity of the 

data and the accuracy of the data analysis. 

 

ACKNOWLEDGMENTS 
 

The presentation of the manuscript in research square 

(https://www.researchsquare.com/article/rs-73540/v1). 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

The study was supported by grants from Guangdong 

Science and Technology (nos. 2013B021800038), 

Foshan Science and Technology (nos. 2016AB002621) 

and Guangdong Medical Science and Technology 

Research Fund Project (nos. B2019103). 

 

REFERENCES 
 
1. Yu Y, Gao Z, Lou J, Mao Z, Li K, Chu C, Hu L, Li Z, Deng C, 

Fan H, Chen P, Huang H, Yu Y, et al. Identification of 
Serum-Based Metabolic Feature and Characteristic 
Metabolites in Paraquat Intoxicated Mouse Models. 
Front Physiol. 2020; 11:65. 

 https://doi.org/10.3389/fphys.2020.00065 
PMID:32116775 

2. Yin Y, Guo X, Zhang SL, Sun CY. Analysis of paraquat 
intoxication epidemic (2002-2011) within China. 
Biomed Environ Sci. 2013; 26:509–12. 

 https://doi.org/10.3967/0895-3988.2013.06.014 
PMID:23816587 

3. Suntres ZE. Role of antioxidants in paraquat toxicity. 
Toxicology. 2002; 180:65–77. 

 https://doi.org/10.1016/s0300-483x(02)00382-7 
PMID:12324200 

4. Hu L, Yu Y, Huang H, Fan H, Hu L, Yin C, Li K, Fulton DJ, 
Chen F. Epigenetic Regulation of Interleukin 6 by 
Histone Acetylation in Macrophages and Its Role in 
Paraquat-Induced Pulmonary Fibrosis. Front Immunol. 
2017; 7:696. 

 https://doi.org/10.3389/fimmu.2016.00696 
PMID:28194150 

5. Zhao HW, Liu H, Liu LY, Liu Z, Dong XS. Analysis of 
microRNA expression profiling during paraquat-
induced injury of murine lung alveolar epithelial cells. J 
Toxicol Sci. 2020; 45:423–34. 

 https://doi.org/10.2131/jts.45.423  
PMID:32741895 

6. Patel S, Singh K, Singh S, Singh MP. Gene expression 
profiles of mouse striatum in control and maneb + 
paraquat-induced Parkinson’s disease phenotype: 
validation of differentially expressed energy 
metabolizing transcripts. Mol Biotechnol. 2008; 
40:59–68. 

 https://doi.org/10.1007/s12033-008-9060-9 
PMID:18386188 

7. Guo H, Jiang C, Sun X. Therapeutical effects and 
mechanism of salubrinal combined with ulinastatin on 
treating paraquat poisoning. Cell Biochem Biophys. 
2014; 70:1559–63. 

 https://doi.org/10.1007/s12013-014-0095-1 
PMID:25030410 

8. Kumar A, Ganini D, Mason RP. Role of cytochrome c in 
α-synuclein radical formation: implications of α-
synuclein in neuronal death in Maneb- and paraquat-
induced model of Parkinson’s disease. Mol 
Neurodegener. 2016; 11:70. 

 https://doi.org/10.1186/s13024-016-0135-y 
PMID:27884192 

9. Zhou X, Wu W, Hu H, Milosevic J, Konishi K, Kaminski 
N, Wenzel SE. Genomic differences distinguish the 
myofibroblast phenotype of distal lung fibroblasts from 
airway fibroblasts. Am J Respir Cell Mol Biol. 2011; 
45:1256–62. 

 https://doi.org/10.1165/rcmb.2011-0065OC 
PMID:21757679 

10. Chen J, Sun H, Zhang J. [Analysis of long non-coding 
RNA expression profiles in Paraquat-induced 
pulmonary fibrosis]. Chinese Medical Association 
Emergency Medicine. 2016; 3:2–3. 

11. Davis S, Meltzer PS. GEOquery: a bridge between the 
Gene Expression Omnibus (GEO) and BioConductor. 
Bioinformatics. 2007; 23:1846–47. 

 https://doi.org/10.1093/bioinformatics/btm254 
PMID:17496320 

12. Wang J, Liu H, Xie G, Cai W, Xu J. Identification of hub 
genes and key pathways of dietary advanced glycation 
end products-induced non-alcoholic fatty liver disease 
by bioinformatics analysis and animal experiments. 
Mol Med Rep. 2020; 21:685–94. 

 https://doi.org/10.3892/mmr.2019.10872 
PMID:31974594 

https://www.researchsquare.com/article/rs-73540/v1
https://doi.org/10.3389/fphys.2020.00065
https://pubmed.ncbi.nlm.nih.gov/32116775
https://doi.org/10.3967/0895-3988.2013.06.014
https://pubmed.ncbi.nlm.nih.gov/23816587
https://doi.org/10.1016/s0300-483x(02)00382-7
https://pubmed.ncbi.nlm.nih.gov/12324200
https://doi.org/10.3389/fimmu.2016.00696
https://pubmed.ncbi.nlm.nih.gov/28194150
https://doi.org/10.2131/jts.45.423
https://pubmed.ncbi.nlm.nih.gov/32741895
https://doi.org/10.1007/s12033-008-9060-9
https://pubmed.ncbi.nlm.nih.gov/18386188
https://doi.org/10.1007/s12013-014-0095-1
https://pubmed.ncbi.nlm.nih.gov/25030410
https://doi.org/10.1186/s13024-016-0135-y
https://pubmed.ncbi.nlm.nih.gov/27884192
https://doi.org/10.1165/rcmb.2011-0065OC
https://pubmed.ncbi.nlm.nih.gov/21757679
https://doi.org/10.1093/bioinformatics/btm254
https://pubmed.ncbi.nlm.nih.gov/17496320
https://doi.org/10.3892/mmr.2019.10872
https://pubmed.ncbi.nlm.nih.gov/31974594


www.aging-us.com 22800 AGING 

13. Yu Y, Ouyang Y, Yao W. shinyCircos: an R/Shiny 
application for interactive creation of Circos plot. 
Bioinformatics. 2018; 34:1229–31. 

 https://doi.org/10.1093/bioinformatics/btx763 
PMID:29186362 

14. Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T. 
Cytoscape 2.8: new features for data integration and 
network visualization. Bioinformatics. 2011; 27:431–32. 

 https://doi.org/10.1093/bioinformatics/btq675 
PMID:21149340 

15. Zhao G, Cao K, Xu C, Sun A, Lu W, Zheng Y, Li H, Hong 
G, Wu B, Qiu Q, Lu Z. Crosstalk between Mitochondrial 
Fission and Oxidative Stress in Paraquat-Induced 
Apoptosis in Mouse Alveolar Type II Cells. Int J Biol Sci. 
2017; 13:888–900. 

 https://doi.org/10.7150/ijbs.18468  
PMID:28808421 

16. Murphy S, Lim R, Dickinson H, Acharya R, Rosli S, Jenkin 
G, Wallace E. Human amnion epithelial cells prevent 
bleomycin-induced lung injury and preserve lung 
function. Cell Transplant. 2011; 20:909–23. 

 https://doi.org/10.3727/096368910X543385 
PMID:21092408 

17. He F, Wang Y, Li Y, Yu L. Human amniotic mesenchymal 
stem cells alleviate paraquat-induced pulmonary 
fibrosis in rats by inhibiting the inflammatory response. 
Life Sci. 2020; 243:117290. 

 https://doi.org/10.1016/j.lfs.2020.117290 
PMID:31923420 

18. Bocchino M, Agnese S, Fagone E, Svegliati S, Grieco D, 
Vancheri C, Gabrielli A, Sanduzzi A, Avvedimento EV. 
Reactive oxygen species are required for maintenance 
and differentiation of primary lung fibroblasts in 
idiopathic pulmonary fibrosis. PLoS One. 2010; 
5:e14003. 

 https://doi.org/10.1371/journal.pone.0014003 
PMID:21103368 

19. Baum J, Duffy HS. Fibroblasts and myofibroblasts: what 
are we talking about? J Cardiovasc Pharmacol. 2011; 
57:376–79. 

 https://doi.org/10.1097/FJC.0b013e3182116e39 
PMID:21297493 

20. Boyapally R, Pulivendala G, Bale S, Godugu C. 
Niclosamide alleviates pulmonary fibrosis in vitro and in 
vivo by attenuation of epithelial-to-mesenchymal 
transition, matrix proteins and Wnt/β-catenin signaling: 
A drug repurposing study. Life Sci. 2019; 220:8–20. 

 https://doi.org/10.1016/j.lfs.2018.12.061 
PMID:30611787 

21. Li GP, Yang H, Zong SB, Liu Q, Li L, Xu ZL, Zhou J, Wang 
ZZ, Xiao W. Diterpene ginkgolides meglumine injection 
protects against paraquat-induced lung injury and 

pulmonary fibrosis in rats. Biomed Pharmacother. 
2018; 99:746–54. 

 https://doi.org/10.1016/j.biopha.2018.01.135 
PMID:29710472 

22. Lipke AB, Matute-Bello G, Herrero R, Kurahashi K, 
Wong VA, Mongovin SM, Martin TR. Febrile-range 
hyperthermia augments lipopolysaccharide-induced 
lung injury by a mechanism of enhanced alveolar 
epithelial apoptosis. J Immunol. 2010; 184:3801–13. 

 https://doi.org/10.4049/jimmunol.0903191 
PMID:20200273 

23. Malaviya R, Laskin JD, Laskin DL. Anti-TNFα therapy in 
inflammatory lung diseases. Pharmacol Ther. 2017; 
180:90–98. 

 https://doi.org/10.1016/j.pharmthera.2017.06.008 
PMID:28642115 

24. Stern KA, Place TL, Lill NL. EGF and amphiregulin 
differentially regulate Cbl recruitment to endosomes 
and EGF receptor fate. Biochem J. 2008; 410:585–94. 

 https://doi.org/10.1042/BJ20071505  
PMID:18045238 

25. Avraham R, Yarden Y. Feedback regulation of EGFR 
signalling: decision making by early and delayed loops. 
Nat Rev Mol Cell Biol. 2011; 12:104–17. 

 https://doi.org/10.1038/nrm3048  
PMID:21252999 

26. Van Herreweghe F, Festjens N, Declercq W, 
Vandenabeele P. Tumor necrosis factor-mediated cell 
death: to break or to burst, that's the question. Cell 
Mol Life Sci. 2010; 67:1567–79.  

 https://doi.org/10.1007/s00018-010-0283-0 
PMID:20198502 

27. Reinhard C, Shamoon B, Shyamala V, Williams LT. 
Tumor necrosis factor alpha-induced activation of c-jun 
N-terminal kinase is mediated by TRAF2. EMBO J. 
1997; 16:1080–92. 

 https://doi.org/10.1093/emboj/16.5.1080 
PMID:9118946 

28. Khalighi Z, Rahmani A, Cheraghi J, Ahmadi MR, 
Soleimannejad K, Asadollahi R, Asadollahi K. 
Perfluorocarbon attenuates inflammatory cytokines, 
oxidative stress and histopathologic changes in 
paraquat-induced acute lung injury in rats. Environ 
Toxicol Pharmacol. 2016; 42:9–15. 

 https://doi.org/10.1016/j.etap.2015.12.002 
PMID:26766533 

29. Papaioannou I, Xu S, Denton CP, Abraham DJ, Ponticos 
M. STAT3 controls COL1A2 enhancer activation 
cooperatively with JunB, regulates type I collagen 
synthesis posttranscriptionally, and is essential for lung 
myofibroblast differentiation. Mol Biol Cell. 2018; 
29:84–95. 

https://doi.org/10.1093/bioinformatics/btx763
https://pubmed.ncbi.nlm.nih.gov/29186362
https://doi.org/10.1093/bioinformatics/btq675
https://pubmed.ncbi.nlm.nih.gov/21149340
https://doi.org/10.7150/ijbs.18468
https://pubmed.ncbi.nlm.nih.gov/28808421
https://doi.org/10.3727/096368910X543385
https://pubmed.ncbi.nlm.nih.gov/21092408
https://doi.org/10.1016/j.lfs.2020.117290
https://pubmed.ncbi.nlm.nih.gov/31923420
https://doi.org/10.1371/journal.pone.0014003
https://pubmed.ncbi.nlm.nih.gov/21103368
https://doi.org/10.1097/FJC.0b013e3182116e39
https://pubmed.ncbi.nlm.nih.gov/21297493
https://doi.org/10.1016/j.lfs.2018.12.061
https://pubmed.ncbi.nlm.nih.gov/30611787
https://doi.org/10.1016/j.biopha.2018.01.135
https://pubmed.ncbi.nlm.nih.gov/29710472
https://doi.org/10.4049/jimmunol.0903191
https://pubmed.ncbi.nlm.nih.gov/20200273
https://doi.org/10.1016/j.pharmthera.2017.06.008
https://pubmed.ncbi.nlm.nih.gov/28642115
https://doi.org/10.1042/BJ20071505
https://pubmed.ncbi.nlm.nih.gov/18045238
https://doi.org/10.1038/nrm3048
https://pubmed.ncbi.nlm.nih.gov/21252999
https://doi.org/10.1007/s00018-010-0283-0
https://pubmed.ncbi.nlm.nih.gov/20198502
https://doi.org/10.1093/emboj/16.5.1080
https://pubmed.ncbi.nlm.nih.gov/9118946
https://doi.org/10.1016/j.etap.2015.12.002
https://pubmed.ncbi.nlm.nih.gov/26766533


www.aging-us.com 22801 AGING 

 https://doi.org/10.1091/mbc.E17-06-0342 
PMID:29142074 

30. Ge Y, Wang J, Wu D, Zhou Y, Qiu S, Chen J, Zhu X, Xiang 
X, Li H, Zhang D. lncRNA NR_038323 Suppresses Renal 
Fibrosis in Diabetic Nephropathy by Targeting the miR-
324-3p/DUSP1 Axis. Mol Ther Nucleic Acids. 2019; 
17:741–53. 

 https://doi.org/10.1016/j.omtn.2019.07.007 
PMID:31430717 

31. Satoh T, Nakagawa K, Sugihara F, Kuwahara R, Ashihara 
M, Yamane F, Minowa Y, Fukushima K, Ebina I, 
Yoshioka Y, Kumanogoh A, Akira S. Identification of an 
atypical monocyte and committed progenitor involved 
in fibrosis. Nature. 2017; 541:96–101. 

 https://doi.org/10.1038/nature20611  
PMID:28002407 

32. Wu C, Lin H, Zhang X. Inhibitory effects of pirfenidone 
on fibroblast to myofibroblast transition in rheumatoid 
arthritis-associated interstitial lung disease via the 
downregulation of activating transcription factor 3 
(ATF3). Int Immunopharmacol. 2019; 74:105700. 

 https://doi.org/10.1016/j.intimp.2019.105700 
PMID:31228816 

33. Bueno M, Brands J, Voltz L, Fiedler K, Mays B, St Croix 
C, Sembrat J, Mallampalli RK, Rojas M, Mora AL. ATF3 
represses PINK1 gene transcription in lung epithelial 

cells to control mitochondrial homeostasis. Aging Cell. 
2018; 17:e12720. 

 https://doi.org/10.1111/acel.12720  
PMID:29363258 

34. Yang J, Agarwal M, Ling S, Teitz-Tennenbaum S, 
Zemans RL, Osterholzer JJ, Sisson TH, Kim KK. Diverse 
Injury Pathways Induce Alveolar Epithelial Cell 
CCL2/12, Which Promotes Lung Fibrosis. Am J Respir 
Cell Mol Biol. 2020; 62:622–32.  

 https://doi.org/10.1165/rcmb.2019-0297OC 
PMID:31922885 

35. Xue M, Guo Z, Cai C, Sun B, Wang H. Evaluation of the 
Diagnostic Efficacies of Serological Markers KL-6, SP-A, 
SP-D, CCL2, and CXCL13 in Idiopathic Interstitial 
Pneumonia. Respiration. 2019; 98:534–45. 

 https://doi.org/10.1159/000503689  
PMID:31665737 

36. Zhang HW, Wang Q, Mei HX, Zheng SX, Ali AM, Wu QX, 
Ye Y, Xu HR, Xiang SY, Jin SW. RvD1 ameliorates LPS-
induced acute lung injury via the suppression of 
neutrophil infiltration by reducing CXCL2 expression 
and release from resident alveolar macrophages. Int 
Immunopharmacol. 2019; 76:105877. 

 https://doi.org/10.1016/j.intimp.2019.105877 
PMID:31522017 

 

https://doi.org/10.1091/mbc.E17-06-0342
https://pubmed.ncbi.nlm.nih.gov/29142074
https://doi.org/10.1016/j.omtn.2019.07.007
https://pubmed.ncbi.nlm.nih.gov/31430717
https://doi.org/10.1038/nature20611
https://pubmed.ncbi.nlm.nih.gov/28002407
https://doi.org/10.1016/j.intimp.2019.105700
https://pubmed.ncbi.nlm.nih.gov/31228816
https://doi.org/10.1111/acel.12720
https://pubmed.ncbi.nlm.nih.gov/29363258
https://doi.org/10.1165/rcmb.2019-0297OC
https://pubmed.ncbi.nlm.nih.gov/31922885
https://doi.org/10.1159/000503689
https://pubmed.ncbi.nlm.nih.gov/31665737
https://doi.org/10.1016/j.intimp.2019.105877
https://pubmed.ncbi.nlm.nih.gov/31522017

