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A B S T R A C T

Paraquat, a highly toxic herbicide, frequently causes acute poisoning, predominantly inducing pulmonary injury 
and fibrosis with high mortality, and no specific antidote is available. This study aimed to explore its patho
genesis using a paraquat-induced mouse model. Results showed that paraquat caused dose-dependent body 
weight changes, pulmonary edema, and pathological damage (alveolar structure destruction, inflammatory cell 
infiltration), with elevated levels of inflammatory factors (IL-6, TNF-α, IL-1β) in BALF and lung tissues. It also 
induced pulmonary early pro-fibrotic responses, evidenced by increased collagen deposition and upregulated 
mesenchymal markers (α-SMA, Vimentin, Collagen I). RNA sequencing revealed KLF4 was significantly down
regulated, and differentially expressed genes (DEGs) were enriched in inflammatory pathways. KLF4 negatively 
correlated with core genes (GSK3B, MLH1, PRKACA, VDAC1, WNT7B) in pathways like Wnt signaling pathway. 
These findings indicated that paraquat-induced pulmonary injury and early pro-fibrotic responses are associated 
with KLF4 downregulation and inflammatory pathway activation, identifying KLF4 as a potential therapeutic 
target for clinical intervention.

1. Introduction

Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride) is a highly 
effective, low-cost broad-spectrum herbicide with widespread use in 
global agriculture [1]. Its high toxicity, however, poses a severe threat to 
human health. Acute poisoning cases resulting from intentional inges
tion, accidental ingestion, or consumption of paraquat are frequent in 
developing countries, with persistently high incidence in remote rural 
areas of China [2]. An epidemiological study covering 2016 to 2022 
confirmed pesticide poisoning as the most prevalent acute poisoning 
type in China, accounting for 30.4% of all acute poisoning cases [3]. 
Among these pesticide-related incidents, the mortality rate of paraquat 
poisoning ranking third among various types of pesticide poisoning 

(7.05%) [3]. In addition, paraquat enters the body via respiratory, 
gastrointestinal, or dermal exposure, with the lung as its primary target 
[4]. Affected patients may exhibit symptoms like vomiting, diarrhea, 
and oral ulcers; severe cases can progress to acute pulmonary injury, 
potentially culminating in death [5]. Currently, no specific antidote 
exists for paraquat poisoning. Thus, in-depth clarification of the path
ogenesis underlying paraquat-induced pulmonary injury and develop
ment of effective interventions carried substantial clinical and public 
health significance.

Currently, the mechanism of paraquat-induced pulmonary injury 
remains incompletely elucidated, with its pathogenesis primarily linked 
to factors including the molecular structure of paraquat, redox reactions 
in organisms, and inflammatory responses [6,7]. Owing to the high 
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abundance of polyamine transporters in lung tissues, paraquat, struc
turally homologous to endogenous polyamines, was actively taken up 
and accumulated in the lungs at concentrations 6-10 times those in 
plasma, thereby inducing pulmonary injury and subsequent fibrosis [8,
9]. Additionally, paraquat exhibited strong oxidizing and corrosive 
properties. Upon entering the lungs, it accumulated in alveolar epithe
lial cells, where it induced excessive production of reactive oxygen 
species. This triggered lipid peroxidation, DNA damage, and mito
chondrial dysfunction [6]. Concurrently, paraquat activated the NF-κB 
pathway, promoting the release of pro-inflammatory cytokines such as 
TNF-α and IL-1β, and inducing NLRP3 inflammasome assembly, which 
collectively initiated a robust inflammatory response [10]. Clinical 
study demonstrated that patients with moderate to severe paraquat 
poisoning frequently developed typical pulmonary fibrosis in the 
advanced stages, often accompanied by dyspnea or even respiratory 
failure. This represented one of the primary causes of death in such 
patients [11]. The development of pulmonary fibrosis was closely 
associated with abnormal expression of molecules including α-SMA, 
Vimentin, CollagenI, and TGF-β1 [12]. It should be noted that early 
pro-fibrotic responses, the reversible initial cellular and molecular 
events preceding overt pulmonary fibrosis, are the critical preliminary 
stage of toxicant-induced pulmonary fibrosis development [13]. Due to 
the limited modeling time, we only observed early pro-fibrotic responses 
without reaching the stage of pulmonary fibrosis. The present study 
aimed to explore potential regulatory targets involved in 
paraquat-induced pulmonary injury and the subsequent development of 
early pro-fibrotic responses.

Bioinformatics analysis, an interdisciplinary discipline integrating 
computational science, statistics, and mathematics, explores biological 
issues through the acquisition, storage, analysis, and visualization of 
biological data to reveal their underlying mechanisms. It has become a 
key tool in modern biomedical research for elucidating the pathogenesis 
of complex diseases and identifying biomarkers [14,15]. Previous 
studies showed that Krüppel-like factor 4 (KLF4) played a protective role 
in various cancers through multiple pathways, such as 
anti-inflammation, epithelial barrier protection, resistance to oxidative 
stress, and regulation of fibrosis [16]. Additionally, KLF4 was confirmed 
to be involved in the resolution of inflammation during lung injury [17,
18]. Building on this, the present study, in combination with bioinfor
matics analysis, intended to clarify the role and mechanism of KLF4 in 
lung injury.

In this study, based on a paraquat-induced in vivo model, it was 
found that mouse lung tissues exhibited typical pathological changes of 
pulmonary injury and even early pro-fibrotic responses, such as alveolar 
structure destruction, inflammatory cell infiltration, and collagen fiber 
deposition. Meanwhile, the expression levels of pro-inflammatory fac
tors and fibrosis-related indicators in lung tissues were significantly 
increased. Further analysis via RNA sequencing and differentially 
expressed genes (DEGs) analysis showed that KLF4 was significantly 
downregulated; combined with the results of Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis, it was observed that the 
target genes of KLF4 were enriched in inflammatory signaling pathways. 
Collectively, the KLF4-inflammation pathway was a potential regulatory 
target associated with paraquat-induced pulmonary injury, worthy of 
further mechanistic exploration.

2. Materials and methods

2.1. Animals

This study was carried out in compliance with the ARRIVE guidelines 
(https://arriveguidelines.org). The animal protocols were reviewed and 
approved by the Laboratory Animal Welfare and Ethics Committee of 
Dongguan People's Hospital (Approval No.: IACUC-AWEC-202409500). 
Male C57BL/6 mice (6-8 weeks old, 20-24 g) were obtained from the 
Guangdong Medical Laboratory Animal Center. All mice were housed in 

a specific pathogen-free (SPF) conditions with controlled temperature 
(22 ± 2 ◦C), humidity (50 ± 5%), and a 12 h light/12 h dark cycle. A 
total of 9 mice were assigned to each experimental group, with a 
maximum of 5 mice per cage. Paraquat (HY–B0864A) was purchased 
from Med Chem Express (MCE, Shanghai, China) and dissolved in saline. 
Mice in the paraquat groups received intraperitoneal injections of 
paraquat at 10, 20, or 30 mg/kg, respectively, and were observed for 2 
days. This route was selected based on prior studies demonstrating 
stable pulmonary injury model establishment, enabling uniform sys
temic paraquat distribution to mimic severe clinical poisoning where 
paraquat enters circulation via mucosal absorption [19,20]. The control 
group received an equal volume of saline. Specifically, the initial body 
weight of each mouse was recorded, with reweighing performed at 48 h 
post-administration. At 48 h after treatment, all mice were euthanized 
humanely. Subsequently, mouse bronchoalveolar lavage fluid (BALF) 
was collected via tracheal cannulation, and lung tissues were harvested 
for systematic and rational lobe allocation to complete multiple parallel 
experiments (no mice or samples were excluded in all groups, n = 9 per 
group): the left lung lobes of 4 randomly selected mice per group were 
used solely for the measurement of lung wet-to-dry (W/D) weight ratio; 
the left lung lobes of the remaining 5 mice were fixed in 4% para
formaldehyde for pathological detection (HE staining, Masson's tri
chrome staining, IHC), as the larger left lung structure can more clearly 
reflect pulmonary injury and fibrotic characteristics; the right lung lobes 
of all 9 mice were divided and snap-frozen in liquid nitrogen: most were 
used for WB analyses, while the right lung lobes of 4 mice in the 
30 mg/kg paraquat-treated group were specifically selected for bioin
formatics analyses (RNA sequencing) due to the most prominent in
flammatory responses in this group. Body weight was measured for all 9 
mice before and after paraquat exposure as a non-invasive index.

For measurement of the lung W/D weight ratio: the left lung tissues 
of the 4 assigned mice were harvested, weighed immediately to obtain 
the wet weight, then dried in a 60 ◦C metal bath for 48 h until the weight 
was stable. The dry weight was then measured, and the W/D ratio was 
calculated. All animal procedures and data reporting in this manuscript 
fully comply with the ARRIVE 2.0 guidelines to ensure transparency, 
reproducibility, and scientific rigor.

2.2. Hematoxylin-eosin (HE) and Masson's trichrome staining assays

For the HE staining assay, lung sections were dewaxed in xylene and 
rehydrated through graded alcohols. After hematoxylin staining and 
rinsing, the sections were differentiated in 1% hydrochloric acid alcohol 
and subsequently blued under running water. Following eosin staining, 
the sections were dehydrated through graded alcohols, cleared in 
xylene, and mounted with neutral gum. For Masson's trichrome staining, 
after hematoxylin staining, the lung sections were stained with ponceau- 
fuchsin (to stain muscle fibers red), treated with 1% phosphomolybdic 
acid, and then stained with aniline blue (to stain collagen fibers blue). 
After dehydration through graded alcohols and clearing in xylene, the 
sections were mounted with neutral balsam.

Tissue structures were examined microscopically. Pulmonary injury 
was recorded and graded 0 - 4 based on the following criteria: 0 (No 
damage); 1 (Slight, diffuse neutrophilic damage in alveolar walls 
without wall thickening or hemorrhage; alveolar space congestion 
<25%); 2 (Diffuse mononuclear and neutrophilic damage in alveolar 
walls with mild thickening; ≥5 erythrocytes in 1–5 alveoli; alveolar 
congestion 25–30%); 3 (Alveolar wall thickening (2–3x normal); ≥5 
erythrocytes in 5–10 alveoli; alveolar congestion 30–50%); 4 (Alveolar 
wall thickening with ≥50% lung consolidation; ≥5 erythrocytes in >10 
alveoli; alveolar congestion >60%) [21]. The proportion of collagen 
fiber area was quantified using ImageJ software.

2.3. Enzyme-linked immunosorbent assay (ELISA)

IL-1β (1110122), IL-6 (1210602), and TNF-α (1217202) Precoated 
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ELISA Kits, purchased from Dakewe Biotechnology (Beijing, China), 
were used to quantitatively measure the inflammatory factors according 
to the manufacturer's protocols.

2.4. Western blot (WB) assay

Total proteins were extracted from the lungs of mice using RIPA 
buffer (Labgic Technology, Beijing, China), and their concentrations 
were determined with a Bicinchoninic Acid (BCA) Protein Assay Kit 
(NCM Biotechnology, Suzhou, China). The proteins were then separated 
by 10% SDS-PAGE gels and subsequently transferred to polyvinylidene 
fluoride (PVDF) membranes (Millipore, Billerica, Massachusetts, USA). 
After blocking the membranes with 3% bovine serum albumin (BSA) 
(Labgic Technology, Beijing, China) for 60 min, they were incubated 
with primary antibodies at 4 ◦C overnight. These primary antibodies, all 
sourced from Proteintech (Chicago, USA), included TNF-alpha (TNF-α, 
1:2000, 60291-1-Ig), IL-1 beta (IL-1β, 1:3000, 10842-1-AP), alpha 
smooth muscle actin (α-SMA, 1:4000, 14395-1-AP), Vimentin (1:20000, 
10366-1-AP), Collagen Type I (Collagen I, 1:2000, 14695-1-AP), and 
beta-actin (β-actin, 1:20000, 66009-1-Ig). Subsequently, the membranes 
were incubated with the secondary antibody (1:5000, Bioworld, Nanj
ing, China) at room temperature for 1 h. Using β-actin as the internal 
control, target proteins were visualized with a chemiluminescence kit 
(NCM Biotechnology, Suzhou, China), and membrane intensity was 
analyzed using ImageJ software.

2.5. Immunohistochemistry (IHC) staining assay

Mouse lung tissues were first paraffin-embedded and subsequently 
deparaffinized in xylene. The tissue sections were treated with 3% 
hydrogen peroxide-methanol to quench endogenous peroxidase activity, 
followed by dehydration in graded alcohols and antigen retrieval in 
sodium citrate buffer. After blocking with 3% BSA for 30 min, the sec
tions were incubated overnight at 4 ◦C with anti-KLF4 primary antibody 
(1:200, Proteintech, Chicago, USA), then with the corresponding sec
ondary antibody (Servicebio, Wuhan, China) and visualized using DAB 
(3,3′-diaminobenzidine tetrahydrochloride; Servicebio, Wuhan, China). 
After color development, the sections were rinsed with running water, 
counterstained with hematoxylin, mounted on slides with DPX (dibutyl 
phthalate xylene), and examined microscopically. The staining intensity 
was analyzed using ImageJ software.

2.6. Bioinformatics analyses

Based on findings from HE staining and ELISA assays, the 30 mg/kg 
paraquat-treated group exhibited the most prominent inflammatory 
responses in mice compared to the control group. Consequently, the 
study further collected 4 mouse lung tissues from each of the control 
group and the 30 mg/kg paraquat-treated group for bioinformatics 
analyses.

Prior to bioinformatics analyses, strict quality control (QC) and data 
preprocessing were performed to ensure data reliability. Raw 
sequencing data were first evaluated using FastQC software, including 
key indicators: per base sequence quality (average Phred score >30), 
sequence length distribution, GC content, adapter content, and over
represented sequences. Low-quality reads (Phred score <20) and 
adapter sequences were removed using Trimmomatic software to obtain 
clean reads. Clean reads were aligned to the mouse reference genome 
(mm10) using HISAT2 with an alignment rate >90%. Gene expression 
levels were quantified using FeatureCounts, including raw reads count 
and normalized FPKM values (to eliminate the interference of 
sequencing depth and gene length). For DEG analysis, the DESeq2 
package was used for data normalization (median of ratios method) and 
dispersion estimation (local dispersion model); no batch effects were 
observed among samples, so no batch correction was performed.

2.6.1. Determination of differentially expressed genes (DEGs)
DEGs between paraquat-treated and control samples were identified 

using the DESeq2 package in R, with data normalization performed via 
the median of ratios method embedded in the package and dispersion 
estimated using the local dispersion model to improve identification 
accuracy. DEGs were defined by the thresholds of |log2 Fold Change 
(log2FC)| > 1 and FDR-adjusted p-value (padj) < 0.05, where FDR 
correction was implemented to control false positive results. Volcano 
plots were subsequently generated with the ggplot2 R package to visu
alize the distribution of DEGs, including upregulated and down
regulated subsets.

2.6.2. Functional enrichment analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis was performed using clusterProfiler R package for 
DEGs and key target genes identified in Sections 2.6.1 and 2.6.3, 
respectively. KEGG pathways with an FDR-adjusted p-value 
(padj) < 0.05 were regarded as statistically significant. Bubble plots 
were generated with the ggplot2 R package to visualize the enrichment 
results.

2.6.3. Systematic screening and validation of key target genes
Drawing on Sections 2.6.1, 2.6.2, and published literature, KLF4 was 

initially identified as a key gene linked to paraquat-induced pulmonary 
injury. Potential KLF4 target genes were first retrieved from the Gene
Cards databases (human reference) based on the presence of KLF4- 
binding CACCC motifs) within promoter regions. To match our mouse 
in vivo model, human candidate genes were converted to their mouse 
orthologs using the NCBI HomoloGene database. The screening criteria 
included: ① ≥ 10 CACCC sequences within promoter regions; ② nega
tive expression correlation with KLF4 (correlation coefficient r < − 0.3 
with p-value <0.01); ③ documented involvement in inflammatory 
processes validated by published studies.

Subsequently, KEGG pathway enrichment analysis was performed on 
these conserved mouse orthologs to assess their enrichment in oxidative 
stress, inflammatory response, and apoptosis, which represent core 
mechanisms underlying paraquat-induced pulmonary injury. Expression 
levels of KLF4 and its candidate target genes were compared between 
groups using box plots and two-tailed Student's t-test (stat_compar
e_means function in the ggpubr package). Linear regression were 
employed to analyze expression correlations between KLF4 and its 
target genes. FDR adjustment was used for all p-values to control for 
false positives.

2.7. Statistical analysis

Quantitative data are expressed as mean ± standard deviation (SD), 
with biological replicates and technical replicates clearly defined as 
follows: (1) Biological replicates: Each experimental group contained 9 
mice (biological replicates), with tissue allocation specified in Section 
2.1; (2) Technical replicates: HE staining, ELISA, WB, Masson's tri
chrome staining and IHC analysis were performed in triplicate (three 
technical replicates) to ensure data reliability. Differences between two 
groups were analyzed using the two-tailed Student's t-test. For multiple 
group comparisons, one-way analysis of variance (ANOVA) was used 
followed by Tukey's multiple comparison test for pairwise comparisons. 
All statistical analyses were performed via via the R program (version 
4.2.2) and SPSS software (version 25.0), with a p-value <0.05 deemed 
statistically significant.

3. Results

3.1. Paraquat induced pulmonary injury in mice

Paraquat was used to conduct a pulmonary injury model. Compared 
with the control group, the mice showed greater changes in body weight 
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before and after paraquat administration. The higher the concentration 
of paraquat, the greater the change in body weight (Fig. 1A). The W/D 
ratio of lung in the model group was also higher than that in the control 
group, suggesting that paraquat induced pulmonary edema in mice 
(Fig. 1B). HE staining presented varying degrees of pathological damage 
in the model group. Specifically, intact alveolar structure and slight 
inflammatory exudation was observed in the lung tissues of mice 
exposed to paraquat at 10 mg/kg, without alveolar septal thickening or 
alveolar edema. When exposed to paraquat at 20 mg/kg, the lung tissues 
exhibited a large number of inflammatory cell infiltration, alveolar 
septal thickening, and alveolar structural destruction. These symptoms 
exacerbated as the exposure concentration increased (at 30 mg/kg) 
(Fig. 1C). Furthermore, we scored the degree of pulmonary injury based 
on the results of HE staining, whose results also confirmed that the 

higher the concentration of paraquat exposure, the higher the pulmo
nary injury score (Fig. 1D).

ELISA assay and WB assay were performed to detect changes in the 
expression levels of inflammatory factors in mice. The results showed 
that paraquat promoted the expression of IL-6, TNF-α and IL-1β in BALF 
(Fig. 1E–G), as well as the protein expression levels of IL-1β and TNF-α in 
lung tissue (Fig. 1H–I). These results suggest that paraquat induced 
pulmonary injury in mice.

3.2. Pulmonary early pro-fibrotic responses occurred following paraquat 
exposure

Masson's trichrome staining and WB assay were used to assess the 
extent of pulmonary early pro-fibrotic responses in the in vivo model. 

Fig. 1. Paraquat induced pulmonary injury in mice. (A) The changes in body weight of mice 48 h after paraquat exposure. (n = 9, t-test, **P < 0.01) (B) The wet/dry 
ratio of lung of mice 48 h after paraquat exposure. (n = 4, one-way ANOVA, *P < 0.05). (C-D) Representative micrographs for Hematoxylin-Eosin (HE) staining in 
mice lung tissues. Original magnification ×10 and ×40. Bar = 50 μm and 20 μm. And bar graphs of pathological injury scores from HE staining results of mouse lung 
tissues. (n = 5, one-way ANOVA, **P < 0.01) (E-G) ELISA was performed to analyze IL-6, IL-1β and TNF-α in the bronchoalveolar lavage fluid (BALF) of mice treated 
with paraquat at doses of 0, 10, 20, or 30 mg/kg (n = 9, one-way ANOVA, *P < 0.05. **P < 0.01) (H–I) Western blotting (WB) was performed to analyze IL-1β and 
TNF-α in mouse lung tissues treated with paraquat at doses of 0, 10, 20, or 30 mg/kg. And quantitative analysis for protein bands of IL-1β and TNF-α. (n = 5, one-way 
ANOVA, *P < 0.05. **P < 0.01).

Fig. 2. Paraquat exposure induced pulmonary early pro-fibrotic responses in mice. (A-B) Representative micrographs for Masson's trichrome staining in mice lung 
tissues. Original magnification ×10 and ×40. Bar = 50 μm and 20 μm. And quantitative analysis for the area of blue collagen fibers. (n = 5, one-way ANOVA, 
**P < 0.01) (C-D) Western blotting (WB) was performed to analyze Vimentin, α-SMA, and Collagen 1 in mouse lung tissues treated with paraquat at doses of 0, 10, 
20, or 30 mg/kg. And quantitative analysis for protein bands of Vimentin, α-SMA, and Collagen I. (n = 5, one-way ANOVA, *P < 0.05. **P < 0.01).
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Relative to controls, paraquat-treated groups exhibited the deposition of 
blue fibrous strand to varying degrees; higher paraquat concentrations 
correlated with more such strands in lung (Fig. 2A–B). This indicated the 
proliferation and deposition of collagen fiber caused by paraquat in 
mouse lungs. Epithelial-mesenchymal transition (EMT) of alveolar 
epithelial cells has been verified to be involved in the development of 
pulmonary fibrosis. We demonstrated that paraquat increased the levels 
of mesenchymal markers α-SMA, Vimentin, and Collagen I in lung tis
sues. These results collectively indicated that paraquat can induce pul
monary early pro-fibrotic responses in mice (Figure C-D).

3.3. Paraquat dysregulated genes and related pathways in lung tissues of 
mice

To validate our acute paraquat poisoning model in mice for validity 
and consistency, principal component analysis (PCA) was first per
formed. Samples from paraquat-treated and control groups showed 
marked separation in the principal component space, indicating inter- 
group differences. Moreover, tight intra-group clustering reflected 
good consistency within each group (Fig. 3A). Differentially gene 
expression analysis was carried out on paraquat-treated and control 
groups with the aim of identifying gene expression patterns in mice with 
pulmonary injury. This yielded 128 DEGs: 81 downregulated and 47 
upregulated (Supplementary Table 1). Notably, among the 

Fig. 3. Paraquat exposure dysregulated gene expression and related signaling pathways in mouse lung tissues. (A) Principal component analysis (PCA) plot with 
colored points for different groups; closer points meant greater similarity in sample species composition. (n = 4) (B) Volcano plot of differentially expressed genes 
(DEGs), with red denoting upregulation and blue denoting downregulation. (n = 4, |log2FC| > 1, FDR-adjusted P-value <0.05) (C-D) Representative immunohis
tochemistry (IHC) for KLF4 in mouse lung tissues among the control group and paraquat-treating group. Original magnification ×10 and ×40. Bar = 100 μm and 
20 μm. And quantitative analysis for KLF4 positive area in mouse lung tissues. (n = 5, one-way ANOVA, **P < 0.01) (E) KEGG enrichment pathway of differential 
expressed genes (DEGs), and the bubble plots visualizing the results of enrichment analysis. (n = 4, FDR-adjusted P-value <0.05).
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downregulated genes, KLF4 and PDE4B exhibited significantly 
decreased expression (Supplementary Table 1, Fig. 3B). Additionally, 
versus controls, paraquat reduced KLF4 expression in lung tissues, 
confirming its involvement in paraquat-induced pulmonary injury 
(Fig. 3C–D).

Gene functions and biological signaling pathways associated with 
the above screened DEGs were further identified by KEGG pathway 
analysis. According to Fig. 3E, DEGs were dominant enriched in MAPK 
signaling pathway, cytokine-cytokine receptor interaction, cell adhesion 
molecules, transcriptional misregulation in cancer, which preliminarily 
suggest the potential association of these DEGs with the development of 
pulmonary inflammation (Fig. 3E).

3.4. Paraquat-induced KLF4 downregulation correlated with 
inflammatory pathway activation in pulmonary injury

As a member of the KLFs family, KLF4 is known to play a pivotal role 
in the pathogenesis of diverse inflammatory diseases [17,18]. The 
CACCC motif represents a highly conserved KLF4-binding sequence 
across human and mouse genomes [22,23]. To identify downstream 
targets in our mouse model, we first retrieved candidate genes con
taining KLF4-binding CACCC motifs from the GeneCards database 
(human) and then converted them to mouse orthologs using NCBI 
HomoloGene. Candidate genes with conserved promoter motifs, nega
tive expression correlation with KLF4, and documented roles in mouse 

Fig. 4. Paraquat-induced KLF4 downregulation correlated with inflammatory pathway activation in pulmonary injury. (A) Scatter plot of the correlation between 
KLF4 and target genes with more than ten CACCC sequences. (n = 4) (B) KEGG pathway enrichment of KLF4 target genes and bubble plots illustrating the enrichment 
analysis results. (n = 4, FDR-adjusted P-value <0.05) (C) Core gene networks of inflammation-related signaling pathways. (D) Box plots showed the expression levels 
of KLF4 and core genes of inflammation-related signaling pathways in the control group and the paraquat-treated group. (n = 4, two-tailed Student's t-test, P < 0.05, 
P < 0.01) (E) Linear regression plot of the expression levels between KLF4 and core gene of inflammation pathways, such as GSK3B, MLH1, PRKACA, VDAC1 and 
WNT7B. (n = 4, linear regression analysis, P < 0.05).
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pulmonary inflammation/fibrosis were selected for further analysis 
(Fig. 4A). KEGG pathway analysis revealed that these KLF4-related 
mouse orthologs were significantly enriched in MAPK signaling 
pathway, chemical carcinogenesis-receptor activation, cell adhesion 
molecules, Hippo signaling pathway, cytokine-cytokine receptor inter
action, transcriptional misregulation in cancer, suggesting KLF4 was 
potentially associated with the regulation of these pathways in pulmo
nary inflammatory responses (Fig. 4B–C).

Thereafter, an analysis was conducted on the relationship between 
KLF4 and core genes within inflammation-related signaling pathways. 
The results of the boxplot analysis demonstrated that KLF4 expression 
was significantly lower in the paraquat-treated group, while expression 
of its predicted target genes (GSK3B, MLH1, PRKACA, VDAC1, WNT7B) 
was markedly higher (Fig. 4D). To quantify the association between 
KLF4 and these target genes, Pearson linear correlation analysis was 
performed (sample size n = 4). The results revealed negative correlation 
between KLF4 and each of these targeted genes (Fig. 4E). These findings 
indicated that paraquat exposure was associated with KLF4 down
regulation, with all correlations meeting the pre-specified criteria of an 
uncorrected p-value <0.01 and a correlation coefficient r < − 0.3: (1) 
KLF4 vs. MLH1: r = − 0.8956, p = 0.0026, 95% CI [− 0.9811, − 0.5176]; 
(2) KLF4 vs. VDAC1: r = − 0.9506, p = 0.0003, 95% CI [− 0.9913, 
− 0.7449]; (3) KLF4 vs. PRKACA: r = − 0.8952, p = 0.0027, 95% CI 
[− 0.9810, − 0.5161]; (4) KLF4 vs. WNT7B: r = − 0.9042, p = 0.0020, 
95% CI [− 0.9827, − 0.5499]; (5) KLF4 vs. GSK3B: r = − 0.8609, 
p = 0.0060, 95% CI [− 0.9744, − 0.3972]. These findings collectively 
indicated that paraquat exposure was correlated with the loss of po
tential transcriptional suppression of downstream inflammation- 
associated genes and subsequent inflammatory pathway activation in 
pulmonary injury.

4. Discussion

Paraquat, a widely utilized herbicide in China's agricultural sector, 
effectively controls weeds to reduce pest infestations, thereby enhancing 
crop productivity. However, acute paraquat poisoning remains preva
lent, predominantly resulting from accidental exposure or intentional 
ingestion, with a mortality rate ranking third among all types of pesti
cide poisoning [3]. Notably, the unique polyamine structure of lung 
tissue renders it the primary target for paraquat accumulation in the 
human body, triggering irreversible pulmonary damage such as acute 
lung injury and pulmonary fibrosis [8,9]. Clinically, paraquat poisoning 
exhibited multisystem involvement: its toxic components directly 
impaired mitochondrial function, leading to hepatocyte and renal cell 
necrosis, which manifested as elevated transaminases and acute renal 
failure [24]. It disrupted the blood-brain barrier via redox reactions and 
stress effects, inducing cerebral edema and neurodegenerative lesions 
[5]. Additionally, it directly eroded the gastrointestinal mucosa, causing 
hemorrhage and ulceration [25]. To date, no specific antidote for 
paraquat poisoning has been identified in domestic and international 
research. Consequently, extensive efforts are underway to develop novel 
therapeutic agents and intervention strategies based on its toxic mech
anisms, aiming to improve patient survival rates and prevent irrevers
ible organic damage or fatal outcomes.

Rationale for intraperitoneal injection. The intraperitoneal route was 
selected for three reasons. Firstly, prior studies [19,20] validated that 
the use of intraperitoneal injection established stable paraquat-induced 
pulmonary injury models, with results comparable to clinical severe 
poisoning (systemic drug distribution). Secondly, this study focused on 
the role of KLF4 in inflammatory pathways, requiring uniform pulmo
nary drug distribution, while intratracheal or intranasal routes may 
cause uneven local exposure. Thirdly, severe clinical paraquat poisoning 
involved drug entry into circulation via mucosal absorption, and intra
peritoneal injection mimicked this systemic distribution.

This study established a paraquat-induced poisoning model in mice 
to observe pathological changes of pulmonary injury and early pro- 

fibrotic responses. Results demonstrated that paraquat exposure 
induced significant toxic reactions and lung pathological changes in 
mice. Mice in the paraquat exposure group exhibited toxic symptoms 
including poor mental state, reduced appetite, dull and fluffy hair, and 
delayed response, which aggravated with increasing paraquat concen
tration. This was consistent with previous findings [26] showing 
dose-dependent behavioral changes (decreased activity, reduced food 
intake, and rough hair) in experimental animals after paraquat 
poisoning, possibly associated with paraquat-induced impairments in 
systemic metabolism and tissue function. Additionally, the lung W/D 
weight ratio was higher in the paraquat group than in the control group, 
with an increasing trend (non-significant) alongside elevated paraquat 
concentrations. This may be attributed to the subacute stage at 48 h 
post-modeling. As reported [27], early fat embolism syndrome (12-24 h) 
caused alveolar capillary barrier disruption and increased vascular 
permeability, leading to pulmonary edema and elevated W/D ratio. In 
contrast, fibroblast activation and collagen deposition during the 
fibrotic stage (>48 h) may reduce the W/D ratio. Our 48 h results 
aligned with this time-dependent pattern. HE staining revealed intact 
lung structure without exudation or inflammatory infiltration in the 
control group, whereas the paraquat exposure group showed 
dose-dependent pathological changes, including alveolar collapse, red 
blood cell exudation, interstitial edema, and neutrophil infiltration. 
Consistent with prior studies [28] demonstrating dose-dependent pul
monary injury (alveolar destruction, inflammatory infiltration, inter
stitial edema) after paraquat exposure, these findings suggested early 
inflammatory activation as a core mechanism of paraquat-induced 
pulmonary injury. Masson staining showed blue collagen fiber deposi
tion in paraquat-exposed lung tissues, with denser deposition at higher 
concentrations, confirming early pro-fibrotic responses. Mechanisti
cally, paraquat directly induced alveolar epithelial cell apoptosis and 
disrupted alveolar barriers [29]. Paraquat exposure activated TGF-β to 
promote fibroblast-to-myofibroblast differentiation and increase type 
I/III collagen secretion [30]. These results were consistent with our 
observations. ELISA and WB assays showed elevated levels of IL-6, 
TNF-α, and IL-1β in alveolar lavage fluid and lung tissues of 
paraquat-exposed mice, with significance at 30 mg/kg. As reported [31], 
paraquat poisoning increased pro-inflammatory factors (IL-6) to aggra
vate alveolar injury via inflammatory cascades. WB analysis of fibrotic 
markers showed upregulated α-SMA (myofibroblast marker), Vimentin 
(mesenchymal cell marker), and Collagen1 in paraquat groups, con
firming early pro-fibrotic responses. Consistent with prior study [32], 
α-SMA expression positively correlated with fibrosis severity, reflecting 
myofibroblast activation. Elevated Vimentin indicated enhanced extra
cellular matrix (ECM) remodeling [33]. Notably, no significant 
dose-effect relationship between paraquat concentration and fibrotic 
proteins was observed within 48 h, likely due to the chronic nature of 
fibrosis requiring longer observation periods for detectable protein 
metabolic changes. In conclusion, paraquat poisoning induced pulmo
nary injury and early pro-fibrotic responses in mice via inflammatory 
responses, activation of fibrotic signaling pathways, and collagen 
deposition, consistent with literature reports [34]. These findings pro
vided experimental basis for preventing and treating paraquat-induced 
pulmonary injury.

Bioinformatics analysis showed that PCA revealed distinct separa
tion between paraquat and control groups, validating the acute paraquat 
poisoning model in mice. DESeq2 R package analysis showed signifi
cantly downregulated KLF4 expression in the paraquat group. Cluster
Profiler R package-based KEGG enrichment analysis indicated DEGs 
significantly enriched in inflammation-related pathways (adjusted 
p < 0.01), including mitophagy, the Hippo signaling, and epithelial tight 
junctions. To screen potential KLF4 target genes, GeneCards database 
analysis showed that KLF4, KLF4, a Krüppel-like family transcription 
factor, regulated expression by binding CACCC sequences in target gene 
promoters. Human KLF4 gene is located on chromosome 9q31 [35], 
functioning in various physiological processes. KLF4 promoted tissue 
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development and homeostasis, critical for skin barrier development, and 
was involved in epithelial cell, bone, and kidney development [16]. It 
also regulated cell cycle by mediating p53-related pathways to partici
pate in G1/S transition after DNA damage [36]. KLF4 alleviated 
inflammation and oxidative stress by inhibiting pro-inflammatory fac
tors expression (NF-κB) and regulating antioxidant genes, to protect 
against oxidative damage [37]. In this study, pathway enrichment 
analysis of potential KLF4 target genes showed enrichment in 
inflammation-related pathways (Hippo signaling pathway and Wnt 
signaling pathway), suggesting KLF4 may regulate these pathways in 
inflammation. Based on this, we hypothesized that paraquat exposure 
correlated with KLF4 downregulation, which may link to the loss of 
potential transcriptional repression on downstream 
inflammation-related genes and the subsequent activation of pathways 
such as the Wnt signaling pathway, a change implicated in pulmonary 
tissue damage. To verify this, pathway topological analysis identified 
some core target genes (GSK3B, WNT7B and PRKACA), and key path
ways (Wnt signaling pathway and cytokine response), with WNT7B 
showing significant negative correlation with KLF4 (r = − 0.9042, 
p = 0.002). Paraquat poisoning was clinically challenging, with complex 
toxicity involving multiple pathway disorders [38]. The Wnt signaling 
pathway, regulating cell proliferation, differentiation, migration, and 
apoptosis, is divided into canonical Wnt/β-catenin and non-canonical 
pathways, with the former well-studied [39]. Study showed that para
quat dynamically regulated Wnt/β-catenin. In the acute phase, paraquat 
generated excessive reactive oxygen species (ROS) via redox cycling, 
inducing oxidative stress. High ROS oxidatively modified key molecules 
(β-catenin, GSK-3β) of the Wnt signaling pathway, activating GSK-3β to 
promote β-catenin degradation, and inhibiting Wnt signaling, exacer
bating inflammation, apoptosis, and tissue damage finally [40]. In the 
chronic fibrotic phase, paraquat activated Wnt/β-catenin to promote 
EMT, fibroblast activation, and extracellular matrix deposition [41]. 
These findings suggest Wnt signaling pathway regulation as a potential 
strategy to alleviate paraquat toxicity, such as activating Wnt/β-catenin 

to enhance antioxidant and anti-apoptotic capacities [42], which made 
its regulatory mechanism critical for understanding toxicity and devel
oping therapies. Box plots of core target genes (GSK3β, VDAC1, 
PRKACA, WNT7B) showed significant upregulation in the paraquat 
group (p < 0.01), with significant negative correlations with KLF4 
expression. Combined with the known transcriptional repressor function 
of KLF4, the reduction of KLF4 in paraquat-exposed mice correlated with 
the upregulation of these core target genes and the subsequent activa
tion of downstream pathways, a correlation that was consistent with the 
occurrence of pulmonary injury. VDAC1 (mitochondrial stress), a 
non-selective voltage-gated ion channel, mediates anion/cation trans
port across mitochondrial outer membrane and plasma membrane, 
binding signaling molecules (ceramides, phosphatidylcholines, choles
terol) [43]. PRKACA (inflammation amplification) encodes protein ki
nase A (PKA) catalytic subunit α, phosphorylating substrates in 
cytoplasm/nucleus to exert redox effects [44]. WNT7B (EMT driver) acts 
on Frizzled receptors, participating in canonical Wnt/β-catenin 
signaling [41]. Paraquat-induced KLF4 inactivation upregulated these 
core target genes, causing abnormal DNA repair, oxidative stress exac
erbation, and inflammation-fibrosis transition.

There were some limitations and future directions for this study. 
First, the current study only demonstrates a significant correlative as
sociation between KLF4 downregulation and inflammatory pathway 
activation in paraquat-induced pulmonary injury, and no definitive 
causal relationship has been confirmed. Correlation analyses (Fig. 4D–E) 
support the potential role of KLF4, but functional validation with KLF4 
overexpression/knockout mice is needed to confirm the causal rela
tionship between KLF4 and the expression of core target genes/inflam
matory markers. Second, the dynamic role of KLF4 in chronic pulmonary 
fibrosis is unclear. Therefore, further analysis extending the observation 
period to 14 days is vital to characterize KLF4's dynamic association 
with fibrosis markers. Third, screening for KLF4 agonists to test their 
therapeutic effects on paraquat-induced pulmonary injury will facilitate 
clinical translation, and future studies will also explore the specific 

Fig. 5. The KLF4-inflammatory pathway is associated with paraquat-induced pulmonary injury and early pro-fibrotic responses.
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regulatory mechanism of KLF4 on the Wnt signaling pathway in pul
monary injury.

To summarize, this study corroborated that paraquat induced pul
monary injury and early pro-fibrotic responses, with the 30 mg/kg 
treatment group showing the most stable and significant phenotypic 
changes. Bioinformatics analysis identified KLF4 as a key gene and 
inflammation-related pathways as potential associated pathways, sug
gesting that paraquat-induced pulmonary injury and early pro-fibrotic 
responses were associated with KLF4 downregulation and subsequent 
activation of pathways such as the Wnt signaling pathway (Fig. 5).
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