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Introduction: Phthalates (PAEs) are widely used plasticizers in polyvinyl chloride (PVC) products since the 1930s, and recent research indicates a significant association between exposure to these substances and the development and progression of asthma and chronic obstructive pulmonary disease (COPD). Understanding the underlying mechanisms is crucial due to their public health implications.Methods: In this study, we utilized innovative network toxicology and molecular docking techniques to systematically examine the effects of seven typical phthalates on asthma and COPD. By integrating information from multiple databases, we identified key target genes linked to these compounds and conducted functional enrichment analyses to elucidate their roles in pathological processes.Results: Our results demonstrate that these phthalates affect the pathogenesis of asthma and COPD by modulating various target genes, including PTGS2, MMP9, and CASP3, which are involved in essential biological pathways such as apoptosis and immune response. Interestingly, certain inflammation-related genes and signaling pathways displayed novel regulatory patterns when exposed to phthalates, revealing new pathological mechanisms. Molecular docking analyses further confirmed stable interactions between phthalates and essential target genes, providing molecular-level insights into their pathogenic mechanisms.Discussion: Overall, this study highlights the harmful impacts of these seven phthalates on asthma and COPD, establishing new connections between the compounds and disease-related genes, and emphasizing their relevance as emerging environmental toxins. These findings provide valuable perspectives for risk assessment and public health policy, underscoring the need for stricter regulations and interventions regarding phthalate exposure.Keywords: phthalates, asthma, COPD, network toxicology, molecular docking
1 INTRODUCTION
Di-phthalates, also known as phthalates (PAEs), are synthetic chemicals that have been utilized as plasticizers in polyvinyl chloride (PVC) products since the 1930s. PAEs are classified into two categories according to their molecular weight: low molecular weight phthalates (LMW) and high molecular weight phthalates (HMW). LMW phthalates, including dimethyl phthalate (DMP), diethyl phthalate (DEP), diisobutyl phthalate (DiBP), and di-n-butyl phthalate (DBP), are primarily used in decorative materials such as paints, varnishes, tiles, sealants, and welds. HMW phthalates, such as di (2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DiNP), and dioctyl phthalate (DOP), are primarily used in applications like construction, building materials, toys, and food packaging (Arbuckle et al., 2014; Kasper-Sonnenberg et al., 2014; Marie et al., 2015). In this paper, the above seven phthalates were selected for study. As phthalate plasticizers are physical, not chemically, bound to the polymer system, even minor environmental changes—such as variations in pH, temperature, pressure, exposure to irradiation, or contact with lipids—can increase the leaching, migration, or evaporation of phthalates from the plastic material into the surrounding environment, thereby presenting a potential risk to human health (Benjamin et al., 2015). The industrial uses, environmental behavior, and primary human exposure pathways of phthalates are determined by their physical and chemical properties. Human exposure to PAEs occurs through three main routes: inhalation, ingestion, and dermal absorption (Zhao et al., 2022). Various studies highlight the potential harmful effects of different exposure pathways on both human and animal health (Zhao et al., 2022; Brassea-Pérez et al., 2022).
Evidence linking phthalate exposure to increased risk of respiratory diseases (Berger et al., 2020). Phthalates have been associated with asthma, airway inflammation, and reduced lung function in an increasing number of epidemiological studies, with early studies of phthalate exposure and respiratory disease dating back to the 1970s (Polakoff et al., 1975). Asthma is identified as the most common chronic respiratory disease worldwide in the Global Burden of Disease study (GBD 2015 Chronic Respiratory Disease Collaborators, 2017), its main features include chronic airway inflammation, airway hyperresponsiveness, and airway remodeling. In recent years, the prevalence of asthma has gradually increased, and the number of asthma sufferers worldwide has reached 358 million, causing enormous health pressure and economic burden (Liye et al., 2024). Chronic obstructive pulmonary disease (COPD) is a chronic respiratory disease that shares certain characteristics with asthma. Both conditions are characterized by airway obstruction and chronic inflammation (Barnes, 2008). The pathological types are similar, often in the form of co-morbidities, and persistent airflow limitation leading to pulmonary ventilation dysfunction is a characteristic pathological change in COPD. A review of the literature reveals that the prevalence of COPD in adults over the age of 40 is estimated to be between 9 and 10 percent (Halbert et al., 2006). As indicated by data from the World Health Organization (WHO) in 2019, COPD represents the third leading cause of mortality on a global scale.
Increasing prevalence of Asthma and COPD likely influenced by environmental risk factors (Leynaert et al., 2019; Hulin et al., 2012). The relationship between phthalate exposure and respiratory diseases, particularly asthma, has been the subject of growing interest in recent years (Lee et al., 2020). Epidemiological data indicate a potential correlation between phthalate exposure and the development of childhood asthma and airway disease (Jurewicz and Hanke, 2011; Adgent et al., 2020; Odebeatu et al., 2019). The findings of a recent study indicate a correlation between urinary phthalate metabolites and the onset of asthma, thereby reinforcing the hypothesis that phthalate exposure may be a contributing factor in the development of this respiratory condition (Duh et al., 2023). In a separate study, exposure to specific phthalates (DEHP and DBP) was linked to an increased prevalence of COPD among a subset of COPD patients (Quirós-Alcalá et al., 2023). Based on various epidemiologic evidence, a safety assessment of phthalates for respiratory diseases is necessary.
To comprehensively examine the deleterious effects of seven phthalates on asthma and COPD, we employed network toxicology and molecular docking techniques. Network toxicology is the interdisciplinary integration of different scientific fields, including bioinformatics, big data analysis, genomics, and other related technologies (Tao et al., 2013). The objective is to construct a network of relationships between compounds, toxicity, and targets by utilizing multiple databases (Huang, 2024). It is recommended that the interactions and toxic pathways be visualized in order to provide a more comprehensive explanation of the toxic effects. In contrast to traditional toxicology, network toxicology has transformed the “one-target-one-drug” model into a novel paradigm of “multi-target-multi-drugs” (Li, 2016). Molecular docking is a computational technique that simulates complex binding patterns to protein targets, thereby elucidating potential mechanistic pathways that may be involved in the pathogenesis of asthma and COPD (He et al., 2024). There are many studies confirming that molecular docking technology can be used in the development of vaccines for cancer treatment (Nainwal et al., 2022; Nainwal et al., 2020; Nainwal et al., 2014) and infectious diseases (Nabi et al., 2022) with better results. There have also been studies utilizing molecular docking to find therapeutic interventional agents for respiratory systems such as COPD (Arora et al., 2022a). The objective of this study is to contribute to the advancement of knowledge regarding the treatment and prevention of respiratory diseases by employing advanced methodologies to elucidate the molecular mechanisms underlying the effects of phthalates on asthma and COPD.
2 MATERIALS AND METHODS
All the databases and access links used in this paper have been placed in Supplementary Table S1. Figure 1 shows the flowchart of the research program.
[image: Figure 1]FIGURE 1 | Flowchart for the analysis of this study.
2.1 Retrieval of chemical structure of plasticizers
The seven most common chemical constituents of plasticizers were identified through a comprehensive search of PubMed, Google Scholar, and other relevant databases.
2.2 Toxicity studies of plasticizers
Literature search for plasticizer-related respiratory diseases, especially asthma and COPD, using databases such as PubMed, Google Scholar, etc.
2.3 Acquisition of chemical structure
The SMILES structures of the seven main plasticizer components were searched in the PubChem database. Subsequently, the targets of these components were searched in other databases, including ChEMBL, STITCH, and SwissTargetPrediction. The target genes of these compounds were then extracted and assembled.
2.4 Acquisition of disease-related target genes
Download the relevant target genes in Genecards (screening genes is conditional on scoring more than 10 points), OMIM, and TTD databases. To take the concatenation set of these disease-related target genes. And take the intersection set with the previously obtained compound target genes to get the set of genes whose compounds may affect the disease. From there, subsequent analysis is performed.
2.5 Construction and enrichment analysis of protein interaction networks
The STRING database was employed to construct the relationship network of target genes for the major components of asthma, COPD, and plasticizers (confidence level set at 0.4). We then performed GO enrichment analysis to elucidate biological functions and KEGG enrichment analysis to identify biological pathways (all results were FDR-corrected, and a corrected P < 0.05 was considered significant for the analysis).
2.6 Core hub gene screening
We entered the intersecting genes representing potential targets for COPD and asthma pathogenesis into the STRING database, respectively. The confidence level was set to a medium confidence level of 0.4, and the interactions network data were acquired for subsequent screening of pivotal genes, as well as for PPI network interactions maps (in the Supplementary Material). The results obtained from STRING were subsequently imported into Cytoscape software (version 3.9.1), a network biology visualization and analysis tool, which calculated the parameters for each node in the network graph and visualizes the molecular interactions (Shannon et al., 2003; Otasek et al., 2019). In addition, we verified the hub genes of these PPI networks using the MCODE plugin.
2.7 Molecular docking of phthalates to hub genes
Molecular docking was employed to investigate the potential binding interactions between the seven phthalates and the core targets. The PDB files of the key genes were downloaded from the Protein Data Bank website (https://www.rcsb.org/) (Zardecki et al., 2022), and the PDB of the key genes were removed from water and ligand using MOE, and then repaired with SPDBV. Ligand sdf files from PubChem were converted to PDB format using OpenBabel and Discovery Studio. The PDB of seven phthalates and key genes were processed with AutoDock 4.2 (Morris et al., 2009) and MGLTools 1.5.6 software. Hydrogenation of phthalates was saved as pdbqt format, and the pdb hydrogenation and charge of key genes were saved as pdbqt format. The processed phthalates and key genes were applied to Lamarckian genetic algorithm to complete the docking calculations, the number of docking was 50 times, and at the end of the run, a series of energy clusters were formed. The docking model that best-optimized energy was selected for result analysis, and the docking-binding conformation was visualized using PyMOL (Delano, 2002).
2.8 Expression analysis of key genes involved in the effect of phthalates on asthma and COPD diseases
In order to quantify the differential expression of key genes for the effects of seven phthalates on asthma and COPD disease compared to normal control tissues, epithelial tissue, and alveolar lavage fluid data for asthma were obtained using data from the GEO database [including normal controls as well as asthmatics (GSE67472: 62 cases and 43 healthy controls; GSE143303: 47 cases and 13 healthy controls)], with alveolar lavage fluid from asthmatics being subdivided into those with mild-to-medium-severe asthma (GSE74986: 12 healthy controls, 28 moderate asthma and 46 sever asthma) as well as COPD playing a role in epithelial cell gene expression data [mainly including airway epithelial cell tissues from orthostatic controls as well as COPD patients (GSE10066: 27 cases and 13 healthy controls, GSE11906: 33 cases and 56 healthy controls, GSE19407: 22 cases and 47 healthy controls)]. Violin plots of gene expression, representing the distribution of expression levels for each gene across different sample types, were constructed using the “ggplot2” package. The Wilcoxon rank-sum test was then applied to evaluate the expression level differences between these sample types, with the corresponding p-values calculated.
3 RESULT
3.1 Chemical information of 7 plasticizers
The chemical formulae, molecular weights, and SMILES structure details of the seven plasticizers are shown in Supplementary Table S1.
3.2 Target genes for 7 chemical compounds
After integrating the data, we found that DEHP targeted 123 genes, DBP targeted 105 genes, DEP targeted 114 genes, DIBP targeted 136 genes, DINP targeted 109 genes, DMP targeted 114 genes, and DOP targeted 173 genes. Some of these genes were shared among the seven phthalates, suggesting that they may have common health effect hazards.
3.3 Screening of asthma and COPD-related target genes
A total of 7,294 genes associated with asthma and 2,840 genes associated with COPD were identified for further analysis. As illustrated in Figure 2, the intersection of these asthma-related genes with the target genes of DEHP yielded 93 genes, with DBP yielding 79, DEP yielding 84, DIBP yielding 92, DINP yielding 77, with DMP yielding 77, DOP yielding 96. The intersection of COPD-related genes with the target genes of DEHP yielded 64 genes, 51 with DBP, with DEP, 58 with DIBP, 49 with DINP, 55 with DMP, and 69 with DOP. These genes represent potential targets for plasticizer-related asthma and COPD (Figure 2). We followed up with a functional enrichment analysis of these genes to explore the possible pathways by which different phthalates affect a disease. Further validation of the potential of these genes in serving as biomarkers for asthma and COPD is needed.
[image: Figure 2]FIGURE 2 | Screening for genes shared between benzoic acid compounds and respiratory diseases (asthma and COPD). On the left are genes that COPD patients shared with seven phthalates. On the right are genes that asthma patients shared with seven phthalates.
3.4 Functional enrichment analysis of target genes
We further analyzed the relationship of seven compounds with asthma, and COPD target genes to analyze and construct networks. A comprehensive Gene Ontology (GO) analysis was also conducted to elucidate the biological functions of the genes. Additionally, a Kyoto Encyclopedia of Genes and Genes (KEGG) analysis was performed to further identify the biological pathways in which the genes are involved. Our analysis generated GO entries for asthma and COPD on seven compounds categorized into biological process (BP), cellular component (CC), and molecular function (MF). The GO entries were ranked in accordance with the false discovery rate (FDR) values, with the top 10 entries exhibiting the lowest FDR values in the biological BP, CC, and MF categories selected for visual representation in enrichment analysis plots. Additionally, we conducted a KEGG analysis on potential targets to ascertain their involvement in particular signaling pathways. Furthermore, we generated statistically significant bubble plots, which visually represent the top 30 pathways in reverse order of FDR values. Among them, regarding asthma, we found in the GO analysis that the Integral component of synaptic membrane was common to all six compounds except DOP; five compounds except DINP and DOP acted on asthma through Endopeptidase activity; four compounds, DBP, DEHP, DIBP, and DMP, shared the Endolysosome; and three compounds, DBP, DEP, and DIBP, acted on asthma through Adenylate cyclase−modulating G protein−coupled receptor signaling pathway. 7 compounds were found in KEGG to act in asthma through Neuroactive ligand−receptor interaction; Apoptosis was common to 6 compounds except DINP; 5 compounds except DINP and DOP acted in asthma through Pathways of neurodegeneration − multiple diseases; Endocrine resistance was common to 4 compounds, DBP, DEHP, DEP, DMP; DBP, DEHP, and DEP, act in asthma through Measles. Regarding COPD, GO analysis indicated that Vacuolar lumen was common to all 7 compounds; all 6 compounds except DINP acted in COPD via Endolysosomes; and Ficolin-1-rich granule lumen was common to all 3 compounds, DBP, DEHP, and DIBP. KEGG analysis indicated that all seven compounds acted via Neuroactive ligand-receptor interaction in COPD; 6 compounds except DINP acted in COPD through Apoptosis, Prostate cancer, and AGE-RAGE signaling pathway in diabetic complications; EGFR tyrosine kinase inhibitor resistance was common to 4 compounds DEP, DINP, DMP, and DOP; and DEP, DMP, and DOP 3 compounds had PL3K-AKT signaling pathway. Subsequently, we selected the top 2 pathways in BP, CC, and MF and the top 6 pathways in KEGG rankings to generate functional enrichment analysis tables for asthma (Supplementary Table S2) and COPD (Supplementary Table S3), respectively, and refer to the Supplementary Material for complete results.
3.5 Construction of protein interaction networks and screening of core targets
A protein-protein interaction network (PPI) was constructed using the STRING database, with nodes (representing genes) arranged in concentric circles based on their rank, which was determined by the composite centrality metric. Raw analytical data from the PPI were processed using Cytoscape software to create an optimized visualization of the protein-protein interaction network graph (Figures 3A, 4A). The size and color of the nodes reflect their respective degree values, with larger and more vibrant nodes indicating higher degrees. By analyzing the connectivity patterns and interactions within this network, provided insights into the interactions between seven different phthalates and COPD and asthma causative genes, respectively. Figure A represents the analysis of the hub genes for the interaction of the seven compounds and asthma, which revealed that the major hub genes for DBP were PTGS2, ESR1, and CASP3; for DEHP, CASP3, MMP9, BCL2, CCND1, MTOR, PPARG, and BCL2L2; for DEP, the major hub genes were EGFR, TLR4, ACE, and GSK3B; the major hub genes for DIBP were EGFR, CASP3, STAT3, MMP9, and PTGS2; the major hub genes for DINP were EGFR, CASP3, and PTGS2; the major hub genes for DMP were CASP3, EGFR, TLR4, CTSB, and JAK2; the major hub genes for DOP were BCL2, IL 10, HIF1A, PPARG, GSK3B, and PTGS2. We can find that some of the core genes are duplicated between different phthalates. Figure B represents the analysis of the hub genes for the action of the seven compounds and COPD, and it was found that the main hub genes for DBP were PTGS2, ESR1, and CASP3; the main hub genes for DEHP were CASP3, MMP9, BCL2, BCL2L1, MTOR, and PPARG; the main hub genes for DEP were CASP3, BCL2, MMP9, and CCND1; the major hub genes of DIBP are EGFR, CASP3, STAT3; the major hub genes of DINP are EGFR, CASP3, PTGS2, and MAPK14; the major hub genes of DMP are CASP3, EGFR, and TLR4; and the major hub genes of DOP are CASP3, BCL2, IL 10, and HIF1A. We can also find that the major genes in phthalates affecting COPD are also duplications between different types. And the main acting genes of phthalates affecting asthma and COPD are also duplications, suggesting that the compounds may have similar biological effects on the diseases.
[image: Figure 3]FIGURE 3 | Identification of pivotal genes for the effects of phthalates on asthma. (A) Hub gene analysis of 7 phthalates affecting asthma. The closer the color to red and the larger the circle, the more important function of the gene. (B) The results of molecular docking of CASP3, PTGS2, EGFR and MMP9 with some phthalates are mainly shown. The orange represents the ligand, also known as the phthalate, the green represents the amino acid that binds to it, and the dotted line represents the hydrogen bond. (C) Differences in the expression of major asthma hub genes in normal and asthmatic lung epithelial tissue and in asthmatic alveolar lavage fluid were demonstrated. In GSE67472 and GSE143303 G1 represented normal lung epithelial tissue and G2 represented epithelial tissue from asthmatic patients. In GSE74986 G1 represented normal alveolar lavage fluid, G2 represented moderate asthma, and G3 represented alveolar lavage fluid from severe asthma. The Wilcoxon test was used to compare the two groups and the Kruskal–Wallis test was used to compare the three groups. P < 0.05 was considered statistically different.
[image: Figure 4]FIGURE 4 | Identification of pivotal genes for the effects of phthalates on COPD. (A) Hub gene analysis of 7 phthalates affecting COPD. The closer the color to red and the larger the circle, the more important the function of the gene. (B) The molecular docking of ESR1 as well as PPARG and CTSB with DBP, DOP, DMP and CTSB were mainly demonstrated. (The duplicates have been shown in Figure 3.). (C) Expression of major pivotal genes in COPD lung epithelium and healthy lung epithelium. In all 3 datasets, G1 represents normal lung epithelium and G2 represents COPD lung epithelial tissue.
3.6 Molecular docking analysis of seven phthalates with hub genes
In total, we performed molecular docking of seven phthalates and major hub genes. And the minimum number of dockings was set to 50. The binding energy is below −1.2 Kcal, which we consider to be a more stable binding state. There are a total of 38 docking results, with the left side of each figure showing the spatial binding structure of the protein and the specific compound, and the right side showing the detailed binding interactions and binding amino acids between the compound and the protein. We mainly presented the molecular docking results of the major hub genes for asthma, such as CASP3, PTGS2, EGFR, and MMP9 (Figure 3B), as well as the major hub genes for COPD, ESR1, PPARG, and CTSN (Figure 4B), with some of these phthalates (The detailed spatial structure of all dockings can be found in the Supplementary Material). We found that CASP3 binds to all seven phthalates with the lowest binding energy of −5.42 Kcal, with the same binding regions for DEHP and DOP, and the same binding regions for DEP and DMP in CASP3. Similarly, BCL2 binds to DEHP, DEP and DOP, with DEP being the most stable binding with a binding energy of −6.01 Kcal. and all three phthalates share the same binding site for BCL2. EGFR binds to all five phthalates except DBP and DEHP with binding energies below −1.2Kcal, with the same binding structural domains for DEP and DMP, and the same binding structural regions in EGFR for DIBP and DINP and DOP. The phthalates with the hub genes, binding profiles, binding energies and active amino acids are listed in Table 1.
TABLE 1 | Summary of binding energies and bound amino acids for molecular docking.
[image: Table 1]3.7 Transcriptome analysis of key genes involved in the effects of phthalates on asthma and COPD disease
The acquired transcriptomic data were utilized for further expression analysis of the hub genes. A total of 6 GEO expression datasets were obtained, including respiratory epithelial cells from asthma patients and healthy control respiratory epithelial cells; and alveolar lavage gene expression data from normal control and asthma. The other three COPD data were all respiratory epithelial cell gene expression data from normal and COPD patients. In asthma we identified 16 core genes for phthalates, CASP3 was upregulated in two datasets in play epithelial cells, PTGS2 was upregulated only in GSE143303 but had a tendency to be upregulated in GSE67472, and CCND1 was downregulated in play epithelial cells; in combination with the alveolar lavage fluid data we found that TLR4, ESR1, PTGS2, IL10, IL10, TLR4, ESR2, and IL10 were not upregulated in play epithelial cells, and we found that TLR4 was upregulated in play epithelial cells. PTGS2, IL10, CTSB, JAK2, and MTOR were significantly downregulated in alveolar lavage fluid with increasing asthma severity, while MMP9, GSK3B, BCL2, EGFR, and CCND1 were upregulated. In COPD we finally identified a total of 13 hub genes with significant roles. In the three COPD datasets, the majority of gene expression trends exhibited consistency, with PPARG and MMP9 being upregulated in COPD airway epithelial cells. Additionally, ESR1, CTSB, and CASP3 were found to be upregulated in airway epithelial cells in two of the datasets, while BCL2 demonstrated downregulation; PTGS2, TLR4, IL10, and MTOR upregulated only in one of the datasets in play upregulated in epithelial cells and downregulated in EGFR. Specific statistical differences can be seen in the significance of difference markers of Figures 3C, 4C. A comparison of differences in all hub genes can be found in Supplementary Figure S1.
4 DISCUSSION
The increasing incidence of asthma and chronic obstructive pulmonary disease (COPD) has heightened concerns about environmental factors, especially the impact of phthalate esters like di (2-ethylhexyl) phthalate (DEHP). Existing approaches have focused mainly on epidemiologic studies and toxicologic assessments, but gaps remain in understanding the molecular mechanisms by which phthalates affect respiratory health. This study used a network toxicology approach to elucidate the relationship between seven phthalates and respiratory diseases, specifically asthma and chronic obstructive pulmonary disease (COPD).
We performed hub targets screening for contaminants acting on diseases using chemoinformatic tools and molecular docking in computer-aided drug design (CADD) (Wadood et al., 2013). Computer-assisted drug design has been more helpful, for example, the application of molecular docking techniques in asthma can identify the target of action between the therapeutic drug and the disease (Arora et al., 2022b); in addition it can also help in subsequent pharmacological analyses (Arora et al., 2022c; Arora and Mesua ferrea, 2021). In our study, exposure to these phthalates was found to result in altered gene expression associated with inflammatory responses and airway hyperresponsiveness. The significance of this study lies in the identification of key pivotal genes that mediate the toxic effects of phthalates on respiratory health, providing new insights into the relevant molecular pathways. By combining chemical composition analysis with protein interaction networks, this study contributes to a more comprehensive understanding of how phthalates exacerbate respiratory diseases, thereby informing future prevention strategies and regulatory policies.
Asthma and COPD share similar pathophysiological processes in their development, primarily involving inflammation, oxidative stress, apoptosis, and changes in immune responses (Barnes, 2008). Prostaglandin-Endoperoxide Synthase 2 (PTGS2) plays a significant role in asthma and COPD, and its upregulation results in the production of mediators such as prostaglandins and further promotes airway inflammation, increasing symptoms of allergic asthma as well as exacerbations of COPD (Bao et al., 2022; Huang et al., 2024). Our study identified a strong association between four phthalates—DBP, DIBP, DINP, and DOP—and PTGS2. These phthalates were found to be upregulated in bronchial epithelial cells in both asthma and COPD. However, bronchoalveolar lavage analysis revealed a significant decrease in PTGS2 levels in moderate and severe asthma cases. The complexity of the role of inflammation in asthma is suggested and needs to be explored more fully. Matrix metalloproteinase 9 (MMP9), as a disease marker in COPD has been supported by evidence (Dimic-Janjic et al., 2023),Its upregulation has also been shown to be associated with the degree of asthma inflammation (Yan et al., 2024). In asthma DEHP, DIBP were strongly associated with MMP9,and in COPD DEHP, DEP, DIBP were associated with MMP9. The transcriptome found significantly elevated MMP9 in bronchial epithelium in asthma and COPD, and alveolar lavage fluid in asthma also confirmed significant upregulation of MMP9 in moderate and severe asthma. The findings highlight the significant role of DEHP and DIBP in influencing both asthma and COPD. Among the cysteine proteases, caspase-3 plays a crucial role in regulating apoptosis, and the pathogenesis and pathophysiology of both asthma and COPD are closely linked to apoptotic processes (Pandey et al., 2017). In asthma, all phthalates except DOP exert their toxic effects via CASP3; in COPD, all phthalates exert their toxic effects via CASP3, showing that phthalates share a common mechanism of toxicity in both asthma and COPD. CASP3 is markedly overexpressed in bronchial epithelial cells in patients with asthma and COPD, but is not significantly altered in alveolar lavage fluid of asthma patients. B-cell lymphoma 2 (BCL2) is mainly an anti-apoptotic protein and is involved in the biological process of apoptosis in asthma and COPD. B-cell lymphoma 2 (BCL2) is primarily an anti-apoptotic protein, and apoptotic biological processes are involved in asthma and COPD (Jin et al., 2019; Liu et al., 2023). Our analysis also revealed that BCL2 was downregulated in bronchial epithelium in asthma and COPD, although no statistically significant difference was observed between asthma patients and normal controls. The results of our analysis revealed that DEHP, DOP affected asthma through BCL2, whereas DEHP and DEP and DOP affected COPD through BCL2. Interestingly, in alveolar lavage fluid, BCL2 was elevated in asthmatics with increasing asthma severity, which may be related to inhibition of apoptosis by BCL2, increasing the risk of severe asthma cancer. Estrogen Receptor 1 (ESR1) is an important intranuclear receptor involved in the regulation of cellular responses to estrogen, with implications for immune responses and inflammatory processes. ESR was downregulated in bronchial epithelial tissues of asthma (with no statistically significant difference compared to normal controls), and decreased in alveolar lavage fluid with increasing disease severity, suggesting that downregulation of ESR1 may be associated with the anti-inflammatory effects may be related to the weakening of the anti-inflammatory effects of estrogen. However, it is upregulated in bronchial epithelial tissues in COPD, which may suggest that the main role of ESR1 in COPD is to play a role in remodeling rather than inflammation. Our findings that DBP exerts its toxic effects through ESR1 in both asthma and COPD are of value for further detailed exploration. CTSB, on the other hand, may have a similar role to ESR1, which is downregulated in alveolar lavage fluid in severe asthma as well as upregulated in bronchial epithelial cells in COPD. Only DMP acts through CTSB in both diseases. CTSB shows different modulation patterns in COPD and asthma, reflecting the different pathophysiological processes of the two diseases. In COPD, the upregulation of CTSB may be related to long-term chronic inflammation and airway remodeling, whereas the downregulation of CTSB in asthma may be related to specific allergic response mechanisms and protective regulation. Mammalian target of rapamycin (MTOR) is a key signaling protein that plays a crucial role in various physiological processes, including cell growth, proliferation, metabolism, and autophagy. Its associated signaling pathway is related to T cell differentiation, and chronic inflammation and plays a role in remodeling (Arora et al., 2024). DEHP may act through MTOR in asthma and COPD and participate in asthma inflammation and airway remodeling in COPD. Transcriptome analysis confirmed that upregulation of MTOR was also found in bronchial epithelial cells in asthma and COPD. There are also some genes whose expression is more interesting and needs to be explored in more depth. Toll-like receptor 4 (TLR4), whose upregulation is associated with increased inflammation in asthma (Yang et al., 2024). However, we found that TLR4 was significantly decreased in alveolar lavage fluid in severe asthma, which may be due to the fact that in the inflammatory milieu of severe asthma, some inhibitory factors may be produced, which can downregulate the expression of TLR4. These factors may include some anti-inflammatory cytokines or other regulatory factors. Epidermal Growth Factor Receptor (EGFR), was significantly upregulated in severe asthma but significantly decreased in bronchial epithelial cells in COPD. We suggest that airway inflammation is particularly prominent in patients with severe asthma and that the upregulation of EGFR may be a response to inflammatory mediators such as cytokines. The activation of EGFR stimulates the proliferation of airway smooth muscle cells, collagen deposition, and the progression of airway remodeling. This may also be a mechanism for the transition from asthma to COPD.
As well as the above hub genes that are common to both asthma and COPD, there are also hub genes that are unique to each condition. Cyclin D1 (CCND1), a unique hub gene for DEHP action in asthma, is associated with the rest of the cell cycle, and its upregulation would further increase potentially exacerbate airway wall thickening and airway remodelling. We found that CCND1 upregulation in alveolar lavage fluid was positively associated with asthma severity. However, the expression of CCND1 is markedly reduced in the bronchial epithelial cells of individuals with asthma in comparison to those without the condition. One possible mechanism is that asthmatics are in a state of prolonged oxidative stress, which may block the cell cycle, but CCND1 in alveolar lavage fluid is synthesised by a different cell and therefore the total expression is higher. Glycogen synthase kinase 3β (GSK3B), whose elevation has been shown to be associated with asthma (Noori et al., 2019). DSK3B is a unique hub gene for DOP action in asthma, and there is no literature linking the two that is valuable to study in depth. Our analyses also found that GSK3B was upregulated in bronchoalveolar lavage fluid in asthma and positively correlated with asthma severity. Janus kinase 2 (JAK2), a unique hub gene for DMP, is an important regulator associated with asthma inflammation (Zhang et al., 2024). Although its upregulation was associated with increased inflammation in asthma, our analysis revealed that JAK2 was significantly decreased in both asthmatic bronchial epithelium and alveolar lavage fluid in severe asthma, which is inconsistent with the current study and suggests that the mechanism of action is complex.
Limitations of this study stem mainly from the reliance on a methodology that, while useful, may not entirely capture the complexity of biological systems in vivo. In addition, the selection of phthalates analyzed was not comprehensive; future studies should consider a broader range of compounds to cover potential synergistic effects. In addition, variations in individual susceptibility to respiratory diseases may not have been adequately accounted for, suggesting that further longitudinal studies are required to validate the findings.
5 CONCLUSION
This investigation clarified the detrimental effects of seven phthalates on respiratory diseases, especially asthma and chronic obstructive pulmonary disease (COPD), and established the epidemiological relevance of these conditions. Using network toxicology, the study identified key genes affected by phthalates, highlighting their involvement in protein interaction networks, thereby emphasizing disease mechanisms. The analysis of key gene expression further validated the harmful impact of these chemicals on respiratory health. This study has greatly contributed to the understanding of environmental toxins in respiratory diseases by emphasizing the need for regulatory review of phthalates and advocating for strengthened public health policies to reduce exposures and protect susceptible populations.
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