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Plasticizers, such as dimethyl phthalate (DMP), diethyl phthalate (DEP), and dioctyl phthalate (DOP), 
are ubiquitously used in industrial products but pose potential hepatotoxic risks. This study employs 
network toxicology, molecular docking, and molecular dynamics (MD) simulations to investigate the 
molecular mechanisms underlying plasticizer-induced liver damage.  The potential targets of DMP, 
DEP, and DOP were predicted using multiple databases (ChEMBL, STITCH, etc.), and liver damage-
related genes were retrieved from GeneCards, OMIM, and DisGeNET. Overlapping targets were 
identified through Venn diagrams. A protein-protein interaction (PPI) network was constructed using 
STRING and Cytoscape, with hub genes prioritized by the Maximal Clique Centrality(MCC) algorithm. 
Functional enrichment analysis (GO/KEGG) was performed to identify and characterize key pathways. 
Molecular docking (AutoDock Vina) and MD simulations (AMBER18) were used to validate interactions 
between plasticizers and key targets.  A total of 100 overlapping targets were identified, with KRAS, 
KIT, LCK, NR3C1, and FLT1 emerging as hub genes. Enrichment analysis highlighted pathways 
including PI3K-Akt, Ras signaling, and proteoglycans in cancer. Molecular docking revealed stable 
interactions between FLT1-DEP/DMP and KIT-DOP, supported by MD simulations showing low RMSD/
RMSF values.  This integrative approach identifies critical targets (e.g., FLT1, KIT) and pathways (e.g., 
PI3K-Akt/Ras) that mediate plasticizer hepatotoxicity, providing novel insights into mechanistic 
pathways and potential therapeutic targets.
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Plasticizers, a class of polymeric chemical additives widely used in industrial manufacturing, are designed to 
enhance the processability and mechanical properties of plastics. By increasing material pliability and resilience, 
these compounds significantly broaden the application scope of plastic products across diverse sectors, from 
medical devices to food packaging1,2. Among them, Dimethyl phthalate (DMP), Diethyl phthalate (DEP), and 
dioctyl phthalate (DOP) are most commonly used (Table 1)3,4. In the era of advanced industrialization and 
modernization, plastic-derived products have become ubiquitous and indispensable in daily life. However, 
the lipophilic nature and environmental persistence of these compounds not only facilitate their widespread 
application but also contribute to their bioaccumulative potential in both biological systems and ecosystems5. 
A growing body of evidence indicates that certain plasticizers may elicit a spectrum of adverse health effects 
upon human exposure, particularly manifesting hepatotoxic consequences6,7. This study employs an integrative 
approach that combines network toxicology, molecular docking, and molecular dynamics (MD) simulations to 
systematically unravel the mechanistic underpinnings of plasticizer-induced liver damage.
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Materials and methods
Underlying targets of plasticizers and liver damage
The standard structures and Simplified Molecular-Input Line-Entry System (SMILES) notations of DEP, 
DMP, and DOP were identified by querying PubChem8. Using the retrieved structures, potential molecular 
targets of DEP, DMP, and DOP were predicted through multiple databases, including ChEMBL 33, STITCH, 
SwissTargetPrediction, Similarity Ensemble Approach (SEA), and PharmMapper. The structural consistency 
of the search results was carefully examined and compared. Potential targets identified from the searches were 
consolidated, and duplicates, including redundant ChEMBL IDs and STITCH codes, were removed. The target 
names were standardized using the UniProt database.

Targets associated with Liver damage were collected by searching the GeneCards, OMIM, and DisGeNET 
databases using the keyword “Liver damage.” Additionally, Venn diagrams were employed to identify common 
potential targets between “Plasticizers” and “Liver damage,” with the overlapping targets considered as the key 
candidates for further analysis.

Construction of protein-protein interaction (PPI) network and target clustering analysis
The STRING (https://string-db.org)9 database was utilized to construct a protein-protein interaction (PPI) 
network of functionally related targets and to extract general data on candidate targets. The confidence score for 
protein interactions was set to a value greater than 0.4. Using Cytoscape 3.9.1 software (https://cytoscape.org/), 
the general data were employed to construct molecular pathway networks depicting the toxicity mechanisms 
of DEP, DMP, and DOP in Liver damage. The top ten hub genes were identified using the Maximal Clique 
Centrality (MCC) algorithm and degree ranking within the Cytoscape software.

Functional enrichment analysis
The key target genes were subjected to Gene Ontology (GO) biological process and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analyses using R version 4.0.5. The results were subsequently 
visualized for comprehensive interpretation10–12.

Molecular docking and MD simulation
The top five genes ranked by degree in the PPI network were selected for molecular docking with DEP, DMP, 
and DOP. We performed molecular docking of DEP, DMP, and DOP with the top five targets using AutoDock 
1.5.7, PyMOL, and Chem3D 14.0. First, we downloaded the PDB crystal structures of the target proteins from 
RCSB (https://www.rcsb.org/). Then, we used PyMOL to remove the solvents/organic molecules (and extract 
one monomer if the protein was a multimer), saving the resulting structures as PDB files. Next, we imported 
ligand-receptor complexes into AutoDock 1.5.7 for hydrogenation (saving as PDBQT for docking), set the active 
pocket to cover most of the receptor (recording its coordinates), and ran docking 20 times via Vina (saving 
output as a txt file). The resulting PDBQT file was optimized in PyMOL to get the final docking conformation. 
Finally, we used R 4.0.5 to make a heatmap of binding energies and PyMOL to visualize docking structures13–15.

Table 1.  Chemical information of three plasticizers.

 

Scientific Reports |        (2025) 15:42333 2| https://doi.org/10.1038/s41598-025-26361-x

www.nature.com/scientificreports/

https://string-db.org
https://cytoscape.org/
https://www.rcsb.org/
http://www.nature.com/scientificreports


We used the AMBER18 software package to carry out the MD simulations. For the plasticizers, we set their 
parameters using the ANTECHAMBER module and GAUSSIAN09 software16,17. When processing the proteins, 
we used the FF14SB force field, while the GAFF2 force field was applied to the plasticizers. The addition of 
hydrogen atoms and sodium ions to protein-ingredient complexes was accomplished in the LEaP module to 
ensure overall charge neutrality. The proteins were solvated using a three-point water model in a dodecahedron 
box with dimensions of 1 nm in all directions. The energy minimization (EM) phase used the steepest descent 
integrator, terminating when the maximum force dropped below 10.0 kJ/mol. The system was equilibrated using 
Canonical (NVT) and Isobaric (NPT) for 100 picoseconds. During the MD simulation phase, we set the time 
step to 2 fs and simulated a total of 200 ns. Trajectories were recorded every 10 ps.

Result
Identification of the underlying targets of plasticizers and liver damage
A total of 347 targets of plasticizers were initially identified through ChEMBL, STITCH, Swiss Target Prediction, 
the SEA, and PharmMapper. 2,513 liver damage-associated targets were curated from the GeneCards, OMIM, 
and DisGeNET databases. After integrating and deduplicating these datasets, 100 overlapping targets were 
identified as potential mediators of plasticizer-induced liver toxicity (Fig. 1A and B).

Construction of PPI network and identification of hub genes
The 100 potential targets associated with plasticizer-induced liver damage were analyzed using the STRING 
database to generate a PPI network. Subsequently, the PPI network was subjected to cluster analysis via the 
MCODE plugin in Cytoscape (v3.9.1), which identified the top five hub targets as KRAS, KIT, LCK, NR3C1, 
and FLT1 (Fig. 2).

Fig. 1.  Targets of plasticizers and liver damage. (A) Potential targets of plasticizers (B) Venn diagram of the 
targets of plasticizers and Liver damage.
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Functional enrichment analysis
Functional enrichment analysis of the 100 potential targets was conducted through GO and Kyoto Encyclopedia 
of KEGG assessments. GO analysis revealed significant associations with biological processes (BP), cellular 
components (CC), and molecular functions (MF), including wound healing, positive regulation of kinase 
activity, vesicle lumen, protein tyrosine kinase activity, and endopeptidase activity. KEGG pathway enrichment 
demonstrated prominent involvement in the PI3K-Akt signaling pathway, Ras signaling pathway, proteoglycans 
in cancer, and checkpoint regulation in cancer (Fig. 3A,B).

Molecular docking and MD simulation
Integration of KEGG pathway enrichment and network analysis results prioritized five hub targets (KRAS, KIT, 
LCK, NR3C1, FLT1) for molecular docking with core plasticizer components. Fifteen docking complexes were 
systematically evaluated and visualized via a binding energy heatmap (Fig. 4). Notably, FLT1-DEP, FLT1-DMP, 
and KIT-DOP exhibited the lowest binding energies, indicating the most stable molecular interactions. Both 2D 
and 3D views of the docking modes show how van der Waals, electrostatic, hydrogen bonding, and hydrophobic 
interactions contribute to the total binding energy  (Table  2). FLT1-DEP: Total binding energy = -6.1  kcal/
mol, with LYS861 and VAL909 as key residues (mainly contributing through van der Waals and electrostatic 

Fig. 3.  Functional enrichment analysis of intersecting target genes. (A) GO enrichment analysis of public 
target genes. (B) KEGG enrichment analysis of intersecting target genes.

 

Fig. 2.  Hub targets of plasticizers and liver damage.
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effects).FLT1-DMP: Total binding energy = -6.0 kcal/mol, with ASP1040 and VAL909 as key residues (mainly 
contributing through van der Waals and electrostatic effects).KIT-DOP: Total binding energy = -7.7 kcal/mol, 
with VAL654 and LYS623 as major contributors (mainly through van der Waals and electrostatic impact).

To further validate the precise binding mechanisms and interaction stability, MD simulations were performed 
on the three prioritized complexes. Root Mean Square Deviation (RMSD) analysis revealed minor fluctuations 
across all systems, with all complexes achieving equilibrium stability after 75 ns. Complementarily, Root Mean 
Square Fluctuation (RMSF) analysis was employed to assess residue-level flexibility and active site dynamics over 
a 200 ns time frame. The RMSF profiles demonstrated that FLT1-DEP, FLT1-DMP, and KIT-DOP complexes 
exhibited low flexibility stabilization, particularly at critical active site residues, suggesting strong ligand-induced 
structural rigidity (Fig. 5A,B).

Discussion
In this study, we employed a combination of computational methods to investigate how exposure to plasticizers 
may lead to liver damage at the molecular level. We identified 100 key targets that are linked to both plasticizers 
and liver damage. This finding not only demonstrates that plasticizers act on multiple targets (instead of just 
one) but also helps connect environmental chemical exposure to the actual biological changes that cause liver 
problems. Next, we’ll discuss how these findings fit into the broader context of toxicology research, examine the 
implications of our methods for future studies, and suggest specific steps that can be taken to explore this topic 
further.

Hub targets as drivers of liver damage
The prioritization of KRAS, KIT, LCK, NR3C1, and FLT1 as top hub targets aligns with their documented 
roles in liver injury cascades. KRAS, a linchpin of the PI3K-Akt and Ras pathways, is a known mediator of 
chemically induced hepatic fibrosis via TGF-β/Smad3 activation and extracellular matrix remodeling18,19. Its 
prominence in our network suggests that plasticizers may mimic pro-fibrotic stimuli, exacerbating parenchymal 
damage. FLT1 (VEGFR1), exhibiting the strongest binding affinities with DEP/DMP, emerged as a critical node 
in both docking and dynamics analyses. FLT1’s role in regulating sinusoidal endothelial permeability implies 
that plasticizer binding could disrupt hepatic vascular integrity, potentiating hypoxia-driven injury20–23. KIT’s 
interaction with DOP highlights stem cell factor (SCF)/KIT signaling in hepatic progenitor cell activation—a 
double-edged sword mediating both regenerative responses and fibrotic scarring24–26.

Pathway convergence: from toxicity to carcinogenesis
The enrichment of PI3K-Akt, Ras, and cancer-related pathways unveils a striking overlap between plasticizer 
toxicity and oncogenic signaling27–30. The PI3K-Akt pathway, a master regulator of cell survival and proliferation, 
is frequently hyperactivated in hepatocellular carcinoma (HCC)31–33. Our findings suggest that chronic exposure 
to plasticizers may mimic growth factor signaling, thereby creating a pro-oncogenic microenvironment. The 
prominence of wound healing and kinase activity regulation in GO terms may reflect compensatory hepatocyte 
repair mechanisms34,35. However, sustained activation of these processes under plasticizer burden could drive 
maladaptive remodeling36,37.

Fig. 4.  The binding free energy of molecular docking.
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Molecular docking and MD simulation
Molecular docking and MD simulations helped us understand how plasticizers (DMP, DEP, DOP) interact with 
key targets, supporting the links we identified through network analysis. In docking tests with AutoDock Vina, 
FLT1 stuck strongly to DEP and DMP, while KIT formed stable pairs with DOP. These results matched the 
targets that were most important in the PPI network. The low binding energies for these pairs tell us these 
interactions aren’t random.

To check if these docking results hold up in real conditions, we did MD simulations with AMBER18 on the 
top three complexes. We set up the simulations to mimic the body’s environment, using FF14SB for proteins, 
GAFF2 for plasticizers, and TIP3P for water. The results showed all complexes settled into a stable state within 
75 ns. Low RMSD values indicated that their structures didn’t change significantly over time. Additionally, 
the active parts of FLT1 and KIT exhibited low RMSF values, indicating that plasticizers made these areas less 
flexible. This stability and reduced flexibility support the docking findings: these plasticizer-target interactions 
aren’t short-lived. They may remain in the body, disrupting normal protein function and contributing to liver 
damage through pathways such as PI3K-Akt and Ras signaling. Together, docking and MD simulations suggest 
that FLT1, KIT, and their related pathways may play a crucial role in how plasticizers harm the liver.

Methodological innovations and limitations
Our framework advances toxicological screening by unifying network pharmacology with dynamics validation 
and prioritizing KEGG-driven targets. However, limitations necessitate caution, including database bias, 
metabolite oversight, and cell type specificity.

Table 2.  Three best molecular docking (2D and 3D interactions) of plasticizers with targets.
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Translational implications and future directions
The FLT1-DEP/DMP and KIT-DOP complexes represent high-priority candidates for biomonitoring. Small-
molecule inhibitors of KRAS or FLT1 could be repurposed to mitigate the toxicity of plasticizers. Future work 
should focus on multi-omics validation, dynamic exposure modeling, and interspecies extrapolation.

Conclusion
In conclusion, this research integrates network toxicology, molecular docking, and molecular dynamics 
simulations to systematically explore the hepatotoxic mechanisms of plasticizers (DMP, DEP, DOP). A total of 
100 overlapping targets between plasticizers and liver damage were identified, with KRAS, KIT, LCK, NR3C1, 
and FLT1 emerging as key hub genes. Functional enrichment analysis emphasized the involvement of the PI3K-
Akt and Ras signaling pathways, suggesting a potential association between plasticizer exposure and pro-fibrotic 
or oncogenic processes. Molecular docking and MD simulations further verified strong and stable interactions 
between FLT1-DEP/DMP and KIT-DOP, indicating that these complexes may play crucial roles in disrupting 
hepatic function. These findings lay a mechanistic foundation for understanding plasticizer-induced liver injury 
and highlight potential therapeutic targets for intervention. Future research should incorporate experimental 
validation and more comprehensive toxicological assessments to confirm these computational findings.

Data availability
All data supporting the findings of this study are available within the paper and its Supplementary Information.
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