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A B S T R A C T

The objective of this study was to investigate the potential carcinogenic toxicity and mechanisms
of PFAS in thyroid, renal, and testicular cancers base on network toxicology and molecular
docking techniques. Structural modeling was performed to predict relevant toxicity information,
and compounds and cancer-related targets were screened in multiple databases. The interaction
of PFAS with three cancers and their key protein targets were explored by combining protein
network analysis, enrichment analysis and molecular docking techniques. PFOA, PFOS, and
PFHXS exhibited significant carcinogenic and cytotoxic effects. These compounds may induce
cancer by mediating active oxygen metabolism and the transduction of phosphatidylinositol 3-ki-
nase/protein kinase B signaling pathway through genes such as ALB, mTOR, MDM2, and ERBB2.
Furthermore, the underlying toxic mechanisms may be linked to the pathways in cancer, chemical
carcinogenesis through reactive oxygen species/receptor activation, and the FoxO signaling
pathway. The results contribute to a comprehensive understanding of the effects of these envi-
ronmental pollutants on genes, proteins, and metabolic pathways in living organisms. It revealed
their toxicity mechanisms in inducing thyroid, renal, and testicular cancers, and provided a solid
theoretical foundation for designing new environmental control strategies and drug screening
initiatives. Additionally, the integrated application of network toxicology and molecular docking
technology can enhance our understanding of the toxicity and mechanisms of unknown envi-
ronmental pollutants, which is beneficial for protecting the environment and human health.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are synthetic, multifunctional chemicals characterized by a hydrophilic head and a
hydrophobic, fluorine-saturated carbon chain, i.e., the C-F bond [1,2]. This molecular structure renders PFAS extremely chemically
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and thermally stable, making them widely used in industrial and agricultural production [3], as well as in everyday consumer products
such as clothing, furniture, food packaging, and electrical appliances [4–6]. Therefore, it is unsurprising that humans are routinely
exposed to PFAS throughout their lies. However, due to the large volume of industrial emissions, the stable nature of PFAS makes them
difficult to degrade once released into the environment [7]. Owing to their water solubility, mobility, persistence, and bio-
accumulation, PFAS are prone to migrate and accumulate in various environmental matrices and living organisms [8–10], and have
even been labeled as “permanent chemicals” [11]. There are more than 4700 known PFAS chemicals and this number continues to
grow as new chemicals are invented in industry [12]. Three of these compounds, PFOA (perfluorooctanoic acid), PFOS (per-
fluorooctane sulfonate) and PFHXS (perfluorohexane sulfonate), have been produced for the longest period of time, are the most
widely distributed in the environment, and may adversely affect terrestrial and aquatic ecosystems or pose risks to human health. A
study assessing water quality in the Oder River, Poland, identified 14 PFAS compounds, with more than half of the water samples
exceeding the ambient PFOS quality standard of 0.65 ng/L [13]. PFAS can accumulate in drinking water and food through migration
[14,15], so sources such as drinking water, food (including contamination from food packaging), and indoor dust are considered major
pathways for human exposure to PFAS [16].

From epidemiological data, PFAS have been identified as hepatotoxic, immunotoxic, neurotoxic, and reproductively toxic, and are
now found extensively in human body fluids, including the placenta [17,18]. Perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS) are the most predominant and commonly detected PFAS in human blood [19]. Long-term exposure to PFAS in
humans has been associated with abnormal liver function [20], dyslipidemia [21], cardiovascular disease [22], adverse effects on fetal
growth, and an array of cancers. Some studies have shown that that PFAS pose a risk of causing thyroid cancer [23]. Other studies have
found PFAS in human semen. Notably, compounds such as PFOA and PFOS are inversely associated with human semen parameters,
including sperm count, morphology, and motility, highlighting a potential threat to male fertility [24]. Among PFAS, per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS), along with their derivatives, have been classified as persistent
organic pollutants (POPs) under the Stockholm Convention [25]. In 2023, the Chinese Ministry of Ecology and Environment also
included PFOA, PFOS and perfluorohexane sulfonate acid (PFHXS) in the list of new pollutants for key control. However, PFAS may
induce toxicity through a variety of biomolecular networks, and their potential virulence mechanisms are complex. Therefore, sci-
entific methods to assess the toxicity of PFAS and explore their potential toxicity mechanisms are necessary.

Network toxicology excels by utilizing multiple databases to gather accurate compound information and integrating diverse
bioinformatics data. This integration enables the construction of a comprehensive network mapping compounds to disease targets
[26]. It can transform the complex multi-target toxicity mechanisms of target compounds into intuitive graphical models, thereby
enabling a thorough and systematic exploration of toxicity at the molecular level in organisms. Another significant advantage of
network toxicology is its high throughput and efficiency, which enable the rapid screening of potential toxic substances through
computational simulations and data mining. It not only reduces experimental costs and time but also enhances the overall efficiency of
toxicity assessments. Molecular docking technology can simulate the interaction between target compounds and biomolecules, pre-
dicting the affinity and potential biological activities of the two. This technique enables us to precisely identify the interactions be-
tween compounds and disease targets at the molecular level and to understand the protein-binding sites involved in their
pathogenicity. The integration of network toxicology and molecular docking provides a comprehensive, efficient, and precise meth-
odology for evaluating the toxicity and efficacy of compounds. This collaborative strategy contributes to advances in environmental
toxicology, drug discovery and other fields.

In view of the chemical stability and bioaccumulation potential of PFAS, their hazards to the environment and human health have
raised significant concerns. Among them, PFOA, PFOS, and PFHXS are especially noteworthy due to their prolonged use and extensive
detection. It is, therefore, vital to understand the carcinogenic potential and mechanism of these three compounds for public health. On
the other hand, there are more numerous clinical studies on PFOA, PFOS, and PFHXS causing liver cancer and cardiovascular diseases.
However, in recent years, these three compounds have been found to have a potential risk for thyroid, kidney, and testicular cancers,
among others. The related research in these areas remains unsystematic and relatively scarce. In addition, the three compounds, PFOS,
PFOA, and PFHXS, are structurally similar but may differ in their toxicological characteristics and mechanisms of action. Therefore, we
selected the three main compounds of PFAS, PFOA, PFOS, and PFHXS, and used network toxicology and molecular docking techniques
to investigate the toxic effects and potential toxicity mechanisms of the three compounds on thyroid cancer (hereinafter referred to as
ThC), renal cancer (hereinafter referred to as KC), and testicular cancer (hereinafter referred to as TeC), aiming to elucidate the po-
tential toxicity mechanisms of PFAS in the biological organism and fill the gap in the field of toxicity, to provide a theoretical basis for
the risk assessment and regulatory control system of PFAS, and to provide a reference for clinical treatment.

2. Methods

The research data was sourced from online database platforms. Details regarding the specific database names and their respective
URLs were provided in Supplementary Table 1.

2.1. Network toxicology predictive analysis of PFOA, PFOS, and PFHXS

“Perfluorooctanoic acid (PFOA)", “perfluorooctanesulfonic acid (PFOS)" and “perfluorooctanesulfonic acid (PFHXS)" were queried
as search terms in the PubChem database to determine the standard structure and canonical SMILES codes for PFOA, PFOS and PFHXS.
The SMILES encoding of the above three PFAS compounds was entered into three analytical tools, ProTox 3.0, ADMETlab 2.0 and Vnn-
ADMET. Through the structural modeling capabilities of these platforms, the toxicity characteristics of PFOS, PFOA and PFHXS were
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predicted, thus gaining a preliminary understanding of their toxicological characteristics.

2.2. Targets collection for PFOA, PFOS, PFHXS

The ChEMBL database was used to identify potential targets of PFOA, PFOS and PFHXS with the keywords “perfluorooctanoic acid
(PFOA)", “perfluorooctanoic acid (PFOS)" and “perfluorooctanoic acid (PFHXS)" and the species selection was set as “Homo sapiens”
[27]. Subsequently, the Canonical SMILES codes of these compounds were uploaded to the STITCH, SwissTarget Prediction, and
PharmMapper databases. In the SwissTarget Prediction database, targets with “Probabilit >0″ were filtered [28]. The target data
collected from these databases was then consolidated, duplicates were removed, and the target names were standardized using the
Uniprot database [29]. This process culminated in the establishment of a comprehensive target database on PFAS.

2.3. Collection of targets related to ThC, KC and TeC

“Thyroid cancer,” “kidney/kidney cancer,” and “testicular cancer” were used as search terms in GeneCards, OMIM, DrugBank,
TTD, and DisGeNET databases. OMIM database selected targets with *; the DisGeNET database selected targets with “Score_gda>0.1”;
and the GeneCards database selected targets with “Relevance score≥0.5” targets. After integrating the disease target information from
these databases, the duplicate data was deleted and three distinct disease target databases for PFOA, PFOS and PFHXS, were estab-
lished respectively.

2.4. Protein-protein interaction (PPI) network construction and core target screening

The intersection analysis was performed using the PFAS target database established in Section 2.2 and the three disease target
databases created in Section 2.3. The Venn diagrams were constructed using intersecting targets of PFAS-related ThC, KC, and TeC.
These intersecting targets were identified as potential toxicity targets for PFAS induced diseases. In the STRING database, the targets
were entered into the ‘List of Names’ text box, and ‘Homo sapiens’ was selected as the species for further analysis. The results were
imported into Cytoscape software (version 3.7.0) for visualization and analysis. And the ‘Degree Value’ (the number of node-to-node
interactions) and the ‘Combined Score’ were used as filtering criteria to establish the protein-protein interaction (PPI) network. The
top five targets, based on the highest ‘Degree Value’, were identified as the core targets.

2.5. Gene function and pathway enrichment analysis of potential targets for PFAS induced diseases

To further investigate the toxicity mechanisms of PFAS induced ThC, KC, and TeC, the relevant analyses were conducted using
Metascape. Metascape is a reputable database platform that integrates resources such as Gene Ontology (GO) and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) [30]. Through Gene Ontology (GO) analysis, the biological processes (BP), cellular compo-
nents (CC) and molecular functions (MF) of the potential toxic mechanisms of PFAS induced disease in three cancers were investigated.
The top five relevant values for each category were screened, and the core toxicity pathways were further analyzed using KEGG
enrichment associated with their potential targets. The intersecting targets identified in Section 2.4 were uploaded to Metascape with
the parameter ‘Homo sapiens’. Then, the enrichment analysis results of BP, CC, MF and KEGG signal pathways were generated. Collect
and visualize results that meet the following criteria: a P < 0.01, a minimum count of 3, and an enrichment factor >1.5 (enrichment
factor defined as the ratio of observed counts to chance expected counts).

2.6. Molecular docking analysis of PFOA, PFOS, and PFHXS with core targets

Affinity and binding sites between three PFAS compounds (PFOA, PFOS, and PFHXS) and the core toxicity targets identified in
Section 2.4 were predicted at the molecular level using molecular docking techniques. This approach enabled a detailed examination
of the molecular interactions between these compounds and biological organisms. The 3D structures of three PFAS compounds (small
molecule ligands) were downloaded from PubChem, and the crystal structures of potential toxicity targets (referred to as large
molecule receptors) were downloaded from the RCSB PDB database. Semi-flexible docking was employed using MOE (2022.02)
software to minimize the energy of the three ligands and to complement or correct the crystal structure of the receptor. This process
also included protonating the receptor and pretreating it with aqueous solvents [31]. Finally, the ligand and receptor were docked for
prediction. The binding energies of both are generally considered to indicate good binding activity if below − 5.0 kcal/mol, and strong
binding activity if below − 7.0 kcal/mol [32]. The docking results with binding energies under − 5.0 kcal/mol were selected and
visualized.

3. Result

3.1. Toxicity assessment of PFOA, PFOS, PFHXS

The necessary information of the three components PFOA, PFOS, and PFHXS were obtained through PubChem, including their CAS
numbers and SMILES numbers, as shown in Table 1. Combined with the results of ProTox 3.0, ADMETlab 2.0 and Vnn-ADMET, the
LD50 values of rodents were predicted to be PFOA 518 mg/kg, PFOS 154 mg/kg and PFHXS 154 mg/kg, respectively. As shown in
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Fig. 1, PFOA, PFOS, and PFHXS could potentially cause skin sensitization, corrosive irritation to the eyes, respiratory toxicity, hep-
atotoxicity, nephrotoxicity, and genotoxicity. This aligns with previous reports of PFAS-related toxicity. Interestingly, according to
model predictions, PFOS and PFHXS might cross the blood-brain barrier. However, no studies have confirmed the function of PFAS to
cross the blood-brain barrier, and further research is needed. These preliminary toxicity assessments lay groundwork for us to explore
the potential toxicity mechanisms of PFAS.

3.2. Targets analysis of PFOA, PFOS, and PFHXS induce ThC, KC, and TeC

53, 45 and 52 PFOA, PFOS and PFHXS targets were screened from ChEMBL, STITCH, SwissTarget Prediction and PharmMapper
databases, respectively. The network Venn diagrams and Upset Venn diagrams of these three chemicals were displayed in Fig. 2A and
B. PFOA and PFOS have 22 common targets. The three chemicals share 13 common targets, and after integrating and removing du-
plicates, a total of 108 unique targets have been identified for PFAS.

In addition, a total of 2391 ThC targets, 3436 KC targets and 1921 TeC targets were mined and integrated from GeneCards, OMIM,
Drugbank, TTD and DisGenet databases. The 108 PFAS component targets previously identified were compared with these disease-
specific targets. 37 intersected targets with ThC, 45 with KC, and 30 with TeC were identified. The corresponding Venn diagrams
were illustrated in Fig. 3A, B, and C.

3.3. PPI networks analysis

The PPI networks were constructed for the intersecting targets of PFAS and diseases using STRING and visualized them with
Cytoscape, as depicted in Fig. 3D, E, and F. The top five targets of ThC induced by PFAS were ALB, mTOR, MDM2, ERBB2, and IL10.
Similarly, for PFAS-induced KC, the top five targets included ALB, ERBB2, MDM2, IL10, and ABCB1. In TeC, the targets with the
highest ‘Degree value’ influenced by PFAS were ALB, ERBB2, mTOR, IL10, and AR. The top five targets of PFAS induced diseases were
taken as the core targets and performed an intersection analysis, as shown in Fig. 3G. These targets will be utilized in subsequent
molecular docking analyses.

3.4. Enrichment analysis of potential toxic targets

GO analysis (including BP, CC, and MF) and KEGG pathway analysis were conducted on Metascape for the 37 targets induce by
PFAS in thyroid cancer, 45 targets in renal cancer, and 30 targets in testicular cancer. The results were visualized using bar, bubble
plots to illustrate the associations found in the GO enrichment analysis, as shown in Figs. 4 and 5. And the sankey-bubble plots were
created as shown in Fig. 6. It was found that PFAS mainly regulated reactive oxygen species metabolism and phosphatidylinositol 3-
kinase/protein kinase B signal transduction, thereby inducing the biological processes of ThC, KC and TeC. Through molecular
functions such as nuclear receptor activity and kinase binding, PFAS could affect the lumen of secretory granules and the folded
membranes of cells. The potential toxicity mechanisms were associated with cancer pathways, chemical carcinogenesis-reactive ox-
ygen species/receptor activation, the FoxO signaling pathway, and neuroactive ligand-receptor interaction.

Additionally, KEGG enrichment analysis revealed some intriguing findings. The prostate cancer pathway was highly enriched in
PFAS induce thyroid cancer, which has also noted in related studies [33]. This enrichment may be linked to hormonal regulatory
changes. Moreover, the connection between PFAS-induced renal cancer and thyroid hormones was observed, with reports of thyroid
cancer metastasizing to renal cancer [34]. These findings underscored the complexity of disease relationships but also highlighted how
enrichment analysis could provide valuable insights and research directions.

3.5. Molecular docking analysis of PFOA, PFOS, PFHXS and core targets

The seven core targets induced by PFAS, ALB, mTOR, MDM2, ERBB2, IL10, ABCB1, and AR were selected as macromolecular
receptors. This enabled us to explore specific interactions, such as PFOA with IL10 and ABCB1, PFOS with ALB, mTOR, and AR, and
PFHXS with mTOR, MDM2 and ERBB2. It was found that the H atom of the PFOA hydroxyl group acted as a donor, forming a hydrogen
bond with the O atom of the amino acid residue Glu 145 on the IL10 target. Conversely, the O atom of its carbonyl group served as an
acceptor, forming a hydrogen bond with the H atom of Lys 163. Furthermore, our analysis revealed no superior docking scenarios for
PFOA with ABCB1. The H atoms of the PFOS hydroxyl group function as donors, formed hydrogen bonds with the O atoms of Asp 187
and Leu 115 on the ALB target, the O atoms of Asn 2071 on the mTOR target, and the O atoms of Glu 837 and Gln 733 on the AR target.
Similarly, the H atoms of the PFHXS hydroxyl group also acted as donors to form hydrogen bonds with the O atoms of Glu 2067 on the
mTOR target, the O atoms of Lys 70 and Glu 69 on the MDM2 target. The O atoms of PFOS carbonyl group acted as acceptors to form

Table 1
Information about PFOA, PFOS, PFHXS.

Name Acronyms CAS SMILES LD50（mg/kg）

Perfluorooctane sulfonic acid PFOS 1763-23-1 C(C(C(C(C(F)(F)S(=O)(=O)O)(F)F)(F)F)(F)F)(C(C(C(F)(F)F)(F)F)(F)F)(F)F 518
perfluorocaprylic acid PFOA 335-67-1 C(=O)(C(C(C(C(C(C(C(F)(F)F)(F)F)(F)F)(F)F)(F)F)(F)F)(F)F)O 154
Perfluorohexanesulfonic acid PFHxS 355-46-4 C(C(C(C(F)(F)S(=O)(=O)O)(F)F)(F)F)(C(C(F)(F)F)(F)F)(F)F 154
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hydrogen bonds with the H atoms of Asp 769 and Glu 770 on the ERBB2 target. The O atom of the PFHXS carbonyl group also acted as
an acceptor, forming a hydrogen bond with the H atom on MDM2 target Met 17. Small molecules occupying the same docking site
exhibited different conformations and binding energies, as shown in Table 2. The docking results were visually represented through a
2D map, a 3D map, and an electrostatic energy map of the protein surface, as shown in Fig. 7 (Only the lowest binding energy site is
displayed). The electrostatic energy map was created by generating the protein’s molecular surface using MOE software, establishing
molecular docking pockets, and visualizing the area using electrostatic properties to color the image.

In addition, to conduct a more comprehensive analysis of the docking interactions between PFOA, PFOS, and PFHXS with the seven
targets, we expanded our study to include targets that had not been previously docked molecularly. The results of these additional
analyses were detailed in Supplementary Table 2 and Supplementary Figs. 1–17. These findings highlighted that ABCB1 did not
demonstrate superior docking sites with either PFOS or PFHXS. The molecular docking results for these two compounds showed better
binding activity, even though their constituents were not initially identified as targets in our database mining. For instance, the Upset
Venn diagram in 3.2 indicated that the corresponding targets for PFOS and PFHXS did not include IL10. However, our molecular
docking analysis revealed that both PFOS and PFHXS exhibited strong binding activity with IL10, with binding energies of − 13.9 kcal/
mol and − 14.7 kcal/mol, respectively. It suggested that a single constituent may bind to multiple protein targets simultaneously, or a
single protein target may accommodate multiple chemical components binding concurrently.

Combining the above analysis, PFOA, PFOS, and PFHXS exhibited low binding energies with the six core targets. The different
conformations of these small molecules were well-suited to the molecular docking pockets, and the electrostatic energies around the
docking bonds were low. This evidence indicated that the three PFAS components had strong binding activities with the core targets of
the diseases, suggesting a potential mechanism by which PFAS induced disease toxicity at the molecular level such as ThC, KC, and
TeC.

4. Discussion

Concerns about PFAS are intensifying due to its persistent environmental pollution and potential human health hazards. In
response, many countries are implementing measures to restrict PFAS use and are actively seeking alternatives to mitigate its envi-
ronmental and health impacts. However, many of the new alternatives to PFAS still pose threats to both the environment and human

Fig. 1. Prediction of potential toxicity of PFOA, PFOS, PFHXS by modeling. The heat map vertically displayed 14 toxic phenomena that PFOA,
PFOS, and PFHXS induced in the human body. Numerical bars on the right side showed the probability of each phenomenon occurring, with a high
probability indicated in pink and a low probability in light purple. The closer the value was to 1, the higher the likelihood that the corresponding
component caused the specified toxic phenomenon in the human body.
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safety [35]. At present, there is little experimental validation of the degree of cancer induction and environmental impacts of PFAS. It is
likely that most environmental studies use high concentrations of PFAS for short-term exposures, which contrasts sharply with the
reality that organisms are “silently” attacked over long periods by low-dose PFAS. This is akin to merely watching the trailer of a movie
rather than the full feature. This short-term, high-dose experimental design does not provide a complete picture of the chain reaction
and the far-reaching and complex impacts on biodiversity that may result from long-term micro-exposure to PFAS when organisms are
constantly drinking from contaminated water sources and inhabiting contaminated soils. Moreover, toxicology experiments often rely
on animal models, which struggle to keep pace with the rapid emergence of chemical toxins in the environment. Both in vitro and
vector experiments are not only time-consuming and costly but also limited by interspecies differences. Therefore, the findings from
animal experiments may not be fully applicable to humans, thereby limiting our understanding of the mechanisms of toxicity of

Fig. 2. Venn diagram of PFOA, PFOS, and PFHXS enriched targets. A. The Venn diagrams illustrated the intersecting target network for PFOA,
PFOS, and PFHXS. In this diagram, a purple pentagram represented each target, while the connections were color-coded: blue lines represented
PFOA targets, red lines indicated PFOS targets, and green lines signified PFHXS targets. B. The Upset Venn diagram displayed the intersecting targets
of PFOA, PFOS, and PFHXS. In the diagram, pink represented PFOS, green signified PFHXS, and blue denoted PFOA. The length of each bar
indicated the number of targets associated with each component, while the colors of the circles below reflected the intersections among
these components.

Fig. 3. Visualization of intersecting targets of PFOA, PFOS and PFHXS induced thyroid, renal and testicular cancer. A, B, and C represented the
Venn diagrams of the intersecting targets of PFAS with thyroid cancer, kidney cancer, and testicular cancer, respectively. D, E, and F represented the
visualize intersecting targets. Each node, represented by a circle, denoted a target, and the connecting lines between nodes depicted the interactions
among these targets. Nodes with a higher ‘Degree value’ were shown with a larger area and a warmer color. Stronger interactions between targets
were indicated by coarser connecting lines, which were colored cooler. G represented the Venn diagrams that represented the core target network of
PFAS induced thyroid, kidney, and testicular cancers, indicated by red, blue, and green pentagrams, respectively. Purple pentagrams denoted the
core targets.
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Fig. 4. GO enrichment analysis of PFAS-induced ThC, KC, TeC (top 5). A, B, and C represented the visualization of the top 5 GO enrichment analysis
of PFAS induced ThC, KC, and TeC using histograms, respectively, combining BP, CC, and MF, divided by box lines, and differentiated by different
colors, where the height of each square corresponded to the enrichment value, reflecting the degree of enrichment within the respective category. D,
E, and F represented the visualization of the top 5 GO enrichment analysis bubble diagram of BP, CC, and MF of PFAS induced ThC, KC, and TeC.
This diagram illustrated multidimensional data through the size and color of circular bubbles. The vertical axis displayed the enriched biological
processes, cellular components, and molecular functions, while the horizontal axis represented the enrichment values. The size of each bubble
indicated the number of targets enriched in that category, and the bubble color denoted the significance level of the enrichment, with red indicating
high significance.
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emerging chemical substances.
Based on the above limitations in toxicology research, the importance of network toxicology and molecular docking technology is

self-evident. This approach can rapidly and comprehensively map the complex molecular networks between novel toxins and

Fig. 5. GO enrichment analysis of PFAS-induced ThC, KC, and TeC represented by chord diagrams. A, B, and C represented chordal diagrams of BP,
CC, and MF enrichment analysis of PFAS induced ThC. D, E, and F represented BP, CC, and MF enrichment analysis of PFAS induced KC. G, H, and I
represented BP, CC, and MF enrichment analysis of PFAS induced TeC. These diagrams illustrated the relationships between different biological
processes, cellular components, molecular functions, and their associated targets. In each diagram, the left side displayed the target, and the right
side showed the enriched content. The outer circle on the left was labeled with the corresponding gene names, while the right side featured labels for
different contents, each distinguished by unique colors.

Fig. 6. The pathway enrichment analysis of PFAS-induced ThC, KC and TeC. A, B, and C presented Sankey-Bubble diagrams of pathway enrichment
analysis of PFAS induced thyroid, kidney and testicular cancer, respectively. Each Sankey-Bubble diagram integrated a Sankey diagram with a
bubble diagram, linked by the name of each pathway. The Sankey diagram on the left side illustrated the genes under the pathway, while the bubble
diagram on the right side visualized the pathway’s enrichment value through the position of the bubbles, the number of genes enriched in the
pathway by the size of the bubbles, and the pathway’s P-value by the color of the bubbles. Notably, a red color in the bubbles signified high
significance. Among the potential pathways for PFAS-induced ThC were pathways in cancer, prostate cancer, chemical carcinogenesis-reactive
oxygen species, FoxO signaling pathway, pancreatic cancer, etc. The potential pathways for PFAS-induced KC were pathways in cancer, chemi-
cal carcinogenesis-reactive oxygen species, FoxO signaling pathway, bile secretion, adherens junction, etc. The potential pathways for PFAS-induced
TeC were pathways in cancer, chemical carcinogenesis-reactive oxygen species, chemical carcinogenesis-receptor activation, FoxO signaling
pathway, hepatocellular carcinoma, etc.
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pathological endpoints by integrating bioinformatics, genomics, and big data technologies. It not only identifies common toxicity
mechanisms but also optimizes the identification of key and core targets of toxicity phenotypes. In particular, molecular docking
technology has demonstrated significant value in modeling complex structural biomolecules and molecular mechanisms. Furthermore,
the use of network toxicology and molecular docking techniques not only improves the efficiency and predictive accuracy of toxi-
cological screening but also helps to evaluate urgent environmental toxins that have not been adequately studied [36].

In this study, we integrated network toxicology and molecular docking techniques to explore the potential toxicity mechanisms of
the three PFAS components, PFOA, PFOS, and PFHXS, in thyroid, kidney, and testicular cancers. The six core targets, ALB, mTOR,
MDM2, ERBB2, IL10, and AR, as pivotal in the disease processes induced by PFAS. Notably, ALB, ERBB2, and IL10 emerged as common
targets across PFAS induced thyroid, kidney, and testicular cancers, underscoring their critical roles in these malignancies. In addition,
all three compounds, PFOA, PFOS, and PFHXS, contain long chains of perfluorocarbons (i.e., all hydrogen atoms are replaced by
fluorine atoms), making them highly chemically and thermally stable. Specifically, the chemical formula of PFOA is C8HF15O2, with a
carboxylate group (-COOH) attached to the end, and the chemical formulas of PFOS and PFHXS are C8HF17O3S and C6HF13O3S,
respectively, both of which have a sulfonic acid group (-SO3H) attached at the end. Combined with the molecular docking results, we
found that the structure of all three compounds exhibits strong binding activity to the core target through the terminal hydroxyl group
(-OH), which suggests that the carboxylic acid group (-COOH) in PFOA and the sulfonic acid group (-SO3H) in PFOS and PFHXS may
interact differently with biomolecules in different metabolic pathways, thus affecting their toxicity. Moreover, the polarity of the
sulfonic acid group may make PFOS and PFHXS more likely to bind to proteins, which may interfere with cellular functions and lead to
cellular damage and carcinogenesis.

In oncology research, ALB is primarily studied as a prognostic factor, with its levels commonly used to assess nutritional and in-
flammatory status. These levels indirectly influence the outcomes of oncological treatments [37]. Mutations in the IIA sub-structural
domain of ALB at residue R218 are linked to familial dysalbuminemic hyperthyroxinemia (FDH) [38]. In thyroid and renal cancers, the
presence of low ALB levels has been observed [39,40]. Also, a positive correlation between ALB levels and the risk of subsequent
development of testicular cancer has been established in patients [41]. ERBB2/HER2, a member of the epidermal growth factor (EGF)
receptor family of receptor tyrosine kinases, is closely associated with the occurrence and development of various cancers due to its
aberrant expression or activation. In thyroid cancer, the expression of ERBB2 correlates with the aggressiveness of the cancer and
overall prognosis. Notably, high levels of ERBB2 are found in certain subtypes of thyroid cancer, particularly in patients with meta-
static thyroid cancer [42]. In kidney cancer, ERBB2 expression in normal tissues exhibits a negative correlation with its expression in
renal cell carcinoma (RCC). Importantly, an increase in ERBB2 expression is observed alongside RCC tumorigenesis, indicating its
potential role in the progression and development of renal cancer [43]. Studies on ERBB2 in testicular cancer are relatively limited.

Table 2
Molecular docking information of PFOA, PFOS, PFHXS and core targets.

Target PDB ID Target Structure Compound Conformation ID Affinity (kcal/mol) Interaction Receptor Distance

ALB 6YG9 PFOS a − 16.8 H-donor ASP 187-O 2.73
b − 10.1 2.77
c − 8.9 LEU115-O 2.83

mTOR 5WBH PFOS a − 8.0 ASN 2071-O 2.86
b − 7.7 2.85
c − 7.3 2.92

PFHXS a − 14.1 GLU 2067-O 2.77
b − 13.2 2.76
c − 12.8 2.73

MDM2 5J7G PFHXS a − 7.4 H-donor LYS 70-O 2.85
b − 7.1 GLU 69-O 3.03
c − 6.6 H-acceptor MET 17- 2.98

ERBB2 7PCD PFHXS a − 10.2 H-donor ASP 769-O 2.86
b − 5.9 GLU 770-O 2.74

IL10 1Y6K PFOA a − 8.5 H-donor GLU145-O 2.84
b − 8.1 2.90
c − 6.0 H-acceptor LYS 163-H 3.06

AR 3L3X PFOS a − 12.2 H-donor GLU 837-O 2.82
b − 7.8 GLN 733-O 2.80
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However, there is evidence suggesting that ERBB2 may play a key role in certain subtypes of testicular germ cell tumors. Crucially, it
has been found that its phosphorylation is inhibited by lapatinib, a treatment that effectively blocks tumor growth [44].

IL10 is a cytokine primarily known for its role in inhibiting the activity of Th1 cells and reducing the production of pro-
inflammatory cytokines, playing a crucial role in immune regulation and inflammatory responses. In the tumor microenvironment,
IL-10’s role is complex and dualistic. It can either promote tumor escape from immune surveillance or act as an inhibitor of tumor
development depending on the specific context [45]. IL-10 is typically expressed at high levels in tumor-infiltrating lymphocytes
within thyroid cancer tissues and renal cell carcinoma, potentially aiding tumor cells in evading the immune system. In the immune
microenvironment, certain conditions may facilitate tumorigenesis by enabling it to avoid an effective immune response. Thus, IL-10
emerges as a potent immunosuppressive cytokine, playing a key role in tumor escape from immune surveillance. This mechanism may
promote the survival and spread of thyroid cancer cells [46]. In renal cell carcinoma, a negative correlation has been identified be-
tween IL-10-producing B cells and T cell proliferation, suggesting that IL-10-producing B cells may contribute to T cell immunosup-
pression. This interaction indicates that B cells could play a crucial role in modulating the immune response within the tumor
microenvironment, potentially facilitating tumor growth by suppressing T cell activity [47]. The role of IL-10 in testicular cancer may
mirror the dynamics observed in description above, as it is secreted at high levels by testicular macrophages. These macrophages
inhibit T cell proliferation and activation, and also induce immature T cells to differentiate into immunosuppressive regulatory T cells.
This process promotes tumor cell escape through immunosuppressive mechanisms, enabling the cancer cells to evade immune
detection and intervention effectively [48]. mTOR, a member of the phosphatidylinositol 3-kinase-associated kinase family, plays a
crucial role in cancer development. Although mTOR was not enriched in kidney cancer in our study, mTOR signaling is typically
activated in tumors. This includes the pivotal PI3K-AKT-mTOR pathway, which regulates cancer cell metabolism by altering the
expression and activity of key metabolic enzymes. This pathway contributes significantly to tumor growth, angiogenesis, and
metastasis and is particularly influential in the development of thyroid, kidney, and testicular cancers. Mutations in the mTOR gene are
rare in thyroid cancer; however, there is a positive correlation between mortality and the activation of the mTOR pathway in thyroid

Fig. 7. Molecular docking of PFOA, PFOS, PFHXS and corresponding enriched targets. A showed the docking of PFHXS (left) and PFOS (right) with
mTOR. B showed the docking of PFOS with ALB. C and D showed the docking of PFHXS with MDM2 and ERBB2, respectively. E showed the docking
of PFOA and IL10. F showed the docking of PFOS with AR. G was a legend for the 2D docking diagram, including the type of binding bond and the
solvent environment of amino acids. Small molecule 2D structures and amino acid docking were shown in Enlarge view (2D), and important amino
acids docked to the small molecule are circled in red boxes. PFOA is docked to GLU145 of IL10; PFOS is docked to ASP187 of ALB, ASN2071 of
mTOR, and GLU837 of AR, respectively; PFHXS is docked to GLU2067 of mTOR, LYS70 of MDM2, and ASP769 of ERBB2. In Enlarge view (3D)
green was the small molecule ligand, blue-pink was the docked amino acid residue, both were shown in a ball-and-stick model, light pink was the
large molecule receptor, the docking atoms of the residues and the binding bonds were marked with boxes, and the electrostatic energy diagram of
the protein surface was shown in blue (high-energy) and red (low-energy), and the binding energies were shown in the lower right corner.
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cancer patients with BRAF-V600E mutations [49]. Also, mTOR signaling activation is implicated in the pathogenesis of autosomal
dominant polycystic kidney disease and renal cell carcinoma, where it promotes renal cyst formation and enhances RCC cell survival
[50]. In testicular cancer, the PI3K/AKT/mTORC1/2 pathway is highly active in cell lines and shows a negative correlation with
cisplatin induce apoptosis in testicular cancer cells [51].

MDM2, also known as E3 ubiquitin ligase, affect both thyroid and kidney cancers in our study. It induces tumor formation by
targeting tumor suppressor proteins, such as p53, for proteasomal degradation. MDM2 expression is upregulated in various cancers,
leading to a loss of p53-dependent activity. In a comprehensive pan-cancer analysis, MDM2 was identified as one of the genes with the
highest significance for recurrent amplification across multiple cancer genomes. The analysis covered thyroid carcinoma, adreno-
cortical carcinoma, and testicular germ-cell tumors [52], highlighting that MDM2 not only has a strong association with thyroid and
renal cancers but also plays a crucial role in the developmental course of testicular cancer. AR, an androgen receptor, functions as a
steroid hormone-activated transcription factor and is typically associated with the regulation of sex hormones, reproductive function,
and the development of sex-specific disorders. AR was predominantly identified in testicular cancer during our screening, aligning
with relevant studies. AR has also been found to influence the development of thyroid and kidney cancers. Androgen stimulation of AR
induces cellular senescence, and AR-dependent senescence effectively inhibits thyroid cancer cell growth by producing
anti-inflammatory SASP factors while simultaneously reducing chemokines that promote tumor development [53]. Moreover, it has
been demonstrated that elevated AR expression is positively associated with tumor angiogenesis in patients with clear cell renal cell
carcinoma and significantly influences the progression of this cancer type [54].

On the other hand, the results of our enrichment analysis suggest that PFAS regulates reactive oxygen species metabolism to induce
thyroid, kdiney, and testicular cancers. Its potential toxicity mechanism is related to several key pathways including pathways in
cancer, chemical carcinogenesis-reactive oxygen species, chemical carcinogenesis-receptor activation, FoxO signaling pathway and
neuroactive ligand-receptor interactions, which may be related to targets such as ERBB2, IL-10, and MDM2. Reactive oxygen species
(ROS) and cellular receptors play key roles in chemical carcinogenesis. The perfluorocarbon chains and terminal hydroxyl groups
(-OH) of the three compounds, PFOA, PFOS, and PFHXS, may activate receptors on the cell surface or inside the cell, causing alter-
ations in cellular signalling. Our molecular docking analyses have confirmed the strong binding activity of PFAS with core targets of
the disease. ROS may also be involved in this process, either directly or indirectly affecting the genetic material of cells, leading to DNA
damage and gene mutations, thereby promoting tumorigenesis and progression [55]. In addition, the relationship between the FoxO
signaling pathway and kinase binding cannot be ignored in PFAS induce cancers. The FoxO family is involved in cellular functions such
as cell differentiation, apoptosis, and cell proliferation. Dysfunction of its proteins is closely associated with cancer progression and
tumorigenesis [56,57]. FoxO can act as a mediator of oxidative stress [58], establishing its significant role among tumor suppressors.
Among the enrichment analysis, it is worth drawing our attention to the fact that PFAS can regulate the signaling of phosphatidyli-
nositol 3-kinase/protein kinase B. The PI3K-AKT signaling pathway is critical in tumorigenesis, and it is one of the most frequently
over-activated intracellular pathways in cancer. M-TOR also has a key role in the PI3K-AKT and FOXO signalling pathways. PFAS may
activate PI3K, which transmits signals to AKT, which activates Rheb GTPase by directly phosphorylating and inhibiting the TSC1/TSC2
complex, thereby activating mTORC1, which further inhibits members of the FOXO transcription factor family (FOXO1, FOXO3A,
FOXO4) regulates cell survival and proliferation. This inhibition subsequently induces cancer initiation and progression. When
unactivated, FoxO is active in the nucleus and facilitates the expression of genes associated with apoptosis and metabolic homeostasis.
However, once AKT is activated, it phosphorylates the FoxO transcription factor, prompting it to migrate from the nucleus to the
cytoplasm. This migration effectively inhibits the transcriptional activity of FoxO, thereby reducing the rate of apoptosis and
enhancing cell survival, FoxO also maintains cellular homeostasis by inhibiting mTOR signaling and initiating protective gene
expression under energy-deficient and stressful conditions [59,60].

Our prediction and analysis of the potential toxicity mechanism of PFAS carcinogenesis provide a theoretical basis for the
development of experiments in this field. However, validation of relevant ecotoxicity experiments and environmental exposure
modeling experiments remains indispensable to ensure the accuracy of computationally based analysis results. Future studies should
combine extensive epidemiological data and animal model validation to further clarify the key targets and pathways, thereby
developing effective preventive and therapeutic strategies against PFAS.

5. Conclusion

The potential toxicity and mechanism of three PFAS components, PFOA, PFOS and PFHXS, were analyzed by molecular docking
technology. A total of 108 targets were obtained, including 37 relevant targets for the induction of thyroid cancer, 45 relevant targets
for the induction of kidney cancer, and 30 relevant targets for the induction of testicular cancer by PFOA, PFOS and PFHXS. Through
enrichment analysis and molecular docking analysis, it was predicted that chronic exposure to PFAS may induce thyroid, renal, and
testicular cancers by mediating six core targets: ALB, mTOR, MDM2, ERBB2, IL10, and AR. These targets regulated reactive oxygen
species metabolism and phosphatidylinositol 3-kinase/protein kinase B signal transduction. Furthermore, the potential mechanisms of
toxicity were closely related to various pathways, including pathways in cancer, chemical carcinogenesis-reactive oxygen species/
receptor activation, the FoxO signaling pathway and neuroactive ligand-receptor interactions.
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