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Network toxicology,
transcriptomics, and cytotoxic
validation reveal TDCPP-induced
pterygium mechanisms
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Pterygium, a common ocular surface disorder, is associated with environmental factors such as
ultraviolet exposure and air pollution. Tris(1,3-dichloro-2-propyl) phosphate (TDCPP), a widely used
organophosphate flame retardant, has been detected in environmental and biological samples, yet

its role in pterygium pathogenesis remains unclear. This study employed an integrative approach
combining network toxicology, transcriptome sequencing, and in vitro cytotoxicity assays to elucidate
the molecular mechanisms linking TDCPP exposure to pterygium development. Bioinformatics analysis
identified 273 TDCPP-related targets and 1,078 pterygium-associated genes, with 43 overlapping
candidates. Weighted gene co-expression network analysis (WGCNA) revealed two key modules
correlated with pterygium phenotypes, highlighting MMP3 as a central regulator. Molecular docking
and dynamics simulations confirmed stable interactions between TDCPP and MMP3 (binding energy:
-5.9 kcal/mol), supported by RMSD, RMSF, and hydrogen bonding analyses. In vitro experiments
demonstrated that low-dose TDCPP (0.5 uM) upregulated MMP3 expression in immortalized human
conjunctival fibroblasts, enhancing cell proliferation, while higher concentrations (50 pM) induced
cytotoxicity. These findings suggest that TDCPP promotes pterygium pathogenesis via MMP3-
mediated extracellular matrix remodeling and fibroblast proliferation. This study provides novel
insights into the environmental etiology of pterygium and identifies MMP3 as a potential therapeutic
target for TDCPP-associated ocular surface disorders.
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Pterygium is a common ocular surface disorder characterized by the abnormal growth of fibrovascular tissue
from the conjunctiva onto the cornea, affecting approximately 12% of the global population with higher
prevalence in tropical and subtropical regions"2. This condition can lead to visual impairment, chronic irritation,
and cosmetic concerns, significantly impacting patients’ quality of life>. Although surgical excision remains the
primary treatment, recurrence rates remain high (15.8-37%), underscoring the need for better understanding of
its pathogenesis and preventive strategies™.

The etiology of pterygium is multifactorial, involving genetic predisposition, chronic ultraviolet (UV)
exposure, and environmental pollutants®’. Mounting evidence suggests that airborne contaminants, including
organophosphate flame retardants (OPFRs), may contribute to ocular surface diseases®®. Among OPFRs,
tris(1,3-dichloro-2-propyl) phosphate (TDCPP) is widely used in consumer products due to its flame-retardant
properties and has been detected in indoor dust and biological samples!®!!. In a study on household dust
conducted in Japan, the median concentration of TDCPP (Tris(1,3-dichloro-2-propyl) phosphate) detected in
floor dust was 8.69 ug/g, while the median concentration in multi-surface dust was 25.8 pg/g!2. Additionally,
in household dust from the Midwestern region of the United States, the median concentration of its metabolite
BDCIPP (Bis(1,3-dichloro-2-propyl) phosphate) was 234 ng/g'*. TDCPP exposure has been linked to systemic
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toxicity, including neurodevelopmental disorders, endocrine disruption, and oxidative stress'*!®. Notably,
our previous studies demonstrated that OPFRs like TDCPP can induce corneal epithelial damage, suggesting
potential ocular toxicity16’l7. In Yunnan, China, where indoor TDCPP levels are elevated, pterygium prevalence
reaches 22.6-35.27% in adults over 40 years's., yet the mechanistic role of TDCPP in pterygium remains
unexplored.

Pathologically, pterygium involves fibroblast proliferation, extracellular matrix (ECM) remodeling, and
chronic inflammation, with matrix metalloproteinases (MMPs) playing a key role!®. MMP3, in particular, is
overexpressed in pterygium tissues and implicated in ECM degradation and fibrovascular growth?’. However,
whether TDCPP modulates MMP3 or other molecular pathways to drive pterygium development is unknown.
Addressing this gap requires integrative strategies combining computational predictions with experimental
validation.

Here, we employed a multi-omics approach to investigate TDCPP’s role in pterygium. Using network
toxicology, we identified shared targets between TDCPP and pterygium, followed by transcriptome sequencing
of clinical samples to pinpoint dysregulated genes. Weighted gene co-expression network analysis (WGCNA)
revealed critical gene modules, while molecular docking and dynamics simulations characterized TDCPP-
MMP3 interactions. In vitro assays using immortalized conjunctival fibroblasts validated TDCPP’s dose-
dependent effects on MMP3 expression and cell proliferation. Figure 1 depicts our research protocol. Our study
bridges environmental exposure data with molecular mechanisms, offering insights into TDCPP as a risk factor
for pterygium and highlighting MMP3 as a potential therapeutic target.

Materials and methods

Visual overview of the study process

Figure 1 offers a flowchart that provides a clear depiction of the study’s procedural steps. For your convenience,
supplementary file contains an exhaustive inventory of all the database resources utilized in this research,
complete with their corresponding access links.

Unveiling TDCPP targets: database-driven identification

The chemical composition of Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) was obtained from the PubChem
database. Potential targets of TDCPP in Homo sapiens were identified using databases including Super-Pred
(URL: https://prediction.charite.de/subpages/target_prediction.php), ChREMBL (URL: https://www.ebi.ac.uk/c
hembl/), STITCH (URL: http://stitch.embl.de/), and PharmMapper (URL: https://www.lilab-ecust.cn/pharmm
apper/)?-%,

Deciphering pterygium-related targets: overlap analysis with TDCPP targets
Pterygium-associated target genes were retrieved from Genecards (URL: https://www.genecards.org/) and
OMIM (URL: https://www.omim.org/). The overlap between pterygium-related targets and those of Tris(1,3-dic
hloro-2-propyl) phosphate (TDCPP) was identified, indicating potential targets for TDCPP-induced pterygium
toxicity.

Pterygium Conjunctiva Pterygium

l l

Super-Pred ChEMBL
4——) OMIM Genecards Transcriptome sequencing
STITCH PharmMapper
TDCPP Targets genes = -; Pterygium-related targets WCGNA analysis

l

43 Intersection genes = = 160 WCGNA module genes

Pt i ti . . .
CIYSIUM Ussue Molecular docking Molecular dynamics Cell experiment
expression verification

Fig. 1. Research Design Flow Chart.
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Analysis of target proteins for gene function and pathway enrichment

We utilized the version 4.2.1 of the R project ‘clusterProfiler’ R package** to conduct Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses on potential targets in TDCPP-induced
pterygium?. The GO analysis examined biological processes (BP), cellular components (CC), and molecular
functions (MF) to elucidate the key biological activities involved. Additionally, we performed KEGG pathway
enrichment analysis to pinpoint significant pathways associated with these targets, applying a false discovery rate
(FDR) threshold of < 0.05 to emphasize the most pertinent toxicity pathways. To aid in the interpretation and
presentation of our findings, we employed visual analysis for both the GO and KEGG results.

PPI network construction: unveiling target interactions

The STRING database (URL: https://string-db.org/) was used to construct a protein-protein interaction (PPI)
network for TDCPP-induced pterygium targets, specifying ‘Homo sapiens’ and a minimum interaction score of
0.40. Subsequently, the PPI network was imported into Cytoscape3.10.2 software, where the network analyzer
plugin was utilized for topological analysis. The genes are ranked by their degree of connectivity. The common
targets were analyzed using the cytoscape3.10.2 software MCODE plugin to cluster genes and visually represent
target interactions.

Transcriptome sequencing of clinical pterygium tissue

The research protocol was approved by the Ethics Review Committee of the Affiliated Hospital of Yunnan
University (approval number 2022198), and all participants gave written informed consent following the
Declaration of Helsinki. A surgeon performed all surgical procedures under local anesthesia, with 34 patients
undergoing elective pterygium surgery to remove the pterygium tissue and surrounding loose conjunctiva. We
used an Agilent 2100 Bioanalyzer to assess the integrity of total RNA extracted from pterygium and bulbar
conjunctiva samples. The study data are accessible in the NCBI Sequence Read Archive (SRA) under accession
number PRJNA1147595.

WGCNA: Building and analyzing gene co-expression networks

We applied weighted gene co-expression network analysis (WGCNA) to build gene expression networks using
the PRJNA1147595 dataset. Our objective was to create a scale-free topology, where the network exhibits a
power-law distribution in node connectivity. To determine the best soft threshold for defining gene adjacencies,
we used the “pickSoftThreshold” function from the WGCNA package in R program. Subsequently, the adjacency
matrix was converted into a topological overlap matrix (TOM), which served as the basis for hierarchical
clustering, utilizing dissimilarity measures derived from TOM. For identifying co-expressed gene modules,
we employed the dynamic tree-cutting algorithm, setting a minimum module size of 30 genes. This technique
allowed us to classify genes into distinct modules based on their expression patterns. To assess the association
between these gene modules and pterygium, we examined gene significance (GS) and module membership
(MM) metrics. GS reflects the correlation between gene expression and pterygium, while MM gauges the degree
of co-expression among genes within a module. By combining GS and MM scores, we pinpointed key modules
linked to pterygium, suggesting their potential functional importance in the disease.

Analysis of expression of hub gene in pterygium

The gene sets identified as significant difference modules through WGCNA analysis intersected with the
targets of TDCPP-induced pterygium. The genes present in this intersection were considered hub genes. To
quantitatively analyze the differential expression of genes in pterygium tissues versus conjunctiva control tissues,
we utilized our proprietary sequenced pterygium transcriptome data. Gene expression scatter plots were created
with the R package ggplot2 to visually depict expression level distributions across various sample types. Samples
were categorized into “pterygium” and “conjunctiva” groups for comparative analysis. Wilcoxon rank-sum tests
were used to evaluate expression level differences, yielding corresponding p-values.

Molecular docking: exploring Ligand-Receptor interactions

We ascertained the names, molecular weights, and 2D structures of the active compounds. The 3D structures
of the proteins were retrieved from PubChem (URL: https://pubchem.ncbi.nlm.nih.gov/) and UniProt (URL:
https://www.uniprot.org/) databases. We then prepared the ligands and proteins for molecular docking with
AutoDock online software (URL: https://cadd.labshare.cn/cb-dock2/php/blinddock.php). The crystal structures
of the target proteins were refined by eliminating water molecules, adding hydrogen atoms, altering amino
acids, optimizing energy levels, and fine-tuning force field settings. Afterward, we conducted a virtual docking
screening using Vina in the PyRx software. The Binding Affinity value (in kcal/mol), which measures the strength
of ligand-receptor interactions, was used to gauge binding stability, with lower values denoting stronger binding.
For further analysis, we utilized Discovery Studio, and PYMOL was employed for visualization purposes. The
protein under investigation bore the accession number MMP3 (P08254).

Molecular dynamics simulation

We conducted molecular dynamics (MD) modeling of the TDCPP-MMP3 protein-ligand complex utilizing the
Gromacs 2024.1 computational suite (URL: https://www.gromacs.org/)*>?’. The ligand molecules underwent
preprocessing via AmberTools 22, employing the Generalized Amber Force Field (GAFF) parameterization
scheme. This preparation involved hydrogen atom addition, calculation of restrained electrostatic potential
(RESP) charges using Gaussian 16 W, and integration of the derived charge parameters into the system topology
files. The simulations were executed under constant temperature (300 K) and pressure (1 bar) conditions,
spanning a total trajectory duration of 100 nanoseconds. The Amber99sb-ildn force field was selected for
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molecular interactions, with the system solvated using the TIP3P explicit water model. System stabilization
was achieved through initial steepest-descent energy minimization followed by thermal/pressure equilibration
phases before production MD runs. Trajectory snapshots sampled every 10 ps were subjected to structural
analysis using root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration
(Rg), and hydrogen bonding network assessments*®%.

Immortalization of human conjunctival fibroblasts

Given that the primary pathological characteristic of pterygium is the hyperplasia of conjunctival fibroblasts. To
investigate the impact of TDCPP on the pathogenesis of pterygium, we established immortalized conjunctival
fibroblasts for in vitro cellular experiments. Subepithelial fascial tissues of the bulbar conjunctiva, excised from
three patients with conjunctivochalasis, were obtained. The tissue specimens were then minced into small
squares with side lengths of approximately 0.1 cm. The culture medium was replaced every three days. Once
the cells growing around the tissue fragments reached confluence, the tissue fragments were removed. The
cells were subsequently digested with trypsin and subcultured into new flasks. The cells were transfected with a
lentiviral vector overexpressing Simian Virus 40 (SV40) large T antigen. Puromycin was used for cell selection.
The selected cells, designated as passage 1 (P1), were further expanded. Immortalized conjunctival fibroblasts
were obtained after at least 13 passages of expansion. At the same time, we performed immunofluorescence
staining on the marker Vimentin of the conjunctival fibroblasts to confirm the nature of the cells. We utilized
primary conjunctival fibroblasts. Before lentiviral transfection, the cells were observed to grow uniformly in
the culture dish. After transfection with the SV40 virus and selection using Puromycin, the cells were found to
grow normally. Upon staining with the marker protein Vimentin, which is specific to conjunctival fibroblasts, it
was evident that the immortalized fibroblasts uniformly expressed the marker gene. At the same time, we also
conducted STR genotyping tests on the constructed cells to clarify the source of the cells.

CCK-8 and RT-qPCR assays: assessing TDCPP effects on fibroblasts

Conjunctival fibroblasts were exposed to varying concentrations of TDCPP (0.5, 1, 1.5, 5, and 50 uM) in the
culture medium. The experimental groups included TDCPP-treated concentrations (0.5, 1, 1.5, 5, and 50 uM)
and an untreated control group. Fibroblasts from each group were seeded in 12-well plates at a density of 10°
cells/well with 2 mL of medium and incubated at 37 °C with 5% CO, for 24 h. CCK-8 reagent (Proteintech,
USA) was added (200 pL/well) and incubated for an additional hour. Absorbance was measured at 450 nm using
a microplate reader (BioTek, USA800TS). For RT-qPCR analysis, fibroblasts cultured in dishes were lysed with
TRIzol reagent (Thermo Fisher, USA). Total RNA was extracted using a total RNA Extraction Kit (Vazyme,
Nanjing, China), and cDNA was synthesized using a cDNA First-Strand Synthesis Kit (TaKaRa, Japan). Gene
expression was quantified using TB Green Fast QPCR Mix (TaKaRa, Japan) and normalized to GAPDH using
the 2"AACt method.

Statistical analysis

Version 4.2.1 of the R software is used for data visualization, including enrichment analysis, WCGNA analysis,
and group comparison chart drawing, etc. The results are reported as the mean +standard deviation (SD).
For comparing two samples, the Student’s t-test was employed to ascertain whether there was a statistically
significant difference between groups subjected to different treatments. A p-value of less than 0.05 was considered
statistically significant. In the graphical representations, asterisks are utilized to denote the statistical significance
of the values. Specifically, *: P<0.05; **: P<0.01; ***: P<0.001.

Results

Chemical characteristics of TDCPP

TDCPP is an organophosphorus compound with the molecular formula C9H15Cl604P and a molecular weight
0f 430.905 g/mol, featuring a phosphate group attached to three 1,3-dichloropropyl groups. Physically, TDCPP
appears as a colorless to light yellow, viscous liquid. It is soluble in organic solvents such as alcohols, benzene,
and carbon tetrachloride while exhibiting slight solubility in water (0.01% by weight at 30 °C). At 25 °C, it has a
density of 1.5+0.1 g/cm?, a melting point of -64 °C, and a boiling point of 457.4 +40.0 °C at 760 mmHg. The flash
point of TDCPP is 377.7+35.0 °C, and it has a refractive index of 1.497. Additionally, TDCPP is known for its
good hydrolytic stability and low volatility, making it a commonly used flame retardant in various materials. The
chemical characteristics of TDCPP, including its chemical formulas, molecular weights, and SMILES structures.

Identification of TDCPP-associated targets

After integrating and deduplicating data sourced from Super-Pred, ChEMBL, STITCH, and PharmMapper?!,
we identified a total of 273 unique target proteins associated with TDCPP (Fig. 2A). These target proteins are
potential molecular targets through which TDCPP exposure may elicit its toxicological effects, potentially
increasing the risk of pterygium development. Further investigation and validation of these targets are essential
for elucidating the underlying mechanisms and developing strategies to mitigate the adverse ocular surface
health effects linked to TDCPP exposure.

Intersection of TDCPP targets with Pterygium-Related genes

1078 pterygium-related target genes were retrieved from the literature, Genecard, and OMIM database. By
intersecting these genes with the target genes of TDCPP, we identified 43 shared genes, as illustrated in Fig. 2B.
These 43 genes are potential targets implicated in TDCPP-induced pterygium development. Further investigation
is necessary to elucidate the specific roles of these genes in pterygium pathogenesis and to assess their potential
as therapeutic targets or biomarkers for evaluating the risk of pterygium associated with TDCPP exposure.
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Fig. 2. Identification of TDCPP Targets and GOKEGG Enrichment Analysis. A. By integrating data from
Super-Pred, ChEMBL, STITCH, and PharmMapper, a total of 273 unique target proteins associated with
TDCPP were identified. B. An intersection analysis was conducted between 1078 pterygium-related target
genes and the target genes of TDCPP. C-D. The results of GO functional enrichment analysis are presented in
the Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) categories. The results of
KEGG pathway enrichment analysis are displayed. E-F. The PPI network consists of 39 nodes and 220 edges,
with a bar graph representing the PPI. G. The result of the MCODE cluster module analysis is presented.

Enrichment analysis of gene ontology and KEGG pathways

We performed a Gene Ontology (GO) analysis on 43 potential targets using the R project, with a particular
emphasis on the Homo sapiens species. The GO terms were sorted based on their false discovery rate (FDR)
values. For visualization purposes, we selected the most relevant terms from each of the Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF) categories, which exhibited the lowest FDR values,
to be displayed in enrichment analysis plots. The BP terms that were enriched included ‘positive regulation
of kinase activity (GO:0033674), ‘stress-activated MAPK cascade (GO:0051403)’ and ‘regulation of fibroblast
proliferation (GO:0048145)’ and ‘fibroblast proliferation (GO:0048144)’ (Fig. 2C). Additionally, CC terms such
as ‘phosphatidylinositol 3-kinase complex (GO:0005942); ‘integrin complex (GO:0008305)’ (Fig. 2C). MF terms
such as ‘protein serine/threonine/tyrosine kinase activity (GO:0004712)’, ‘M AP kinase activity (GO:0004707)  and
‘MAP kinase kinase kinase activity (GO:0004709)’ were also enriched (Fig. 2D). We utilized the ‘clusterProfiler’
R package for KEGG analysis on the 43 potential targets to clarify their roles in specific signaling pathways. We
generated statistical bubble plots and categorical histograms to visually represent the relevant KEGG signaling
pathways (Fig. 2D). GO and KEGG analyses indicated that these genes are widely distributed and expressed
across different subcellular locations, with significant involvement in signaling pathways, particularly the FoxO
signaling pathway and those associated with fluid shear stress and atherosclerosis. Notably, among the enriched
KEGG signaling pathways, those associated with PI3K-Akt signaling pathway and Ras signaling pathway were
prominently featured.

PPI network construction and MCODE cluster analysis

We utilized the STRING database to construct a Protein-Protein Interaction (PPI) network for the 43 overlapping
targets, which was subsequently visualized with Cytoscape3.10.2. This PPI network consisted of 39 nodes and
220 edges. Additionally, we generated a bar graph depicting the PPI using R software, as illustrated in Fig. 2E
and F. Moreover, we imported the 43 shared targets of TDCPP and pterygium into the Metascape database to
perform MCODE cluster module analysis, with the hub genes presented in Fig. 2G.

WGCNA analysis of gene co-expression modules

We applied the WGCNA algorithm to create co-expression modules based on expression data from 34 pterygium
and 34 conjunctiva samples. For in-depth analysis, we focused on the top quartile of genes exhibiting the highest
variability. Sample clustering was executed using the “WGCNA” package, with the outcomes presented in
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Fig. 3A. At a power value of 10, we achieved an independence level of 0.9 and improved mean connectivity,
as shown in Fig. 3B and C. By employing the dynamic tree-cut approach, we discovered ten distinct gene co-
expression modules in pterygium. Furthermore, a heatmap of the Topological Overlap Matrix (TOM) was
produced for visualization purposes (refer to Fig. 3D and E). The genes within these modules were then utilized
to investigate the association between module eigengenes and clinical traits. A total of 3910 genes were assigned
to ten modules, among which the tan module (correlation coeflicient = -0.66, P=1e-9) and the salmon module
(correlation coefficient=0.78, P="7e-15) demonstrated significant associations with the pterygium phenotype
(Fig. 3F).

Intersection of target gene and expression in pterygium

Forty-three genes were found to be common between TDCPP target genes and pterygium-associated target
genes. A Venn diagram was created to illustrate the relationships among these 43 overlapping targets and the
tan and salmon modules determined through Weighted Gene Co-expression Network Analysis (Fig. 4A). We
pinpointed the MMP3 gene as pivotal in the development of pterygium following TDCPP exposure. Our results
indicate a notable difference in MMP3 gene expression levels between conjunctival and pterygium samples, with
MMP3 expression significantly upregulated in pterygium tissues (Fig. 4B). This altered expression pattern hints
at specific pathways that could be promising therapeutic targets.

Molecular Docking and dynamics simulations of TDCPP with MMP3
The MMP3 gene has undergone molecular docking simulations with TDCPP, and the most probable binding
conformations are depicted in Fig. 5A. This figure illustrates the docking results, revealing that TDCPP binds to
a specific site on MMP3. Figure 5B presents the amino acids at the binding site, which primarily interact with
TDCPP through hydrogen bonds. A lower binding energy between the ligand and receptor indicates a higher
likelihood of interaction. Specifically, the binding energy of TDCPP with MMP3 was found to be -5.9 kcal/mol,
as shown in Fig. 5C.

Although the molecular docking analysis employed a semi-flexible docking protocol, this approach failed
to account for the inherent flexibility of the protein structure, as well as thermodynamic effects including
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Fig. 3. Weighted Gene Co-expression Network Analysis (WGCNA) for Screening Target Module Genes.

A. The gene clustering tree is shown. B-C. The relevant parameters for WGCNA network construction are
provided, with a power value of 10 achieving an independence level of 0.9. D. A clustering heat map of all
module genes in the WGCNA analysis is displayed. E. A heat map illustrating the correlation between different
phenotypes and modules based on WGCNA analysis is presented. F. The expression of the salmon and
turquoise module genes in the two groups is shown through a cluster heat map, where red represents high gene
expression and blue represents low gene expression.
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Fig. 4. Intersection of Target Genes and Their Expression in Pterygium. A. A Venn diagram depicts the
relationships among the 43 intersecting targets and the tan and salmon modules identified through WGCNA.
B. The expression of MMP3 was significantly elevated in pterygium tissues.

temperature, pressure, and solvent interactions. To further investigate the stability of protein-ligand interactions,
we performed molecular dynamics (MD) simulations of the TDCPP-MMP3 complex. The structural stability
of the protein before and after ligand binding was evaluated by calculating the root mean square deviation
(RMSD) of backbone atoms, which provides quantitative information about structural fluctuations throughout
the MD trajectory. The RMSD values for the TDCPP-MMP3 complex exhibited a gradual increase before
reaching a plateau after 20 ns of simulation, indicating the formation of a stable protein-ligand complex. The
average RMSD values were 0.119+0.011 nm for the protein alone and 0.134+0.009 nm for the protein-ligand
complex (Fig. 5D). To elucidate how ligand binding influences the flexibility of amino acid residues during
simulation, we analyzed the root mean square fluctuation (RMSF). Our RMSF analysis revealed comparable
residue fluctuations between the protein-only and complex systems. Notably, residues within the 145-160 region
exhibited the most significant fluctuations, with amino acids near position 160 constituting the protein-ligand
binding site. This observation suggests that ligand binding stabilizes the conformational dynamics of residues
within the protein’s active site (Fig. 5E). The average radius of gyration (Rg) values was 1.517 +0.005 nm for the
protein and 1.518 +0.005 nm for the complex, indicating nearly identical compactness between the two systems
(Fig. 5F). The solvent-accessible surface area (SASA) values also demonstrated remarkable similarity, with
averages of 90.198 + 1.434 nm* and 90.028 + 1.490 nm” for the protein and complex, respectively. The absence of
significant SASA fluctuations throughout the simulation suggests that both systems achieved thermodynamic
equilibrium (Fig. 5G). Based on our analysis, the protein-ligand complex formed an average of 0.443 +0.498
hydrogen bonds during the 100 ns simulation period (Fig. 5H).

CCK-8 and QPCR results on conjunctival fibroblasts exposed to TDCPP

We introduced TDCPP at various concentrations (0.5, 1, 1.5, 5, and 50 uM) into the culture dishes. It was
observed that at low concentrations, the growth status of the cells showed no significant difference compared
to the control group (Fig. 6A). However, when the concentration reached 50 uM, the growth of fibroblasts was
inhibited. The cells exhibited a rounded morphology, and inter-cellular connections became less prominent
(Fig. 6A). The results from the CCK-8 assay demonstrated that after culturing conjunctival fibroblasts for 24 h
and then exposing them to different concentrations of TDCPP (0.5, 1, 1.5, 5, and 50 uM) in the culture medium.
After continuous exposure to different concentrations of TDCPP for 24 h, all the cells were collected for the
CCK-8 assay. Culturing conjunctival fibroblasts under 0.5 uM and 1 uM conditions could enhance their viability,
while viability decreased under 50 uM conditions. These findings revealed a notable increase in cell viability at
the 0.5 M concentration, suggesting that exposure to low-concentration TDCPP might induce the proliferation
of conjunctival fibroblasts (Fig. 6B). Because the cell activity increased most significantly after treatment with
0.5 uM concentration of TDCPP, the cells treated with this concentration were selected for the subsequent
experiments. Meanwhile, we observed that under 0.5 uM TDCPP exposure, the expression level of the MMP3
gene in conjunctival fibroblasts of the experimental group was significantly increased compared with that in the
control group (Fig. 6C). We hypothesize that exposure of conjunctival tissue to TDCPP may potentially promote
the onset of pterygium. The underlying mechanism is likely dependent on the up-regulation of the MMP3 gene
in fibroblasts, which subsequently facilitates cell proliferation.

Discussion

This study highlights the health risks associated with Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) exposure,
particularly its role in pterygium development through changes in gene expression. Pterygium, an abnormal
tissue growth on the conjunctiva, can impair vision and cause discomfort, significantly reducing quality of
life*’. Although surgical excision is a viable treatment option, the recurrence of pterygium poses a considerable
challenge, necessitating deeper exploration into its underlying mechanisms and associated risk factors®”’.
TDCPP is a prevalent organophosphate flame retardant renowned for its effectiveness and low volatility (Zhong
et al., 2020). Elucidating the mechanisms through which TDCPP interacts with cellular processes is vital for
assessing its safety profile®®. This study offers valuable insights into the disruptive effects of TDCPP exposure
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Fig. 5. Molecular docking and Molecular dynamics result analysis. A. The probable binding conformations of
TDCPP-MMP3 are shown. B. The binding of TDCPP to surrounding amino acids is illustrated. C. The binding
energy of TDCPP with MMP3 is presented. D. RMSD plot comparing the structural dynamics of the protein-
only system (blue trace) and the TDCPP-MMP3 protein-ligand complex (red trace) throughout the molecular
dynamics simulation. E. RMSF plot illustrating the residue-specific flexibility profiles of the TDCPP-MMP3
complex. F. Rg plot demonstrating the compactness evolution of the TDCPP-MMP3 complex during the
simulation. G. SASA plot depicting the temporal changes in surface exposure of the protein-ligand complex,
reflecting conformational adjustments and solvent interactions. H. H-bond count plot quantifying the number
of intermolecular hydrogen bonds formed between the TDCPP ligand and MMP3 protein residues during the
molecular dynamic trajectory.

on normal cellular functions, potentially leading to detrimental outcomes like the development of pterygium.
The research findings highlight the urgency of assessing the long-term health implications of TDCPP, especially
among populations with substantial exposure, to guide regulatory policies and public health interventions.

The enrichment analysis unveiled that the target genes linked to TDCPP primarily engage in the FoxO
signaling pathway (Fig. 2D), implying their potential involvement in the etiology of pterygium. This pathway is
pivotal for governing cellular processes, including apoptosis, cell cycle progression, and oxidative stress response,
all of which are essential for preserving cellular homeostasis and warding off tumorigenesis®"*2. The implication
of this pathway hints that TDCPP might affect pterygium development through mechanisms that regulate these
crucial cellular functions. The overlap between TDCPP-related target genes and pterygium-associated genes
underscores the significance of these pathways in deciphering the molecular mechanisms driving pterygium
pathogenesis. Grasping these pathways may ultimately pave the way for enhanced diagnostic and therapeutic
strategies for managing pterygium and related ocular disorders.
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Fig. 6. Results of cell morphology, cell viability assay, and MMP3 expression after TDCPP exposure.A. Growth
morphology of the control group cells. B. Cell growth morphology in the 0.5 uM TDCPP exposure group. C.
Cell growth morphology in the 50 uM TDCPP exposure group. D. The results of the CCK — 8 assay. TDCPP
(0.5,1, 1.5, 5, and 50 uM) in the culture medium, culturing conjunctival fibroblasts under 0.5 uM and 1 pM
conditions could enhance their viability, while viability decreased under 50 uM conditions. E. Under 0.5 uM
TDCPP exposure, the expression level of the MMP3 gene in conjunctival fibroblasts of the experimental group
was significantly increased compared with that in the control group.

WCGNA analysis and the intersection of genes involved in pterygium pathogenesis and TDCPP targets
revealed that the matrix metalloproteinase 3 (MMP3) gene s pivotal in pterygium development, particularly under
TDCPP exposure. Elevated MMP3 expression levels in pterygium tissues (Fig. 4B) indicate its involvement in the
remodeling of the extracellular matrix (ECM), which is vital for maintaining tissue integrity and function®3.
MMP3 is recognized for its ability to degrade various ECM components, thereby influencing cellular processes
such as proliferation and migration, which are central to pterygium development®**°. Additionally, MMP3 has
been shown to modulate inflammatory responses, often linked to pterygium formation, by regulating cytokines
and chemokines that drive inflammatory processes, thus associating it with the chronic inflammation observed
in pterygium patients®>. Our observations align with previous findings, showing significantly elevated MMP3
expression in pterygium tissues relative to normal conjunctival tissues®®, indicating its potential as a biomarker
for pterygium severity and a therapeutic target. The evidence collectively supports the hypothesis that MMP3
plays a crucial role in pterygium pathogenesis and represents a promising target for therapeutic strategies to
mitigate the adverse effects of TDCPP exposure and pterygium development.

To figure out the deeper molecular mechanism, molecular docking studies have been conducted to investigate
the interaction between TDCPP and MMP3, revealing a binding energy of -5.9 kcal/mol, indicative of a strong
affinity between the two molecules. Given that, we hypothesized that TDCPP may contribute to the development
of pterygium via its interaction with MMP3. Molecular dynamics indicate the formation of a stable TDCPP-
MMP3 protein-ligand complex and both systems achieved thermodynamic equilibrium (Fig. 5D-G). To validate
this hypothesis, the detrimental effects of TDCPP on immortalied human conjunctival fibroblasts were carried
out to figure out the pterygium pathogenesis. The experimental results from our CCK-8 assay further corroborate
the in silico findings, demonstrating that low concentrations (0.5 and 1.0 pM) of TDCPP can enhance the
proliferation of conjunctival fibroblasts through the upregulation of the MMP3 gene. This finding suggests a
potential link between TDCPP exposure and the cellular mechanisms underlying pterygium development. The
dose-dependent effects observed in our study highlight the need for further research into the cellular response
to varying concentrations of TDCPP, particularly regarding its potential to promote fibroblast proliferation and
migration in ocular tissues. Our results are consistent with prior research emphasizing the importance of MMPs
in various pathological conditions, such as cancer and tissue remodeling, suggesting that TDCPP’s modulation
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of MMP3 could disrupt these processes’»*¢-38, Additionally, molecular dynamics simulations offer further
insights into the temporal stability and dynamics of the TDCPP-MMP3 complex. These simulations aim to
assess conformational changes and atomic-level interactions, providing a more comprehensive understanding of
the binding mechanism. Previous studies have shown that molecular dynamics can uncover crucial information
about ligand-receptor interactions, including key residues involved in binding and the complex’s stability under
physiological conditions®***°. These findings emphasize the need for further validation experiments, including in
vivo assays and functional studies, to confirm the biological relevance of the TDCPP-MMP3 interaction and its
implications for pterygium development. These validation efforts will improve our understanding of TDCPP’s
molecular toxicology and may inform future therapeutic strategies to mitigate exposure risks.

This study emphasizes the significance of elucidating the molecular mechanisms underlying TDCPP-induced
pterygium. We speculate that the potential mechanisms underlying the upregulation of MMP3 expression caused
by TDCPP treatment may involve the following two aspects: The binding of TDCPP to MMP3 may enhance its
activity through allosteric effects and trigger the upregulation of expression?!. TDCPP may indirectly regulate
the upregulation of MMP3 expression by influencing the cell proliferation signaling pathway*2. The limitation of
this study primarily revolves around the relatively small sample size and the absence of clinical validation, which
restricts the generalizability of the findings. While bioinformatics analyses have successfully identified potential
target genes and pathways involved in the pathogenesis of pterygium related to TDCPP exposure, the lack of
extensive in vivo or clinical data hinders a comprehensive understanding of the disease mechanisms. Moreover,
the integration of wet laboratory experiments with bioinformatics results is insufficient, necessitating further
studies to solidify the biological relevance of our findings. Future research should aim to incorporate larger
cohorts and diverse populations to confirm the identified associations and enhance the translational potential
of our results.

This study has identified significant molecular targets and pathways linked to TDCPP-induced pterygium,
with a particular emphasis on the MMP3 gene as a promising biomarker and therapeutic target. Our findings
enhance the understanding of the underlying molecular mechanisms in pterygium pathogenesis and underscore
the necessity of investigating these targets for the development of future therapeutic strategies. Follow-up study
should be done to confirm these results and evaluate the potential clinical significance of targeting MMP3 and
its associated pathways in alleviating the health effects of TDCPP exposure.

Limitation

The limited sample size of clinical pterygium tissues may restrict the generalizability of our results, highlighting
the need for larger cohorts to establish robust correlations. Additionally, potential batch effects stemming
from the heterogeneous datasets used in bioinformatics analyses may introduce variability. We conducted the
experiments using pure TDCPP substance instead of environmental samples. The real-world exposure involves
a mixture of chemicals, matrix effects, and bioavailability factors that are not replicated in our in vitro model.
Collectively, these factors underscore the importance of conducting further investigations employing diverse
methodologies and larger population samples to validate the identified molecular targets and elucidate their
roles in pterygium development.

Conclusion

This study has identified significant molecular targets and pathways linked to TDCPP-induced pterygium, with
a particular emphasis on the MMP3 gene as a promising biomarker and therapeutic target. Our findings enhance
the understanding of the underlying molecular mechanisms in pterygium pathogenesis and underscore the
necessity of investigating these targets for the development of future therapeutic strategies. Ongoing research
is crucial to confirm these results and evaluate the potential clinical significance of targeting MMP3 and its
associated pathways in alleviating the health effects of TDCPP exposure.
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