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Abstract: Uses of Plastic have increased worldwide and phthalate esters - released continuously from plastic matrices due to
their non-covalent bonding - are among the most abundantly detected chemical additives in human biomonitoring globally.
Seven phthalates are currently designated as High-Priority Substances under active federal risk evaluation by the US EPA under
Toxic Substances Control Act (TSCA). Of these, five - di(2-ethylhexyl) phthalate (DEHP), di-n-butyl phthalate (DBP), diisobutyl
phthalate (DIBP), benzyl butyl phthalate (BBP), and dicyclohexyl phthalate (DCP) - were selected based on dominance in
environmental detection and biomonitoring data. Despite growing evidence linking phthalates to various diseases, no study has
evaluated all five together against a complete signaling pathway spanning membrane, cytoplasmic, and nuclear protein targets.
Therefore, dual-engine molecular docking was performed using AutoDock 4 and AutoDock Vina against four resolved TGF-
B/SMAD signaling Pathway targets - TGFBRI (3TZM), TGFBRII (5E92), SMAD2 (1DEV), and SMAD3/SMAD4 (1U7F) - the only
pathway among 18 studied which have all three cellular compartments. All five showed binding above -6.0 kcal mol™" at
TGFBRI, TGFBRII, and SMAD3/SMAD4 in both engines. Affinity hierarchy was consistent - DCP > BBP > DIBP > DBP > DEHP -
across all four targets. At SMAD2, only DCP showed stable binding and remaining four produced no stable/convergent docking
pose under the specified conditions. DCP is the least detected yet showed strongest binding - showing environmental
prevalence does not predict receptor-level potency. These findings support TSCA cumulative risk assessment and warrant in
vitro phosphorylation and SMAD-reporter gene validation, subject to further studies.
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1. INTRODUCTION

Uses of Plastic have increased worldwide, and it
has became one of irreplaceable tool of modern life [1].
In 2022, Plastic production was estimated at 400.3
million metric tons, and it is estimated that plastic waste
will rise by 13.2 billion tons in 2050 [2, 3]. Moreover,
the more concerning part is only 9% of what is
produced get recycled and rest add accumulates in
nature. This plastic waste accumulation fragments into
microplastics (MPs) less than 5 mm and in
nanoplastics (NPs, collectively MNPs) [4]. These MNPs
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are either primary which are intentionally manufactured
by the company like cosmetics and industrial
applications and could be secondary which is formed
by fragmentation of large plastic debris through
process of mechanical, photochemical and biological
degradation or weathering [4].

Of greater concern is that MNPs do not remain
external to the body. Humans take them in every day
through food, water, inhaled air, and skin [5]. It is
estimated humans ingest tens of thousands to millions
of particles per year - which is equivalent to several
milligrams per day [6]. Through inhalation and skin
contact alone, phthalate intake from MNPs ranges from
1.2 to 13 ng/kg body weight per day indoors [7].
Smaller particles penetrate deeper into biological
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tissues. MPs less than 20 ym penetrate biological
membranes and organs, and MPs less than 10 ym
cross cell membranes and even the placental barrier
[6]. MNPs have now been confirmed in human brain,
liver, kidney, blood, lungs, placenta, and fetal organs
[4, 8, 9]. Brain tissue showed higher concentrations
than liver or kidney, and concentrations in all three
organs increased significantly from 2016 to 2024 -
showing that the body burden is rising [8]. Moreover,
MNPs were found in arterial plaques of 58.4% of
patients undergoing carotid endarterectomy - these
patients showed a hazard ratio of 4.53 for myocardial
infarction, stroke, or death at 34 months - the first direct
evidence in humans linking MNP accumulation in
tissue to cardiovascular events [10].

These MNPs do not act alone. They carry plastic
additives which leach continuously from the polymer
surface into surrounding biological environments.
Among these additives, phthalate esters are the most
abundantly detected class in human biomonitoring
globally [11]. Phthalates are not covalently bonded to
the plastic polymer which leads to their continuous
release under normal body conditions of temperature,
pH, and water contact [11, 12]. They are lipophilic in
nature which leads to partitioning into fat tissue and
biological membranes, along with crossing of the
placental barrier [12]. DEHP alone accounts for
approximately 40% of global plasticizer consumption,
and DBP, DIBP, and DEHP are among the most
detected phthalates in water, sediment, and food
worldwide [11]. In human biomonitoring, DEHP meta-
bolites are detected at nanomolar to low micromolar
concentrations in plasma and urine, DBP metabolites in
approximately 98% of individuals sampled, and BBP
metabolites in 97-99% of women and children [13, 14].

These chemicals are thus detectable in virtually all
human individuals, yet their molecular-level biological
effects remain incompletely characterized. Seven
phthalates - DEHP, DBP, DIBP, BBP, DCP, diisononyl
phthalate (DINP), and diisodecyl phthalate (DIDP) - are
currently under active federal risk evaluation by the US
EPA under TSCA, designated as High-Priority
Substances based on established health concern [15].
Among these seven, five - DEHP, DBP, DIBP, BBP,
and DCP - were selected here based on dominance in
environmental detection and human biomonitoring data
[13, 14, 16]. Humans are exposed to all five together
not one at a time, and evidence supports that phthalate
mixture exposures act additively on common biological
targets - which leads to single-compound risk
assessments likely underestimating real-world risk [16].

DEHP is classified Group 2B - possibly carcinogenic -
by IARC, with tumor-promoting activity in breast,
thyroid, ovarian, and prostate cancers through Notch,
Whnt, TGF-B, and NF-kB signaling pathways [17]. BBP,
DBP, and DEHP at 10-100 nM increased cell viability,
reduced apoptosis, and promoted cancer stem cell
markers in breast cancer cells via PI3K/AKT/mTOR
upregulation [18]. DEHP linked to pancreatic ductal
adenocarcinoma through a KLF5-centered adverse
outcome pathway involving PISK-AKT and MAPK
signaling [19]. Phthalates also interfere with estrogen
and androgen receptors - DEHP and DBP showed
highest predicted endocrine disruption risk - which
leads to DNA damage in spermatozoa, epigenetic
changes, and reproductive disorders in both sexes [5,
20]. At cardiovascular level, DEHP linked to oxidative
stress, metabolic dysfunction, and cardiovascular
mortality globally [21].

Researchers have started using computational ap-
proaches to understand how these phthalates interact
with disease-relevant proteins. Molecular docking and
network toxicology studies have linked DEHP to cancer
targets across breast, prostate, renal, lung, colorectal,
gastric, and thyroid cancers [22-30], each study shows
compound-specific interactions. We previously pro-
posed for the first time that MNPs can cause lymphoma
in our recent paper [31]. But each study tested one
compound against one target. None tested all these
five phthalates together and covered a complete sig-
naling pathway from membrane receptor to cytoplasmic
transducer to nuclear effector at the same time. The
molecular basis of how these five compounds
collectively engage to any pathway remains unknown.

Therefore, we docked all five - DEHP, DBP, DIBP,
BBP, and DCP - against four canonically resolved
protein targets of TGF-B/SMAD signaling Pathway -
TGFBRI, TGFBRII, SMAD2, and SMAD3/SMAD4 - the
only pathway among highest-studied candidates with
crystallographically resolved targets across all three
cellular compartments - providing a systematic
comparative framework for future in vitro and in vivo
validation using AutoDock 4 and AutoDock Vina.
AutoDock 4 employs a Lamarckian Genetic Algorithm
with empirical free energy scoring, while AutoDock
Vina uses gradient-based optimization with an impro-
ved scoring function; concurrent use of both engines
improves confidence in predicted binding poses by
assessing concordance across two independent
scoring functions, as both have demonstrated
concordance with experimentally determined affinities
across diverse ligand-receptor systems [32, 33].
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2. MATERIALS AND METHODOLOGY

2.1. Ligand and Pathway Selection Rationale

Five phthalate esters-DEHP, DBP, DIBP, BBP, and
DCP-were selected as all five are currently designated
as High-Priority Substances under active risk
evaluation by the US EPA under TSCA (2019) [15]. To
find the most suitable signaling pathway for docking
these five phthalates, PubMed was searched using
"phthalates" combined with 18 major human signaling
pathways. The number of results were given in
brackets - NF-kB (341), p53 (188), TGF-B (154),
Estrogen Receptor (130), Androgen Receptor (99),
AhR (60), Notch (37), Wnt/B-catenin (36), AMPK (32),
PIBK/AKT/mTOR (26), JAK/STAT (21), Nrf2/Keap1 (4),
cGAS-STING (4), Hippo/YAP (1), PPARy/PPARa (1),
and Hedgehog/Gli, EGFR/RTK, and MAPK/ERK/
JNK/p38 (0 each). Top five-NF-«kB, p53, TGF-B,
Estrogen Receptor, and Androgen Receptor-were
shortlisted for further evaluation. Now, as phthalates
are lipophilic in nature, they can penetrate and bind
across all three cellular compartments-membrane
surface receptors, cytoplasmic mediators, and nuclear
components. Each shortlisted pathway was therefore
checked for protein targets across all three
compartments. NF-kB has no defined membrane
receptor. p53 has no membrane component. Estrogen
Receptor and Androgen Receptor are intracellular
nuclear receptors with no membrane receptor in their
canonical axis. Only the canonical TGF-B/SMAD
signaling Pathway have all three components-TGFBRI
and TGFBRII at the membrane, SMAD2 in the
cytoplasm, and SMAD3/SMAD4 at nuclear interface-
and was therefore selected as docking target for this
study. 2D structures were drawn in ACD/ChemSketch
and 3D conformers were retrieved from PubChem and
later visualized in UCSF Chimera (Figure 1).

2.2. Protein Structure Retrieval and Preprocessing

Four high-resolution X-ray crystal structures
covering canonical TGF-B signaling Pathway were
selected for docking-TGF-BR1 (PDB: 3TZM), TGF-BR2
(PDB: 5E92), SMAD2 (PDB: 1DEV), and
SMAD3/SMAD4 heterodimer (PDB: 1U7F) (Table 1).
All structures were downloaded in .pdb format from the
RCSB Protein Data Bank and processed in AutoDock
Tools (ADT) v4.0 [32]. Preprocessing involved-removal
of crystallographic water molecules, co-crystallized
ligands, metal ions, and non-standard residues,
addition of polar hydrogens to reflect physiological
protonation, and third assignment of Kollman united-
atom charges for AutoDock force-field compatibility.
Each receptor was then converted to .pdbqt format for
downstream docking. Binding site coordinates were

determined using literature-validated active site
residues and visually confirmed in ADT (Table 1).

2.3. Ligand Structure Preparation
All five ligands were prepared by first drawing their

2D molecular frameworks in ACD/ChemSketch. 3D
conformers were then retrieved from PubChem

(https://pubchem.ncbi.nim.nih.gov/) for  geometry
confirmation and energy minimization. Moreover,
preprocessing in AutoDock Tools v4.0 involved

assigning Gasteiger partial charges to all atoms and
defining rotatable bonds to introduce torsional flexibility.
Final ligand structures were saved in .pdbqt format for
compatibility with both docking engines.

2.4. Molecular Docking Protocol

A dual-docking workflow-AutoDock Vina (v1.1.2)
and AutoDock 4 (v4.2.6)-was used to get concordant
binding affinity data across two independent
computational docking approaches for all five
phthalates against the four TGF-B pathway targets.
AutoDock 4 uses a Lamarckian Genetic Algorithm
(LGA) for conformational sampling, while AutoDock
Vina uses an efficient scoring function for pose
prediction- running both together allows assessment of
concordance between two independent computational
algorithms [32, 33]. A uniform grid box of 40 x 40 x 40
A3 was applied to all four targets with grid-point spacing
of 0.5 A, centered on literature-validated active site
residues (Table 1). Docking in Vina used
exhaustiveness = 8. AutoDock 4 used 60 independent
LGA runs per ligand-receptor pair with population size
of 350 and maximum evaluations of 3 x 10°. Ligands
were provisionally classified as predicted binders when
estimated binding free energy (AG) was < -6.0 kcal
mol™ - a widely used computational threshold that is
method-dependent and  does not  constitute
experimental confirmation of binding [34, 35]. Lowest-
energy pose for each ligand-target pair was kept for
interaction analysis.

2.5. Binding Site Definition and Interaction Profiling

Binding pockets for all four targets were delineated
using a hybrid experimental-computational approach.
For TGF-BR1, the co-crystallized inhibitor SB431542
guided grid-center coordinates and residue boundaries.
For TGF-BR2, SMAD2, and SMAD3/SMAD4, binding
cavities were predicted in Discovery Studio Visualizer
(DSV) and cross-checked with published structural
reports (Table 1). Grids encompassed canonical ATP-
binding clefts, receptor interface grooves, and SMAD
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Figure 1: 2D and 3D structure of five selected phthalates. (1A) Di-cyclohexyl phthalate (DCP); (1B) Benzyl butyl phthalate
(BBP); (1C) Di-isobutyl phthalate (DIBP); (1D) Bis(2-ethylhexyl) phthalate (DEHP); and (1E) Di-butyl phthalate (DBP). All five are
currently under active federal risk evaluation as High-Priority Substances under TSCA (1). 2D structure shown in top left was
drawn using ACD/ChemSketch where core phthalate is in red and side chain in green. 3D structure was retrieved from
PubChem and later visualized in UCSF Chimera.

Table 1: Active Site Amino acids of TGF-BR1, TGF-BR2, SMAD2, and SMAD3/4 used for Molecular Docking

Receptor Name PDB-ID Docking Grid Parameters Active sites amino acids Reference
Grid box size: 40 x 40 x 40 ILE211A, GLY214A, ARG215A, ALA230A, [59]
3 LYS232A, LEU260A, LEU278A, SER280A,
TGF-BR1 3TZM Grid center: (6.149, 7.966, ASP281A, TYR282A, HIS283A, LYS335A,
6.279) LYS337A, ASN338A, LEU340A, ASP351A
Grid spacing: 0.500 A
Grid box size: 40 x 40 x 40 GLY251A, GLY253A, ARG254A, PHE255A, [60]
As ALA256A, VAL258A, ALA275A, LYS277A,
TGF-BR2 5E92 Grid center: (16.922, -1.091, LEU305A, THR325A, ALA326A, PHE327A,
8.339) HIS328A, ASN332A, ASP379A, LYS381A,
Grid spacing: 0.400 A SER383A, ASN384A, LEU386A, ASP397A
Grid box size: 40 x 40 x 40 TYR341, ILE343, PHE348, TYR366, TRP368, [61]
3

CYS374, LYS375, ASN381
SMAD 2 1DEV Grid center: (48.474,
103.158, 45.743)
Grid spacing: 0.400 A

Grid box size: 40 x 40 x 40 SMAD3: LYS341, LYS345, LYS439, ARG438 62]
2 SMAD4: LYS419, TYR425, ARG427, ARG377
SMAD3/4 1U7F | Grid center: (-25.742, 64.334,
55.089)

Grid spacing: 0.400 A

MH2 domains known to mediate small-molecule enclosed functionally relevant residues to capture both
modulation within TGF-B Pathway. Each grid fully catalytic and allosteric interactions.
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Moreover, top-ranked docking complexes were
imported into DSV for interaction analysis. 2D contact
maps and 3D overlays were generated to visualize all
molecular contacts. Interactions were categorized by
distance and geometry-hydrogen bonds (< 3.5 A);
vander Waals forces (< 4.0 A);m - and m -alkyl
stacking; along with alkyl and C-H contacts. Color
conventions followed DSV standard-hydrogen bonds in
green, hydrophobic in light pink, T -interactions in
purple. Color keys are given in each Figure legend.

2.6. Data Curation and Filtering

Only ligand-protein complexes showing AG < -6.0
kcal mol™ in either docking engine were retained for
final comparative analysis. All metrics-binding energy,

compiled into a unified dataset. Ligands that produced
no convergent binding pose under identical docking
conditions are recorded as NB (No Stable/Convergent
Pose) in the respective tables. Binding energy profiles
were visualized using Graph pad prism (Version 9.0) as
shown in Figure 2.

3. RESULTS

3.1. Binding of Phthalates at TGF-BR1

Docking of five selected phthalates against TGF-
BR1 kinase domain showed binding above the
minimum threshold of —-6.0 kcal/mol in both engines
(Figure 2A, 2B). DCP showed strongest binding, —9.58
kcal/mol (AutoDock 4) and —8.5 kcal/mol (Vina). BBP

interaction type, and contacting residues-were followed at -7.83 and —8.0 kcal/mol. DIBP, DEHP, and
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Figure 2: Binding affinity of five selected phthalates against TGF-f signaling Pathway. Binding affinity, calculated in the
AG, kcal/mol, for the five phthalates DCP, BBP, DIBP, DEHP, and DBP were evaluated against the four target of the TGF-f
signaling Pathway TGF-BR1 (2A, 2B), TGF-BR2 (2C, 2D), SMAD2 (2E, 2F), and SMAD3/SMAD4 (2G, 2H). The Binding affinity
(in -ve), were calculated AutoDock 4 shown in maroon and cross verified by AutoDock Vina shown in blue, which is shown here
in graph on left side and bar charts on right side. The minimum binding threshold was selected at -6.0 kcal/mol which is
indicated here by a black line in right graphs. Graph pad prism was used for preparation of the graphs.
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Table 2: Amino Acid-Level Mapping of Ligand-TGF-8R1 Interactions

. . . . . Total Interacting-
Ligands Interactions Interacting-Amino Acids Amino Acids
Van der Waals Forces ASN338A, TYR282A, HIS283A, GLY286A, ASP281A, ILE211A, 21
VAL279A, PHE262A, GLU245A, TYR249A, LEU352A, GLY214A e
DCP (13 Active Site
Conventional hydrogen bond LYS232A (1.92A), ASP351A (1.87A), SER280A (2.63A) Amino Acids)
Alkyl/Pi-alkyl ALA230A, LEU340A, ALA350A, VAL219A, LEU260A, LEU278A
Van der Waals Forces GLY286A, HIS283A, TYR282A, ASP281A, VAL231A, VAL219A, 20
LYS337A, ASN338A, ASP351A, GLU245A, TYR249A, PHE262A, R
(14 Active Site
ILE211A Amino Acids)
BBP Conventional hydrogen bond SER280A (2.57A), LYS232A (1.87A)
Pi-Cation LYS232A (4.15A)
Pi-Sigma LEU340A, LEU260A
Alkyl/Pi-alkyl ALA350A, ALA230A, LEU278A
Van der Waals Forces VAL279A, VAL231A, GLU245A, TYR249A, ALA350A, LYS337A, 20
ASN338A, GLY214A, ARG215A, VAL219A, LEU260A, ASP281A, (14 Active Ste
- HIS283A, TYR282A Amino Acids)
Conventional hydrogen bond SER280A (2.78A), ASP351A (2.03A), LYS232A (1.92A)
Alkyl/Pi-alkyl LEU278A, ALA230A, LEU340A
Van der Waals Forces LYS213A, GLY214A, ASP351A, ALA350A, VAL231A, LEU260A, 20
SER280A, GLU245A, ASP281A, TYR282A, GLY286A, GLU284A e
(12 Active Site
DEHp | Conventional hydrogen bond LYS232A (2.58A) Amino Acids)
Pi-Sigma VAL219A, TYR249A
Alkyl/Pi-alkyl ILE211A, LEU340A, HIS283A, PHE262A, LEU278A, ALA230A
Van der Waals Forces VAL279A, PHE262A, GLU245A, TYR249A, SER287A, LYS337A, 20
ASN338A, GLY286A, HIS283A, TYR282A, ASP281A, VAL219A (12 Active Site
DBP Conventional hydrogen bond ASP351A (1.77A), SER280A (2.01A) Amino Acids)
Pi-Sigma LEU260A
Alkyl/Pi-alkyl LEU278A, LYS232A, ALA230A, LEU340A, ALA350A

Conventional hydrogen bond and Pi-Cation bond length are given in brackets.

DBP showed values between -6.90 to -7.15 kcal/mol
across both engines.

At residue level, DCP formed highest contacts at
TGF-BR1-21 total amino acids, of which 13 were active
site residues (Table 2, Figure 3A). Three conventional
hydrogen bonds formed at LYS232A, ASP351A, and
SER280A, along with alkyl/mm-alkyl contacts at
ALA230A, LEU340A, ALA350A, VAL219A, LEU260A,
and LEU278A. BBP showed 20 interacting amino acids
with 14 active site contacts (Figure 3B). Hydrogen
bonds formed at SER280A and LYS232A, along with
m-cation at LYS232A and m -sigma at LEU340A and
LEU260A. DIBP showed 20 amino acids with 14 active
site contacts and three hydrogen bonds at SER280A,
ASP351A, and LYS232A (Figure 3C). DEHP showed
20 contacts with 12 active site residues and only one
hydrogen bond at LYS232A (Figure 3D). DBP showed
20 contacts with 12 active site residues and two
hydrogen bonds at ASP351A and SER280A (Figure

3E). Moreover, SER280A, ASP351A, and LYS232A
were the three recurrent active site anchors found
across all five phthalates at TGF-BR1.

3.2. Binding of Phthalates at TGF-BR2

At TGF-BR2 kinase domain, all five again showed
binding above -6.0 kcal/mol in both engines (Figure
2C, 2D). DCP again showed strongest binding--9.02
kcal/mol (AutoDock 4) and —8.7 kcal/mol (Vina). BBP
followed at -8.34 and -8.3 kcal/mol. DIBP, DBP, and
DEHP showed binding between -6.79 to -7.49
kcal/mol.

At residue level, DCP formed 16 interacting amino
acids at TGF-BR2 with two hydrogen bonds at
ASP397A and LYS277A, along with m -sigma at
VAL258A and alkyl/m-alkyl contacts at LEU305A,
CYS396A, ALA275A, LEU386A, and LEU323A (Figure
4A, Table 3). BBP showed 17 contacts with two
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Figure 3: Binding mode of five selected phthalates at TGF-BR1 kinase domain. Five phthalates DCP (3A), BBP (3B), DIBP
(3C), DEHP (3D), and DBP (3E) docked against the human TGF-BR1 kinase domain. For each ligand, overall receptor-ligand
complex is shown on left, active site 3D view in center, and 2D protein-ligand contact map generated in Discovery Studio
Visualizer (DSV) on right, annotated with total conventional hydrogen bonds (H Bond = n). Different colours indicate different
interactions: Light green for vander Waals; bright green for conventional hydrogen bond; light pink for alkyl/r-alkyl; purple for 1r-

sigma; orange for tr-cation. Moreover, each residue specific interactions and bond type are given in Table 2.
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Figure 4: Binding mode of five selected phthalates at TGF-BR2 kinase domain. Five phthalates DCP (4A), BBP (4B), DIBP
(4C), DEHP (4D), and DBP (4E) docked against the human TGF-BR2 kinase domain (PDB: 5E92). For each ligand, overall
receptor-ligand complex is shown on left, active site 3D view in center, and 2D protein-ligand contact map generated in
Discovery Studio Visualizer (DSV) on right, annotated with total conventional hydrogen bonds (H Bond = n). Different colours
indicate different interactions: Light green for vander Waals; bright green for conventional hydrogen bond; light pink for alkyl/m-
alkyl; purple for Tr-sigma. Moreover, each residue specific interactions and bond type are given in Table 3.
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Table 3: Amino Acid-Level Mapping of Ligand-TGF-8R2 Interactions
Ligands Interactions Interacting-Amino Acids Total Interacting-
Amino Acids
Van der Waals Forces THR325A, GLY331A, VAL250A, ALA326A, HIS328A, ASN332A, 21
GLY251A, ASN384A, SER383A, GLY253A, ALA256A, PHE255A, (8 Active Site
DEHP PHE294A, LEU323A Amino Acids)
Conventional hydrogen bond CYS396A (3.69A), ASP397A ((2.02A), LYS277A (2.37A)
Alkyl/Pi-alkyl VAL258A, PHE327A, LEU386A, ALA275A
Van der Waals Forces GLY331A, HIS328A, PHE327A, ALA326A, GLU290A, PHE294A, 16
THR325A, GLY251A (8 Active Site
DeP Conventional hydrogen bond ASP397A (2.48A), LYS277A (1.85A) Amino Acids)
Pi-Sigma VAL258A
Alkyl/Pi-alkyl LEU305A, CYS396A, ALA275A, LEU386A, LEU323A
Van der Waals Forces GLY331A, PHE327A, HIS328A, GLY253A, ALA256A, CYS396A, 17
GLU290A, PHE294A, LEU323A (8 Active Site
BEP Conventional hydrogen bond LYS277A (1.96A), ASP397A (1.66A) Amino Acids)
Pi-Sigma THR325A, LEU305A
Alkyl/Pi-alkyl VAL258A, VAL250A, LEU386A, ALA275A
Van der Waals Forces VAL276A, LEU323A, PHE294A, ASN384A, ALA326A, PHE327A, 15
HIS328A (8 Active Site
DIBP Conventional hydrogen bond ASP397A (1.89A) Amino Acids)
Pi-Sigma THR325A
Alkyl/Pi-alkyl LYS277A, ALA275A, VAL258A, LEU305A, LEU386A, CYS396A
Van der Waals Forces ALA326A, HIS328A, LEU386A, VAL250A, LEU323A, PHE294A, 16
CYS396A, GLY253A, ALA256A (8 Active Site
DBP Conventional hydrogen bond ASP397A (1.71A), LYS277A (1.96A) Amino Acids)
Pi-Sigma THR325A, LEU305A
Alkyl/Pi-alkyl VAL258A, PHE327A, ALA275A

Conventional hydrogen bond length are given in brackets.

hydrogen bonds at LYS277A and ASP397A, along with
m-sigma at THR325A and LEU305A (Figure 4B). DIBP
showed 15 contacts with one hydrogen bond at
ASP397A (Figure 4C). DEHP showed 21 contacts with
three hydrogen bonds at CYS396A, ASP397A, and
LYS277A (Figure 4D). DBP showed 16 contacts with
two hydrogen bonds at ASP397A and LYS277A
(Figure 4E). Moreover, ASP397A and LYS277A were
the consistent anchor residues across all five
phthalates at TGF-BR2-same pattern as seen at TGF-
BR1.

3.3. Selective Predicted Binding of DCP at SMAD2
MH2 Domain

At SMAD2 MH2 domain, binding pattern differed
substantially. Only DCP showed predicted binding
above the -6.0 kcal/mol computational threshold -
-6.77 kcal/mol (AutoDock 4) and —7.00 kcal/mol (Vina).
BBP, DIBP, DEHP, and DBP produced no
stable/convergent docking pose under identical

conditions and are recorded as NB in Table 4. No
stable/convergent docking pose was generated for
these four phthalates under the specified docking
conditions.

DCP at SMAD2 formed 12 total contacts (Figure 5,
Table 4). Vander Waals contacts found at ASN363,
TRP368, PRO360, SER397, and GLN407. Two
hydrogen bonds formed at MET411 and GLN364.
Carbon hydrogen bond formed at LEU408, along with
alkyl/mr-alkyl contacts at PRO370, ARG410, ALA404,
and LEU393. Moreover, TRP368-one of the key active
site residues-was directly engaged by DCP via vander
Waals contact. None of the remaining four phthalates
contacted this residue.

3.4. Binding of Phthalates at SMAD3/SMAD4
Interface

At SMAD3/SMAD4 heterodimer, DCP again showed
strongest binding-—-8.15 kcal/mol (AutoDock 4) and
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Table 4: Amino Acid-Level Mapping of Ligand-SMAD2 Interactions

Ligands Interactions Interacting-Amino Acids Total Interacting-Amino Acids
Van der Waals Forces ASN363, TRP368, PRO360, SER397, 12
GLN407 (1 Active Site Amino Acids)

DCP Conventional hydrogen bond MET411, GLN364

Carbon hydrogen bond LEU408

Alkyl/Pi-alkyl PRO370, ARG410, ALA404, LEU393

BBP NB NB NB
DIBP NB NB NB
DEHP NB NB NB
DBP NB NB NB

Note: NB = No stable/convergent docking pose generated under the specified conditions. Conventional hydrogen bond length are given in brackets.

DCP
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Figure 5: DCP binding at SMAD2 MH2 domain. Among the five phthalates, only DCP showed binding at SMAD2 MH2 domain
(AG = -6.77 kcal mol-", AutoDock4; -7.00 kcal mol-*, AutoDock Vina); BBP, DIBP, DEHP, and DBP showed no stable binding
pose and are recorded as NB (No Binding) in Table 4. Overall receptor-ligand complex is shown on top, active site 3D view on
bottom-left, and 2D contact map generated in Discovery Studio Visualizer (DSV) on bottom-right (H Bond = 2). Different colours
indicate different interactions: Light green for vander Waals; bright green for conventional hydrogen bond; light green outline for
carbon hydrogen bond; light pink for alkyl; pink for r-alkyl. Moreover, each residue specific interactions and bond type are given

in Table 4.
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Figure 6: Binding mode of five selected phthalates at SMAD3/SMAD4 heterodimeric interface. Five phthalates DCP (6A),
BBP (6B), DIBP (6C), DEHP (6D), and DBP (6E) docked against the SMAD3/SMAD4 heterodimer (PDB: 1U7F). For each
ligand, overall receptor-ligand complex is shown on left, active site 3D view in center, and 2D contact map generated in
Discovery Studio Visualizer (DSV) on right, annotated with total conventional hydrogen bonds (H Bond = n). Different colours
indicate different interactions: Light green for vander Waals; bright green for conventional hydrogen bond; light green outline for
carbon hydrogen bond; light pink for alkyl/mr-alkyl; purple for 1r-sigma; dark pink for -1 stacked; orange for - T-shaped;
yellow for amide-1r stacked; red for unfavourable acceptor-acceptor (DIBP only). Moreover, each residue specific interactions
and bond type are given in Table 5.
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Table 5: Amino Acid-Level Mapping of Ligand-SMAD3/4 Interactions

Ligands Interactions Interacting-Amino Acids Total Interacting-
Amino Acids
Van der Waals Forces ASP415B, ARG441B, GLN446B, ASP439B, PHE438B 12
Carbon hydrogen bond TYR413B (NIL-Active Site
arbon hydrogen bon Amino Acids)
DEHP Pi-Sigma TYR412B
Amide-Pi stacked GLN442B, ARG416B
Alkyl/Pi-alkyl LEU498B, CYS443B, ARG445B
Van der Waals Forces GLN449B, GLN442B, GLN446B, TYR412B, ASP439B 11
DCP Carbon hydrogen bond TYR413B (NIL-Active Site
Amino Acids)
Alkyl/Pi-alkyl ARG445B, PHE438B, LEU498B, CYS443B, ARG416B
Van der Waals Forces ILE500B, LEU498B, LEU501B, SER411B, VAL437B, 15
ASP439B, CYS443B, GLN442B, GLN449B, GLN446B (NIL-Active Site
. Amino Acids)
Carbon hydrogen bond/Pi-donor hydrogen TYR413B
bond
BBP
Pi-sigma TYR412B
Pi-Pi Stacked/Pi-Pi T-shaped PHE438B
Alkyl/Pi-alkyl ARG416B, ARG445B
Van der Waals Forces ASP439B, ARG445B, TYR413B, PHE438B, LEU498B, 11
ASP415B, ARG416B, GLN446B (NIL-Active Site
DIBP Carbon hydrogen bond GLN4428 Amino Acids)
Unfavourable acceptor-acceptor TYR412B
Alkyl/Pi-alkyl CYS443B
ASP439B, TYR413B, ARG497B, ILE500B, GLN410B, 16
Van der Waals Forces SER411B, TYR412B, LEU498B, ARG445B, GLN446B, (NIL-Active Site
ARG416B Amino Acids)
DBP Carbon hydrogen bond CYS443B, GLN442B
Amide-Pi stacked GLN442B
Alkyl/Pi-alkyl LEU501B, PHE438B

-8.3 kcal/mol (Vina), above - 6.0 kcal/mol threshold
(Figure 2G, 2H). BBP followed at -7.52 and -6.9
kcal/mol. DBP showed -6.77 and -6.3 kcal/mol, DIBP
showed -6.34 and -6.5 kcal/mol, and DEHP showed
—-6.15 and —5.6 kcal/mol.

At residue level, DCP formed 11 contacts with
carbon hydrogen bond at TYR413B and alkyl/mr-alkyl
contacts at ARG445B, PHE438B, LEU498B,
CYS443B, and ARG416B (Figure 6A, Table 5). BBP
showed 15 contacts with carbon hydrogen bond at
TYR413B, m -sigma at TYR412B, m - stacked/T-
shaped at PHE438B, along with alkyl/mr-alkyl contacts
at ARG416B and ARG445B (Figure 6B). DIBP showed
11 contacts with carbon hydrogen bond at GLN442B
and an unfavourable acceptor-acceptor interaction at
TYR412B-the only unfavourable interaction found
across all five phthalates at this target (Figure 6C).
DEHP showed 12 contacts with carbon hydrogen bond
at TYR413B, m-sigma at TYR412B, along with amide-1r

stacked contacts at GLN442B and ARG416B (Figure
6D). DBP showed 16 contacts with carbon hydrogen
bond at CYS443B and GLN442B, along with amide-1r
stacked at GLN442B (Figure 6E). Moreover, none of
the five phthalates engaged the canonical active site
residues of SMAD3-LYS341, LYS345, LYS439,
ARG438-or SMAD4-LYS419, TYR425, ARG427,
ARG377. All binding poses localized to a peripheral
region of heterodimeric interface rather than canonical
MH2 active site. The biological significance of these
peripheral interface interactions therefore remains
uncertain and should not be interpreted as evidence of
canonical pathway disruption without experimental
validation.

4. DISCUSSION

Our criteria selected TGF-/SMAD signaling
Pathway to study against these five phthalates. TGF-B-
transforming growth factor-beta-controls how cells



274 Journal of Cancer Research Updates, 2026, Vol. 15, No. 3

Mandal et al.

grow, divide, and die [35-37]. Under normal conditions
it acts as a tumor suppressor, however, when
chronically disrupted-by mutations, inflammation, or
environmental chemicals-the same pathway switches
and starts promoting cancer, fibrosis, and immune
evasion [36, 37]. This contextual switch underlies its
pathological significance. The canonical TGF-/SMAD
Pathway operates through a linear cascade-TGF-(3
binds TGFBRII at cell surface, activates TGFBRI, which
phosphorylates SMAD2 and SMAD3 inside the cell,
which then join SMAD4 and move into nucleus to
switch fibrosis and oncogene-related genes on or off
[36, 38]. All five phthalates crossed the —6.0 kcal mol™
binding threshold at TGFBRI, TGFBRIl, and
SMAD3/SMAD4 in both AutoDock 4 and AutoDock
Vina- yielding concordant binding affinity data across
both computational engines. Each compound exhibited
a distinct binding profile.

DEHP. DEHP showed binding at all four targets-
weakest of the five but still above threshold at TGFBRI
(-6.90 kcal mol™), TGFBRII (-6.79 kcal mol™), and
SMAD3/SMAD4 (-6.15 kcal mol™). Only one hydrogen
bond formed at TGFBRI at LYS232A along with twelve
vander Waals contacts. DEHP is the most globally
produced phthalate-nearly 50% of worldwide plasticizer
production-and its metabolites are detected in virtually
all individuals sampled at nanomolar to low micromolar
concentrations [11, 39]. Despite being the most
environmentally prevalent, it showed the weakest TGF-
B pathway binding of the five. These results suggest
that, detection frequency does not predict receptor-
level potency. Experimentally, DEHP is the most
studied of the five at TGF- level. Study by Kim et al.
showed DEHP induced proliferation, migration,
stemness, and EMT in human endometrial and
endometriotic  epithelial cells via TGF-B/SMAD
signaling-confirmed when selective TGFBR1/2 inhibitor
LY2109761 reversed all DEHP-induced effects under
experimental conditions [40]. Study by Liu et al
showed prenatal DEHP exposure upregulated TGF-1
expression in fetal mouse genital tubercles confirmed
by RT-PCR and Western blot [41]. Study by Zhou ef al.
showed gestational DEHP exposure reduced urethral
EMT by suppressing TGF-B/SMAD signaling in rats-
and TGF-B1 restored EMT by activating the same
Pathway [42]. The experimental evidence for DEHP at
TGF-B level is therefore the strongest among the five.

DBP. DBP showed binding at TGFBRI (-6.96 kcal
mol™), TGFBRII  (-7.23 kcal mol™), and
SMAD3/SMAD4 (-6.77 kcal mol™)-above threshold at
all three-forming two hydrogen bonds at TGFBRI and

TGFBRIl each. DBP metabolites are detected in
approximately 98% of all individuals sampled in large-
scale biomonitoring programs [13]. Study by Hua et al.
showed DBP increased NAP-2 secretion from vascular
endothelium which promoted EMT in urothelial cells
through TGF-B Pathway-and TGF-f inhibitor LY219761
blocked this DBP-induced EMT directly, confirming
TGF-B dependency [43]. DBP also suppressed
TGFB1I11-TGF-B1 inducible interacting protein-in
hypospadias offspring, further linking it to TGF-
system components at molecular level [11]. The
docking findings here are therefore directly supported
by experimental evidence for DBP at TGF-f3 level.

DIBP. DIBP showed binding at TGFBRI (-7.15 kcal
mol™), TGFBRII  (-7.49 kcal mol™), and
SMAD3/SMAD4 (-6.34 kcal mol™)-above threshold
and stronger than DBP at TGFBRII. Three hydrogen
bonds formed at TGFBRI-same number as DCP-at
SER280A, ASP351A, and LYS232A. DIBP is
increasing rapidly in human biomonitoring as a direct
replacement for DBP, with equivalently high human
exposure risks [11]. However, no individual
experimental study linking DIBP alone to TGF-
signaling has been published so far- representing a
notable gap in the literature [44]. Study by Shukla et al.
showed that a phthalate mixture containing DEHP,
BBP, DBP, DIBP, and DEP elevated TGF-$ signaling
in mouse uterine tissue after 6 months of chronic
dietary exposure confirmed by RNA-sequencing and
validated by gPCR, along with collagen deposition and
uterine stiffness confirmed by Second Harmonic
Generation imaging [45]. DIBP was a named
component of that mixture. This computational study is
therefore the first to provide any individual molecular-
level evidence that DIBP directly engages TGF-B
pathway receptor proteins. Future in vitro studies using
TGFBRI kinase phosphorylation assays and SMAD2
reporter gene systems with DIBP alone are warranted
to experimentally confirm this predicted engagement.

BBP. BBP showed strong binding at TGFBRI (-7.83
kcal mol™), TGFBRIl (-8.34 kcal mol™), and
SMAD3/SMAD4 (-7.52 kcal mol™)-second only to DCP
at every target. Two hydrogen bonds formed at
TGFBRI and TGFBRII each, along with -sigma and 1r-
cation contacts. BBP metabolites are detected in 97—
99% of individuals sampled in population-wide
biomonitoring programs and the US EPA classifies it as
a possible human carcinogen [46]. No direct TGF-8
mechanistic study exists for BBP individually. However,
study by Wang et al. showed BBP induced lung injury
and fibrosis through neutrophil extracellular trap
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formation-and TGF-B/SMAD is the established central
mediator of this kind of fibrogenic cascade [26, 47].
Study by Wang et al. also showed BBP promoted
breast cancer stem cell expansion and EMT via
AhR/SPHK1  signaling-confirming its  oncogenic
potential through EMT activation, a hallmark of TGF-[3-
driven cancer progression [48]. The docking evidence
here provides the first molecular-level rationale for why
BBP may engage TGF-B pathway directly.

DCP. DCP showed strongest binding of all five
across all four targets-—9.58 kcal mol™ at TGFBRI,
-9.02 kcal mol™ at TGFBRII, -6.77 kcal mol™ at

SMAD2, and -8.15 kcal mol™ at SMAD3/SMADA4. The
reason is its two rigid cyclohexyl rings which fit into the
hydrophobic pockets of TGF-f3 kinase domains without
the conformational flexibility penalty that limits linear
chain compounds [49, 50]. DCP is the only compound
that produced a predicted binding pose at the SMAD2
MH2 domain. BBP, DIBP, DBP, and DEHP all four
produced no convergent binding pose under identical
docking conditions. Only DCP's cyclohexyl geometry
reached TRP368-a key active site residue which none
of the other four phthalates reached. This is significant
because SMAD2 phosphorylation by activated TGFBRI
drives SMAD4 association, nuclear translocation, and
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Figure 7: Graphical summary of docking of five TSCA High-Priority phthalates against canonical TGF-B/SMAD
signaling Pathway. Top panel shows 2D structures of five selected phthalates - DCP, BBP, DIBP, DEHP, and DBP - color
coded by overall docking binding strength across all four targets from strong to weak as DCP > BBP > DIBP > DEHP > DBP.
Steps 1-6 show the canonical TGF-B/SMAD signaling cascade from extracellular ligand binding at TGFBRIl and TGFBRI at
plasma membrane, through cytoplasmic SMAD2/3 phosphorylation and SMAD4 association, to nuclear translocation and
SMAD-responsive element binding. Colored dotted arrows show docking of all five phthalates to TGFBRI and TGF@RII, while
DCP uniquely docked to SMAD2 MH2 domain in cytoplasm. Chronic dysregulation of this Pathway by phthalate binding leads to
fibrosis, cancer progression, EMT, metastasis, immune evasion, cardiovascular fibrosis, and reproductive toxicity as shown in

bottom panel.
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transcription of fibrosis genes including collagen type |,
a-SMA, MMP1, and LOXL1 [51]. A ligand at the
SMAD2 MH2 interface could alter this entire process.
DCP is therefore the only tested phthalate predicted to
interact with TGF-B pathway components at three
levels simultaneously-membrane receptor, cytoplasmic
transducer, and peripheral nuclear heterodimer
interface-though the functional significance of the
SMAD3/SMAD4 peripheral interaction remains to be
experimentally established. DCP is also the least
detected of the five in routine biomonitoring-yet it
showed the strongest predicted molecular engagement
with TGF-B pathway proteins. This structure-activity
observation - attributable to its rigid bicyclic cyclohexyl
geometry - is hypothesis-generating and should not be
interpreted as evidence of greater real-world risk;
molecular potency in silico and actual exposure burden
are distinct parameters, and DCP's lower biomonitoring
prevalence means population-level risk requires
separate epidemiological and toxicokinetic evaluation.
No experimental TGF- study existed for DCP before
this work. However, study by Ganesh et al. showed
DCP activates multiple human nuclear receptors in
HepG2 cells through preferential interaction with
hydrophobic amino acids in receptor binding pockets-
confirming DCP has the molecular characteristics
needed to engage structured hydrophobic receptor
cavities, consistent with what is found here at TGF-
pathway targets [52]. Moreover, EPA has confirmed
DCP presents unreasonable risk of injury to human
health and included it in cumulative phthalate risk
assessment [53]. These computational findings provide
a preliminary molecular-level basis for understanding
why. Given DCP's unique three-level predicted
engagement - at TGFBRI, TGFBRII, and SMAD2
simultaneously - targeted in vitro phosphorylation
assays, SMAD-reporter gene validation, and in vivo
combinatorial exposure studies with DCP are strongly
recommended as priority future investigations.

Taken together, phthalates have been directly
detected in circulating human blood and lymphoid
tissues-the precise anatomical compartments where
TGF-B/SMAD signaling is most active [54]. These
phthalates are not just theoretically capable of reaching
TGF-B pathway targets. They are physically present
within these compartments. If chronic phthalate
exposure does bias TGF-B/SMAD signaling-as our
computational  docking data and  supporting
experimental evidence from other studies collectively
suggest, and subject to experimental confirmation
particularly regarding the peripheral SMAD3/SMAD4
interface engagement-the disease consequences may

span the full range of TGF-B-linked pathology . At
fibrotic level, TGF-B/SMAD drives fibroblast-to-
myofibroblast differentiation across lung, liver, kidney,
and heart (Figure 7) [26, 37, 55]. At oncogenic level,
chronic  dysregulation drives EMT, invasion,
metastasis, angiogenesis, and immune evasion-with
loss-of-function mutations in TGFBR1, TGFBR2,
SMAD2, SMAD3, and SMAD4 frequent in pancreatic,
colorectal, and breast cancers [36, 56]. At
cardiovascular level, TGF-B is elevated in myocardial
fibrosis, valve fibrosis, and arteriosclerosis-and DEHP
has already been epidemiologically associated with
cardiovascular mortality [21, 57, 58]. At reproductive
and developmental level, DEHP and DBP modulate
TGF-B/SMAD pathway components in urethral, uterine,
and gonadal tissues (Figure 7) [41, 42, 45].

5. LIMITATIONS

Several limitations of this study warrant explicit
acknowledgment. First, all four protein structures were
used in rigid or mostly static form during docking, which
does not account for induced-fit conformational
changes under physiological conditions. Second,
docking scores are inherently method-dependent and
predictive - they do not equate to experimentally
measured binding affinities and carry intrinsic
uncertainty. Third, molecular dynamics simulations
were not performed, meaning the stability of predicted
binding poses over time remains unverified. Fourth, no
experimental affinity measurements were conducted to
validate the computational predictions. Fifth, it remains
to be established whether the predicted binding poses
at TGFBRI, TGFBRIl, SMAD2, and the peripheral
SMAD3/SMAD4 interface actually alter receptor kinase
activity or SMAD phosphorylation. These limitations
underscore that the findings presented here are
hypothesis-generating computational  observations
requiring experimental confirmation.

6. CONCLUSION

Overall, we found herein that all five phthalates
demonstrate predicted binding to TGF-B pathway
proteins as a computationally identified common
molecular interaction. These computational findings
demonstrate shared predicted engagement of common
TGF-B pathway targets across all five phthalates,
which is consistent with - but does not itself
demonstrate - the biological additivity argument that co
exposure risk may exceed that of individual
compounds; experimentally demonstrated mixture
additivity remains to be established [16]. DCP showed
the strongest predicted TGF-B pathway binding and
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unique predicted SMAD2 domain engagement despite
being the least detected phthalate in routine
biomonitoring. A compound rarely detected in
biomonitoring thus showed the strongest predicted
receptor-level potency - reinforcing that environmental
prevalence does not predict molecular potency. These
findings are subject to in vitro phosphorylation and
SMAD-reporter gene validation, molecular dynamics
simulations, and in vivo combinatorial exposure
studies. Moreover, based on shared engagement of
common binding residues - particularly SER280A and
ASP351A at TGFBRI and ASP397A and LYS277A at
TGFBRIl across all five phthalates - additive or
potentially synergistic interference at these anchor
points is hypothetically plausible under co-exposure
conditions but cannot be inferred from independent
single-compound docking alone; however, competitive
binding at overlapping sites cannot be excluded and
whether interactions are ultimately additive, synergistic,
or antagonistic requires experimental confirmation
through in vitro co-exposure phosphorylation assays
and SMAD-reporter gene studies. These five TSCA
High-Priority phthalates may warrant consideration not
only as reproductive and developmental toxicants but
as candidate allosteric modulators of the most
consequential dual-role signaling Pathway in human
biology, subject to further studies.
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LIST OF ABBREVIATIONS

Abbreviation = Full Form

MNPs = Micro- and Nanoplastics
MPs = Microplastics

NPs = Nanoplastics

DEHP = Di(2-ethylhexyl) phthalate
DBP = Di-n-butyl phthalate
DIBP = Diisobutyl phthalate

BBP = Benzyl butyl phthalate
DCP = Dicyclohexyl phthalate
TGF-B = Transforming growth factor-beta
SMAD = Sma and Mad homolog
TGFBRI = TGF-B Receptor |
TGFBRII = TGF-B Receptor Il

MH2 = Mad Homology 2 domain
ECM = Extracellular Matrix
NF-kB = Nuclear factor kappa B

PIBK/AKT/mTOR Phosphoinositide 3-
kinase/AKT/mechanistic target of

rapamycin
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MAPK = Mitogen-activated protein kinase

AhR = Aryl hydrocarbon receptor

EMT = Epithelial-Mesenchymal
Transition

TSCA = Toxic Substances Control Act

US EPA = United States Environmental
Protection Agency

IARC = International Agency for
Research on Cancer

PDB = Protein Data Bank

ADT = AutoDock Tools

LGA = Lamarckian Genetic Algorithm

DSV = Discovery Studio Visualizer

AG = Gibbs free energy of binding

NB = No Binding
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