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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci This study explored the interactions between benzophenones (BPs) and androgen receptors (AR) using compu-

tational and experimental approaches. BPs are potential endocrine disruptors that are commonly found in cos-

Keywords: metics, such as sunscreen. Molecular docking and molecular mechanics with generalized Born and surface area
Androg}eln receptor continuum solvation calculations revealed that dihydroxylation form of BP-1, BP-2 had higher binding affinities
Benzophenones

to AR compared with BP-1, BP-3. Key interactions with residues, such as GIn711 and Asn705, were identified.
Density functional theory analysis revealed that BP-2 has a balanced energy gap, which contributes to its stability
and reactivity. Cell-based assays validated these computational results, showing that BP-2 had stronger AR
antagonistic effect than BP-1 and BP-3. Furthermore, BP-2 enhances the AR-mediated luciferase signal at specific
concentration through inducing dimerization of cytosolic AR, whereas BP-1 and BP-3 had no AR agonistic effects.
These changes in AR-mediated transcriptional activation activity were observed in flutamide and hydroxy-
flutamide as well. As expected, changes in AR-mediated endocrine disrupting potential due to configurational
modification of BP-1 to BP-2 by dihydroxylation resulted in whole AR protein expression. These findings suggest
that BP-2 is a strong AR modulator and a potential endocrine disruptor, offering insights into how similar
compounds may interact with AR.

Molecular dynamics simulation
Molecular docking
Endocrine disruption

1. Introduction 2017; Giulivo et al., 2016; Scsukova et al., 2016). The endocrine system

consists of glands that release hormones that act as chemical messengers

Endocrine-disrupting chemicals (EDCs) mimic the action of hor-
mones within the body, interfering with normal processes involved in
hormone synthesis, transport, metabolism, and secretion. Exposure to
EDCs in the natural environment via different routes (La Merrill et al.,
2020) can increase the risk of reproductive disorders (Axelstad et al.,
2018; Johansson et al., 2017; Skakkebaek, 2016), cognitive impairments
(Amano et al., 2018; Ghassabian and Trasande, 2018; Jefferson et al.,
2018), metabolic disorders (Alonso-Magdalena et al., 2010; Cano-
Sancho et al., 2017), and cancer (Heindel et al., 2017; Sifakis et al.,

to regulate various physiological functions, including growth, develop-
ment, reproduction, energy balance, metabolism, and weight control
(Larry Jameson and De Groot, 2016). EDCs primarily function by
binding to nuclear hormone receptors, specifically estrogen receptor
(ER) and androgen receptor (AR), with various reported mechanisms of
action aimed at disrupting endocrine processes (Hong et al., 2002;
Sakkiah et al., 2016).

Regarding biological role of AR in human body, AR is found in
various tissues and plays a key role in regulating essential biological
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processes, such as muscle growth, reproductive function, and develop-
ment of the prostate and testes (Gelmann, 2002). This receptor interacts
with endogenous ligands, such as testosterone and 5a-dihy-
drotestosterone (DHT), to translocate into the nucleus, bind to the
Androgen Responsive Element (ARE), and control the transcription of
crucial target genes involved in male sexual differentiation and devel-
opment (Heinlein and Chang, 2004; Dayan Elshan et al., 2019).

AR is categorized within nuclear receptor subfamily 3 based on their
structural and functional characterizations. The structure comprises
three functional domains: an N-terminal domain (NTD), DNA-binding
domain (DBD), and C-terminal ligand-binding domain (LBD), along
with a hinge region linking the DBD and LBD (Gao et al., 2005; Davey
and Grossmann, 2016). The AR regulates the activity of transcription
factors through interactions at the AR N-terminal activation factor-1
(AF-1) sites within the DBD and the AR C-terminal activation factor-2
(AF-2) sites within the LBD. The AR LBD contains three active sites: a
ligand-binding pocket (LBP), where AR ligands bind to alter the function
of AR; an AF-2 site; and a binding function-3 site (BF-3) (Sakkiah et al.,
2018).

With respect to AR-mediated endocrine disrupting potential by
exogenous ligands, extensive research on the chemical properties of AR
ligands has categorized these compounds as either agonists or antago-
nists based on their ability to stimulate or suppress the transcription of
AR target genes (Azhagiya Singam et al., 2019). In addition to endog-
enous ligands, such as hormones and neurotransmitters, exogenous li-
gands including environmental chemicals, toxins, and pharmaceuticals,
can disrupt the normal functioning of the AR. Several chemicals,
including linuron, flutamide, and dicarboximide fungicides, such as
vinclozolin and procymidone, cause toxicity through their action as AR
antagonists (Lambright et al., 2000; Martinovic et al., 2008; Zacharia,
2017; Sercinoglu et al., 2021). These findings suggest that interference
with the AR signaling pathway can lead to reproductive health issues,
androgen-insensitive syndrome, and prostate cancer (Shtivelman et al.,
2014; Matsumoto et al., 2013; Lonergan and Tindall, 2011).

Due to growing apprehensions regarding the adverse effects of EDCs,
the Organization for Economic Cooperation and Development (OECD)
has defined EDCs as mediators of estrogen, androgen, thyroid hormones,
and steroid synthesis, and presented a conceptual framework consisting
of Levels 1 to 5. Ongoing research aims to develop and validate testing
methods that can be used at each stage (OECD, 2018). The United States
Environmental Protection Agency (EPA) conducts a comprehensive as-
sessments of the endocrine-disrupting potential of various chemical
compounds through the Endocrine Disruptor Screening Program. The
EPA is also currently concentrating on the development of predictive
modeling methodologies aimed at identifying the endocrine-disrupting
effects of chemical substances.

In terms of data ecosystem using non-animal test methods to assess
the AR-mediatated critical effects of chemicals, recent studies have
investigated ligand binding, structure, and activity prediction modeling
of AR using molecular docking and molecular dynamics simulations
(MDS). Androgens acting as AR agonists bind to LBP and interact with
coactivators via AF-2, leading to structural changes in the LBD (Jin et al.,
2019; Wahl and Smiesko, 2018; Sakkiah et al., 2018). Other studies have
identified specific amino acid residues (Arg725, Leu704, Leu705,
Asn705, GIn711, and Thr877), emphasizing the importance of hydrogen
bonding between the wild-type AR LBD and ligand in AR agonistic ef-
fects (Gao et al., 2005; Bohl et al., 2007; Tan et al., 2015). However,
structural mechanisms governing the activity of AR antagonists,
including environmental pollutants, have yet to be fully elucidated.
Current findings indicate that when AR antagonists bind to LBP, they
compete with AR agonists or directly interact with AF-2 or BF-3,
inhibiting AR transcriptional activity through structural changes
(Azhagiya Singam et al., 2019; Tan et al., 2015).

Typically, the Hershberger assay, a widely used in vivo short-term
test, evaluates the androgenic or antiandrogenic activity of com-
pounds by measuring changes in the weights of androgen-sensitive
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tissues (e.g., ventral prostate, seminal vesicles, and LABC muscle) in
castrated male rats (OECD TG 441). While this assay provides valuable
insights into androgen receptor-mediated responses, its limi-
tations—including the use of live animals and the complexity of in vivo
environments—highlight the need for complementary approaches. As
previously stated, computational approaches, such as molecular docking
and MDS, play crucial roles in elucidating the relationship between
structure and function in macromolecules (Hollingsworth and Dror,
2018; Hospital et al., 2015). Using computational approaches before
laboratory experiments (in vitro/in vivo assays) can reduce costs and
minimize the need for animal testing (Galli, 2014; Freires et al., 2017).

Structually, benzophenone (BP) is classified as an aromatic com-
pound, with 2-hydroxybenzophenone derivatives benzophenone-1 (BP-
1, 2,4-dihydroxybenzophenone) through Benzophenone-12 (BP-12);
each compound displays different characteristics based on molecular
substitutions (Heurung et al., 2014). BPs are commonly used as ultra-
violet (UV) light absorbers, and their derivatives are commonly utilized
in a variety of cosmetic products, including sunscreens, personal care
products, paints, plastics, and pesticides, because of their photo-
stabilizing properties. Furthermore, they have also been identified in
aquatic environments (Negreira et al., 2009; Rodil et al., 2012). How-
ever, BPs may induce allergies and photoallergies (Du et al., 2017). BPs
appear to interfere with the endocrine system, including estrogenic and
androgenic functions. Typically, AR ligands are verified through binding
assays or reporter gene analyses conducted in vitro, with varying out-
comes observed across different studies. Kawamura et al. analyzed the
estrogenic and antiandrogenic activities of 19 different types of BPs and
their derivatives using a reporter gene assay. They identified that 17
compounds displayed AR antagonistic activity, with 2,2',4,4-tetrahy-
droxybenzophenone (BP-2) being the most potent AR antagonist
(Kawamura et al., 2003). Satoh et al. (2001) reported that 2-hydroxy-4-
methoxybenzophenone (BP-3) is a weak AR antagonist. However, Satoh
et al. reported that BPs have no affinity for the AR, and Yamasaki et al.
(2003) reported that some hydroxylated BPs do not act as antagonists in
the Hershberger assay. Therefore, the function of the reporter genes of
BPs and their derivatives has not been clearly elucidated, and the cor-
relation between the structure and activity of the derivatives remains
unknown.

This study aimed to investigate the structural variations in the
endocrine-disrupting potentials of BP-1 and its derivatives (BP-2, and
BP-3). We applied computational modeling to predict AR-mediated
endocrine disrupting potential and the correlation between structure
and binding affinity. Furthermore, the consistency of the outcomes of
androgenic activity prediction modeling prediction was validated via
cell-based assays.

2. Materials and methods
2.1. Ligand preparation

The structures of the BPs, hydroxyflutamide, and flutamide were
obtained from the PubChem database and prepared using the LigPrep
module of the Schrodinger Maestro (Schrodinger Release, 2023-4;
Schrodinger, LLC, New York, NY, https://www.schrodinger.com/life-sci
ence/download/release-notes/release-2023-4). An OPLS4 force field
was employed for energy minimization (Lu et al., 2021). LigPrep facil-
itates the conversion of 2D structures to three-dimensional structures by
adding hydrogen atoms, adjusting bond lengths and angles, and select-
ing the conformer with the lowest conformational energy, which is
influenced by the correct chiralities, tautomers, stereochemistry, and
ring conformations. The default ionization state parameter employed
was Epik, allowing for the generation of all possible protonation states,
ionization states, tautomers, stereochemistry, and ring conformations.
Stereoisomers were generated using the default parameters, with a
maximum of 32 stereoisomers per ligand. Only the lowest-energy
conformation was used for each ligand.
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2.2. Protein preparation and receptor grid generation

The three-dimensional structure of AR co-crystallized with DHT was
obtained from the Protein Data Bank (PDB ID: 1T63) (https://www.rcsb.
org) (Estébanez-Perpina et al., 2005). The PDB file of AR was processed
using the Protein Preparation Wizard of Schrodinger Maestro. This tool
removes water molecules, adds hydrogen atoms, fills missing loops, caps
termini, adjusts charge states, and corrects inappropriate hydrogen bond
assignments. Protein concentration was minimized using an OPLS4 force
field. A Glide receptor grid generation module with default parameters,
including van der Waals radius scaling factors (1.0) and a partial charge
cutoff (0.25), was employed. Receptor grid generation refers to the
computational definition of the protein’s binding site, which provides
the spatial and energetic parameters required for docking simulations.
In this study, the grid was centered on the co-crystallized ligand DHT to
ensure that docking was focused on the biologically relevant active site.

5a-Dihydrotestosterone (DHT) is a potent endogenous androgen
derived from testosterone, known to bind the AR with high affinity.
Upon binding, DHT induces AR dimerization, nuclear translocation, and
transcriptional activation of AR-regulated genes. In this study, the co-
crystallized DHT molecule served as a reference ligand for evaluating
the binding affinity and structural interactions of synthetic compounds.
The co-crystallized ligand DHT, situated in the binding site of AR, was
considered during grid generation. Finally, a receptor grid was gener-
ated by selecting the centroid of the workspace ligands for molecular
docking. These parameter values—the van der Waals radius scaling
factor (1.0) and the partial charge cutoff (0.25)—are the default settings
employed by Schrodinger’s Glide receptor grid generation module, as
specified in the Schrodinger Knowledge Base (Schrodinger, 2024). Using
these defaults ensures consistent treatment of steric and electrostatic
interactions, and supports methodological reproducibility in molecular
docking studies.

2.3. Molecular docking and binding energy calculations-MM/GBSA

Molecular docking of BPs, hydroxyflutamide, and flutamide with the
co-crystallized ligand DHT with AR was performed using the Glide
module of Schrodinger, employing the Standard Precision protocol with
default parameters (Friesner et al., 2004). Additionally, MM/GBSA
calculations were employed for precise binding energy determination
utilizing the docked complexes obtained from Glide. The Schrodinger
Prime-MM/GBSA module was utilized to calculate the binding energy
(AG bind) using the Volume Surface Generalized Born salvation model
and OPLS4 force field.

2.4. DFT calculations

DFT calculations were used to predict the chemical reactivity of BPs,
hydroxyflutamide, and flutamide in comparison with that of DHT. The
aim of these calculations was to determine the HOMO and LUMO
frontier molecular orbitals to provide a deeper understanding of the
actions of BPs, flutamide, hydroxyflutamide, and DHT on AR. The DFT
method, implemented in the Jaguar module of the Schrodinger Maestro,
was employed to calculate the molecular orbitals using default param-
eters (Bochevarov et al., 2013).

2.5. MDS

To evaluate the structural and conformational stability of AR in
complex with BPs, flutamide, and hydroxyflutamide, MDS were per-
formed using Desmond. The AR-DHT complex was used as a reference
model to represent the natural ligand-bound state of the receptor. Sol-
vation was achieved with a TIP3P water model within an orthorhombic
periodic boundary box (Jorgensen et al., 1983; Yazdani et al., 2023).
The dimensions of the box were uniformly set to 10 A along each axis,
and the angles of the box were fixed at 90°. To maintain charge
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neutrality, C1” ions were added to the system. All other relevant pa-
rameters such as bond lengths and angles were retained at their default
values. A system was built for AR and its docked complexes using an
OPLS4 force field. Subsequently, the minimized model was employed for
MDS for 500 ns. These simulations were performed within the NPT
ensemble at a constant temperature of 300 K and a pressure of 1.01325
bar. The trajectories generated during the MDS were analyzed using the
simulation interaction diagram module of Desmond to investigate the
behavior and interactions of the selected compounds with AR.

2.6. Post-MDS MM/GBSA

Post-MDS binding energy calculations were performed using the
MM/GBSA method. The Schrodinger Python script, thermal mmgbsa.
py, was employed to evaluate the AG bind for the AR-BPs, AR-hydrox-
yflutamide, and AR-flutamide. This script utilizes the MD trajectory
generated by Desmond, dividing it into individual frame snapshots and
subjecting each to MM/GBSA analysis. During the MM/GBSA calcula-
tion, 1000 snapshots from the 500 ns MDS were utilized to compute
various types of energies, including van der Waals interactions,
Coulomb energy, H-bonding contributions, lipophilic energy, n-n pack-
ing energy, generalized Born electrostatic solvation energy, and total
binding free energy (AG bind) (Yazdani et al., 2023).

2.7. Bret-based AR dimerization assay

A bioluminescence resonance energy transfer (BRET)-based assay
was used to investigate the effects of the BPs on AR dimerization. The
study was conducted following the protocol established by Pathak et al.
(2024). The stably transfected HEK293 cells were obtained from
routinely maintained in a 5 % CO, atmosphere at 37 °C in MEM sup-
plemented with 10 % FBS, 50 U/ml penicillin-streptomycin, 100 pg/ml
hygromycin B and 400 pg/ml G418. For the NanoBRET-based AR
dimerization assay, stably transfected HEK293 cells were seeded at a
density of 2.2 x 10° cells/ml in 90 pl of assay medium (MEM medium
supplement with 4 % charcoal-stripped FBS, 100 pg/ml hygromycin B
and 400 pg/ml G418) in a 96-well white cell culture microplate and
were incubated for 1 h at 37 °C in a 5 % CO atmosphere. During in-
cubation, the chemical assay was administered with 1 pM HaloTag®
NanoBRET™ 618 ligand (Promega, Cat. #. N1661) in a test environment
according to the manufacturer’s instructions. The cells were treated with
10 pl of the prepared chemicals and incubated at 37 °Cin a 5 % CO3
atmosphere for 24 h. Vehicle control (VC) and positive control (PC)
wells contained 0.1 % DMSO and 10 nM DHT, respectively. In the BRET-
based AR dimerization assay, the final concentration of DMSO in the
assay medium was less than 0.13 % (v/v). Luminescence and fluores-
cence were measured 24 h after chemical treatment using the GloMax
multimode plate reader (Promega, USA).

2.8. ARE luciferase activity assay

To confirm the effects of ERa- and AR-mediated responses on BPs-
induced hormone response element-dependent luciferase activities,
the protocols for OECD test guideline No. 458 (OECD, 2023) were
applied using the 22Rv1/MMTV_GR-knockout cell lines (Korean
Collection for Type Cultures, Jeongeup, Korea; KTCT No. HC30009). BP-
mediated AR agonistic effects were determined using the 22Rv1/MMTV
cell line expressing AR. The 22Rvl/MMTV_GR-KO cells are maintained
in culture medium (RPMI1640 supplemented with 10 % FBS (Invi-
trogen, CA, USA), 2 mM GlutaMAX (Invitrogen, CA, USA), 100 units/mL
penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B)
that includes 200 pg/mL hygromycin (Invitrogen, CA, USA) as a lucif-
erase gene selection marker to be used the first time after thawing cells.
0.1 % trypsin-EDTA is recommended for passage of 22Rv1/MMTV_GR-
KO cell line, because the higher concentration improves cell dissocia-
tion from the cell culture plate. For the assay, cells were suspended at
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3.0 x 10° cells/mL in test medium (phenol red-free RPMI1640 supple-
mented with 10 % dextran-coated charcoal treated FBS (DCC-FBS;
Invitrogen, CA, USA), 2 mM GlutaMAX, 100 units/mL penicillin, 100
pg/mL streptomycin, and 0.25 pg/mL amphotericin B). 100 pL aliquots
of the suspended cells (corresponding to 3.0 x 10* cells/well) were
transferred into a 96-well plate. Cells were pre-incubated for 48 h at
37 °C in a 5 % CO; incubator prior to chemical exposure. After incu-
bation for 48 h, chemicals were serially diluted at a ratio of 1:10 in
DMSO and then, the dilution are added to test medium to achieve a final
DMSO concentration of 0.1 %. The medium from the assay plate was
removed, replaced with the diluted chemical, and assay plates were
incubated at 37 °Cin a 5 % CO; incubator for 24 h. For the cell viability,
CellTiter-Fluor™ assay reagent (Promega, WI, USA) of 20 pL, prepared
according to manufacturer’s instructions, was added into the assay
wells. And the contents of the 96-well plate were briefly mixed on an
orbital shaker and incubated for 2 h at 37 °C. The fluorescence was
measured using a fluorometer (380-400 nm Ex/505 nm Em). For the
luciferase activity, Steady-Glo® Luciferase assay reagent (Promega, WI,
USA) of 50 pL, prepared according to manufacturer’s instructions, was
added directly into the assay wells after the cell viability assay. And the
96-well plate was blocked the light and left for 10 min. The luciferase
activity was measured using a luminescence reader. For the agonist
assay, reference standards (positive; DHT and mestanolone, negative;
DEHP) were included, the response of AR agonistic positive control (10
nM DHT) should be at least 13.0, and the induction fold of PC;¢ should
be greater than 1 + 2 standard deviations (SD) of the induction of VC.

2.9. Expression of BP-mediated whole AR proteins by western blot

Cell lysates were separated using 10 % SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA).
The membranes were blocked with 5 % skim milk in Tris-buffered saline
containing 0.1 % Tween 20 (TBST) at room temperature for 1 h. The
membranes were incubated with primary antibodies (androgen recep-
tor, CST, Cat. No. 5153, p-actin, CST, Cat. No. 3700) in TBST at 4 °C
overnight. The membranes were then incubated with the secondary
antibody (Anti-mouse IgG, HRP-linked Antibody, CST, Cat. No. 7076) at
room temperature for 1 h and washed with TBST. Finally, bands were
detected using ECL reagents (SuperSignal™ West Pico PLUS Substrate,
Thermo Fisher Scientific, Waltham, MA, USA).

2.10. Statistical analysis
All data were analyzed using Prism 8 (GraphPad Software Inc., San
Diego, CA, USA), with p < 0.05 regarded as statistically significant. The

interactions between activity and BPs were evaluated using one-way

Table 1
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analysis of variance. All values are presented as mean + standard
deviation.

3. Results

3.1. Molecular docking and molecular mechanics with generalized Born
and surface area continuum solvation (MM/GBSA) quantification of the
binding energies of BPs, hydroxyflutamide, and flutamide with AR

The interactions of selected compounds with the AR were evaluated
using molecular docking. To better understand the binding behavior of
BPs in comparison to known AR antagonists hydroxyflutamide and
flutamide, we also assessed the binding free energy of the co-crystallized
natural ligand DHT with AR. The docking score of the co-crystallized
DHT was —12.582 kcal/mol. In general, lower docking scores indicate
stronger predicted binding affinities between ligands and their targets.
The predicted docking scores for BP-1, BP-2, BP-3, hydroxyflutamide,
and flutamide were —8.025, —7.610, —7.229, —7.208, and —7.078 kcal/
mol, respectively (Table 1). To validate and refine the binding affinity,
MM/GBSA binding free energy calculations were performed on the
docked complexes. The predicted MM/GBSA binding free energies for
DHT, BP-1, BP-2, BP-3, hydroxyflutamide, and flutamide were —85.29,
—44.29, —45.04, —35.69, —48.28, and —41.28 kcal/mol, respectively.
These results confirm that DHT has the strongest binding affinity for AR
consistent with its role as the endogenous ligand. Among the tested
compounds, BP-2 and hydroxyflutamide exhibited relatively higher
binding affinities compared to the other ligands. The two-dimensional
(2D) protein-ligand interaction diagram in Fig. 1 highlights key mo-
lecular interactions such as hydrogen bonds, hydrophobic contacts, -1
stacking and other non-covalent interactions that contribute to ligand
binding with AR.

3.2. Density functional theory (DFT) calculations

The highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) frontier molecular orbitals were
analyzed using DFT, utilizing the Jaguar module of Schrodinger. This
analysis offers insights into the energies associated with the occupied
and unoccupied orbitals. Fig. 2 shows the frontier molecular orbitals of
selected compounds with reference to DHT. The broader the energy gap
within a molecule, indicates higher stability and lower reactivity.
Conversely, a narrow energy gap correlates with decreased stability and
increased reactivity because electron transitions occur more readily. As
shown in Table 2 and Fig. 2, DHT had a higher energy gap (6.04 eV) than
the other selected compounds, whereas hydroxyflutamide had a lower
energy gap (4.46 eV). However, BPs and flutamide had similar energy

Binding free energies (Kcal/mol) of DHT, Benzophenone derivatives, hydroxyflutamide, and flutamide with AR.

Compound PubChem Docking Glide Glide MM/ Interacting amino acid residue
CID score GScore emodel GBSA
DHT Reference —12.582 —12.582 —95.635 —85.29 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711, Trp741, Met742, Met745,
ligand Val746, Met749, Arg752, Phe764, Met780, Met787, Leu873, Phe876, Thr877,
Leu880, Phe891, 11e899
BP-1 CID: 8572 —8.025 —8.522 —57.947 —44.29 Leu701, Leu704, Asn705, Leu707, Gly708, GIln711, Trp741, Met745, Val746,
Met749, Arg752, Phe764, Met780, Leu873, Thr877, Met895, 11e899
BP-2 CID: 8571 —7.610 —8.325 —63.045 —45.04 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711, Trp741, Met745, Val746,
Met749, Arg752, Phe764, Met780, Met787, Leu873, Thr877, Phe891, Met895,
11e899
BP-3 CID: 4632 -7.229 —7.392 —50.635 —35.69 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711, Trp741, Met742, Met745,
Val746, Met749, Arg752, Phe764, Met780, Leu873, Phe876, Thr877, Leu880,
Phe891, 11e899, Met895
Hydroxyflutamide CID: 91,649 —7.208 —7.209 —55.638 —48.28 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711, Trp741, MET742, Me t745,
Val746, Met749, Arg752, Phe764, Met787, Met780, Leu873, Phe876, Thr877,
Met880, Phe891, 11e899
Flutamide CID: 3397 —7.078 —7.078 —46.801 —41.28 Leu701, Leu704, Asn705, Leu707, Gly708, GIn711, MET742, Met745, Val746,

Met749, Arg752, Phe764, Met780, Met787, Leu873, Phe876, Thr877, Leu880,
Phe891
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Fig. 1. Binding interactions of benzophenone derivatives, hydroxyflutamide, and flutamide with the androgen receptor, showing key amino acid residues involved in
protein-ligand interactions. Panels represent (A) DHT, (B) BP-1, (C) BP-2, (D) BP-3, (E) Hydroxyflutamide, and (F) Flutamide. Interaction types are color-coded

according to Schrodinger software’s default settings.

gaps, and only slight differences were observed. The chemical re-
activities of the BPs, hydroxyflutamide, and flutamide were high,
allowing for rapid favorable interactions with AR.

3.3. MDS

MDS was employed to investigate the dynamic behavior of the AR in
its unbound form and when bound to reference ligands DHT as well as
BPs, flutamide, and hydroxyflutamide. Several key parameters were
analyzed to understand the structural stability and dynamic character-
istics of AR. To assess stability, the root mean square deviation (RMSD)
of the trajectories over 500 ns was calculated. A lower RMSD indicates
greater structural stability. All systems, including unbound AR and the
docked complexes showed low RMSD values, suggesting stable confor-
mations. The average RMSD for unbound AR was 1.65 A. The RMSD
values for AR-DHT, AR-BP-1, AR-BP-2, AR-BP-3, AR-hydroxyflutamide,
and AR-flutamide were 1.53, 1.56, 1.64, 1.49, 1.86, and 1.49 A,
respectively (Fig. 3G). These values indicate that the structural de-
viations in AR-ligand complexes were comparable to that of the native
AR-DHT complex. Notably, the AR-BP-2 and AR-hydroxyflutamide
complexes, which demonstrated high binding affinity in docking
studies, maintained equilibrium throughout the simulation. Overall, the

analysis suggests that all systems reached equilibrium and formed stable
complexes (Supplementary Figs. 1-6). Furthermore, root mean square
fluctuation (RMSF) analysis provided insights into the flexibility and
mobility of individual amino acid residues. RMSF was evaluated for AR
and its complexes over 500 ns. The average RMSF for unbound AR was
0.81 A. For AR bound to DHT, BP-1, BP-2, BP-3, hydroxyflutamide, and
flutamide, the RMSF values were 0.79, 0.79, 0.85, 0.77, 0.89, and 0.80
A, respectively. Increased RMSF values observed in the AR-BP-2 and AR-
hydroxyflutamide complexes suggest ligand-induced alterations in AR
residue flexibility (Fig. 3H).

Additionally, the interactions between AR and selected ligands were
monitored throughout the molecular dynamics simulation (Fig. 3A-F).
These interactions were categorized into hydrogen bonds, hydrophobic
interactions, ionic bonds, and water bridges. The predicted interaction
profiles indicated that DHT, BP-2, and hydroxyflutamide formed a
greater number of hydrogen bonds with AR compared to the other
compounds. Furthermore, the timeline of protein-ligand contacts over
the 500 ns simulation was analyzed using Schrodinger’s Simulation
Interaction Diagram module. This analysis revealed the frequency and
nature of contacts between AR and each ligand, as well as the specific
amino acid residues involved. The highest number of contacts (ranging
from 0 to 9) was observed for AR-DHT, AR-BP-2, AR-hydroxyflutamide,
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Fig. 2. Density Functional Theory (DFT) chemical reactivity analyses of the selected compounds. The figure depicts the frontier molecular orbitals HOMO (Highest
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) for (A) DHT, (B) BP-1, (C) BP-2, (D) BP-3, (E) Hydroxyflutamide, and (F) Flutamide.
The spatial distribution of the HOMO and LUMO orbitals provides insight into electron density and potential reactive sites of the compounds.

Table 2
Comparisons of the energy levels of the Highest Occupied Molecular Orbital
(HOMO), Lowest Unoccupied Molecular Orbital (LUMO), and the Energy Gap.

Substances HOMO (eV) LUMO (eV) Energy Gap (eV)
DHT —6.33 —0.29 6.04
BP-1 —6.00 -1.36 4.64
BP-2 —5.79 —1.04 4.75
BP-3 —5.89 -1.32 4.57
Hydroxyflutamide —6.84 -2.38 4.46
Flutamide —6.95 —2.45 4.50

and AR-flutamide, while the remaining complexes showed fewer con-
tacts (0-6). Detailed contact analyses for AR-BP-2 and AR-
hydroxyflutamide, including the interacting residues, are presented in
Figs. S3 and S5, respectively. An assessment of the interaction strength

throughout the simulation revealed that BP-2 and hydroxyflutamide
maintained more consistent and stronger contacts with AR (SI Appen-
dix). Specifically, BP-2 showed contact persistence with AR residues
GIn711, Phe764, and Asn705 for 43 %, 75 %, and 99 % of the simulation
time, respectively (Fig. S3). Similarly, hydroxyflutamide maintained
strong interactions with Leu704, Asn705, Phe764, and Thr877 for 38 %,
65 %, 35 %, and 33 % of the simulation time, respectively (Fig. S5).

3.4. Post-MDS binding energy calculations using MM/GBSA

To support and validate the results of molecular docking and MDS,
post-MDS binding free energy (AGbind) calculations were carried out
using the MM/GBSA method. This approach offers a more realistic and
dynamic estimate of binding affinity utilizing trajectories data obtained
from MDS. The calculated AGbind values and other energy components
are summarized in Table 3. As expected, DHT, the natural ligand of the
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Table 3
Average predicted binding free energies (kcal/mol) obtained via post-molecular dynamics simulation MM/GBSA calculations.
DHT_CID_10635 BP-1 BP-2 BP-3 Hydroxyflutamide Flutamide

AGyaw —48.11 —38.42 —38.41 —41.50 —41.47 —41.69
AGeou —-21.16 —8.48 —29.81 -0.95 —19.81 —14.28
AGubond -0.70 —0.11 -0.19 —0.06 -0.23 —0.16
AGripo —27.24 —-16.11 —-10.22 —20.15 —-16.25 —16.36
AGpack 0 —-0.98 —0.83 -0.93 -0.74 -0.70
AGsoiGB 20.91 17.86 31.27 10.85 22.20 21.22
AGpind —75.29 —44.97 —46.39 —52.07 —54.93 —50.96

AGyqw: Contribution of van der Waals interaction energy to binding free energy; AGeou: Contribution of Coulomb energy to binding free energy; AGypona: H-bonding
contributions to binding free energy; AGyipo: Lipophilic energy contribution to binding free energy; AGpaci: -1 packing energy contribution to binding free energy;
AGsoiga: Generalized Born electrostatic solvation energy contribution to binding free energy. AGpinq: Total binding free energy.

AR showed the strongest binding affinity (—75.29 kcal/mol). Among the
benzophenone derivatives, BP-2 displayed a more favorable binding
energy (—46.39 kcal/mol) compared to BP-1 (—44.97 kcal/mol) and BP-
3 (—52.07 kcal/mol). BP-2 also had the most favorable hydrogen bond
energy (—0.19 kcal/mol), suggesting stronger and more stable in-
teractions with AR. Similarly, hydroxyflutamide showed a higher
binding affinity (—54.93 kcal/mol) than flutamide (—50.96 kcal/mol).
Taken together, these MM/GBSA results are consistent with the docking
and MDS analyses, highlighting BP-2 and hydroxyflutamide as the most
stable and energetically favorable AR binders among the compounds
studied.

3.5. Findings from cell-based assays on BPs in laboratory models

Previously, the binding affinities of BP and its derivatives were
measured using a computational approach. Here, a cell-based assay was
performed to compare the results. Fig. 4 confirms the dimerization ac-
tivity of cytoplasmic AR through BRET assay in vitro. Compared to the
positive control group (with DHT concentrations ranging from —6.0 to
—10.0 log M), the cytoplasmic AR dimerization was relatively weak for
BPs. Among the BP derivatives, AR dimerization was highest with BP-2
treatment, which increased at three concentrations (—4.0, —4.7, and
—5.4 log M). BP-1 showed dimerization only at the highest concentra-
tion (—4.0 log M). BP-3 did not demonstrate any dimerization with AR.
The results for BP-2 closely paralleled those of the compound, hydrox-
yflutamide, in terms of data trends. For hydroxyflutamide, dimerization
also increased at —4.0, —4.7, and —5.4 log M. As shown in Fig. 4, BP-2
induced a moderate but concentration-dependent increase in AR
dimerization activity, reaching approximately 35 % of the DHT response
at its highest effective concentration (—4.0 log M). This trend was
similar to that of hydroxyflutamide, which showed a stronger maximal
response (~73 %) under comparable conditions. In contrast, BP-1
exhibited weak activity only at the highest concentration, and BP-3
showed no measurable dimerization. These results suggest that BP-2
acts as a partial AR agonist, consistent with previous computational
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Fig. 4. Dose-response curves of bioluminescence resonance energy trans-
fer signals.

predictions of its relatively high binding affinity.

Based on the BRET assay results, agonistic and antagonistic assays
were performed. The results of the AR agonistic assay (Fig. 5A) revealed
the same trend as that of the BRET assay. The PCy values for BP-2 and
its reference compound hydroxyflutamide, were 1.75 x 107> and 1.41
x 1078 M, respectively. Fig. 5B displays the antagonistic activity for BP-
1, BP-2, BP-3, and the reference compounds hydroxyflutamide and flu-
tamide. The IC3o and ICsg values for the BPs were 2.77 x 10~ and 9.47
x 1077 M for BP-1,1.67 x 1077 and 3.10 x 10”7 M for BP-2, and 5.70 x
1077 and 1.45 x 10~® M for BP-3. Bicalutamide was used as a positive
control. Because of the cytotoxicity exhibited by the BPs at the highest
concentrations, the data for those concentrations were omitted. In line
with the BRET assay results, where BP-2 exhibited approximately 35 %
dimerization activity relative to DHT, the AR transcriptional agonist
assay also revealed a weak yet distinct response for BP-2. At —4.7 log M,
BP-2 induced 10.9 % of AR-mediated transcriptional activity compared
to DHT, while other BPs showed no measurable activation. In the AR
transcriptional antagonist assay, BP-2 and hydroxyflutamide produced
similar inhibition profiles, with 81.3 % and 75.8 % inhibition at —4.7 log
M, respectively. These values were lower than those of BP-1, BP-3, and
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Fig. 5. Dose-response curves from AR agonistic test (A) and AR antagonistic
test (B) in reporter gene assay using 22Rvl/MMTV_GRKO cell line (OECD
TG No.458).
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flutamide, which exceeded 90 %. These results suggest that BP-2 ex-
hibits partial agonist and antagonist characteristics and shares structural
features with hydroxyflutamide, as supported by computational pre-
dictions. The consistency among the BRET, luciferase assays, and
docking results reinforces the mechanistic plausibility of BP-2's AR-
binding behavior.

3.6. Induction of whole AR protein expression by BPs

The binding affinity of the cytoplasmic AR to BP-1, BP-2, and BP-3
was evaluated using various assays. The results consistently showed
changes in the AR protein expression in response to these compounds. In
the case of BP-2, a significant positive response was produced at —4.7
log M in the agonistic assay, closely mirroring the quantitative pattern
observed in the positive control group treated with DHT (Fig. 6). In the
antagonistic assay, the lowest active concentration of BP-2 was —5.4 log
M, leading to a decrease in AR expression compared to the vehicle
control, and resulting in a U-shaped response curve. Both BP-1 and BP-3
exhibited comparable patterns, consistent with the findings of the
cellular assays (Fig. 6). As shown in Fig. 6, BP-2 induced a marked in-
crease in AR protein expression at —4.7 log M, reaching levels compa-
rable to those of DHT-treated cells. At —5.4 log M, however, BP-2
significantly decreased AR expression, forming a U-shaped response
curve. The statistical grouping in Fig. 6B shows that BP-2 at —5.4 log M
(‘e’) differed significantly from DHT (‘a’) and from BP-2 at —4.7 log M
(‘ab’), confirming a concentration-dependent modulation of AR levels.
BP-1 and BP-3 showed similar, though less pronounced, patterns. These
protein-level results are consistent with the functional trends observed
in BRET and reporter assays and are further supported by computational
docking predictions. The computational analysis results corresponded
with experimental data, highlighting similarities in structure and bind-
ing between the BP compounds and DHT (a positive control in AR
dimerization and transcription assays), as well as with hydroxy-
flutamide, a partial agonist/antagonist. This suggests that similar
computational approaches could be useful for predicting the potential of
untested chemicals with structural and binding profiles comparable to
those of known endocrine disruptors.

(A) Expression of AR
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4. Discussion

Molecular docking analyses confirmed that DHT has the strongest
binding affinity for AR, consistent with its well-documented role in AR-
mediated signaling pathways (Chatterjee, 2003; Roy et al., 1999).
However, synthetic compounds, such as BP-1, BP-2, and BP-3, which are
part of the BP family, have recently gained attention because of their
potential as endocrine disruptors. As commonly used UV filters, these
compounds exhibit varying degrees of affinity for AR. Among them, BP-
2 demonstrated the strongest interaction with AR, as indicated by its
superior docking scores and binding energies compared with those of
BP-1 and BP-3. BP derivatives are recognized as EDCs capable of inter-
fering with the function of steroid receptors, including AR (Schreurs
et al., 2002). MM/GBSA calculations, which highlight the significant
hydrophobic and hydrogen bond interactions of BP-2 with key AR res-
idues such as GIn711 and Asn705, explains its enhanced binding affinity
(Coffey and Robson, 2012). Although BP-2 showed the strongest bind-
ing, BP-1 and BP-3 also displayed notable affinities, suggesting their
potential as AR-mediated endocrine disruptors.

DFT calculations provided additional insights into the chemical
profiles of BP-1, BP-2, and BP-3. BP-2 exhibited a well-balanced
HOMO-LUMO energy gap, indicating an optimal combination of sta-
bility and reactivity, making it particularly suitable for AR interactions.
In comparison, BP-1 and BP-3 had slightly lower energy gaps, implying
higher reactivity but reduced stability over time. Hydroxyflutamide
showed the smallest energy gap as a reference, highlighting its increased
reactivity (Olugbogi et al., 2024; Xie et al., 2022). These molecular
predictions align with the laboratory findings, where the stable chemical
profile of BP-2 was associated with more consistent antagonistic effects
on AR, whereas BP-1 and BP-3 showed greater variability.

RMSD and RMSF analyses revealed that all three BPs induced
conformational changes in AR, which contributed to their antagonistic
effects. BP-2 induced minimal structural deviations, resulting in a more
stable AR-ligand complex, whereas BP-1 and BP-3 introduced greater
flexibility. These conformational changes are crucial for understanding
how each compound modulates the AR activity. Khan et al. (2022) re-
ported that ligand-induced conformational shifts are key for altering
receptor activity, supporting the predictions made by molecular simu-
lations. Laboratory assays confirmed that the ability of BP-2 to induce
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Fig. 6. AR proteins (A) expression and (B) quantitative results induced by DHT in the presence and the absence of AR antagonist bicalutamide (Bic) and BPs.
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D.-H. Jeong et al.

stable conformational changes resulted in stronger and more sustained
antagonistic effects, whereas BP-1 and BP-3 produced more transient
effects, consistent with their predicted behavior.

Molecular simulations underscored the importance of hydrogen
bonding and hydrophobic interactions in the stabilization of AR-ligand
complexes. BP-2 formed the most robust interactions with key AR resi-
dues, such as GIn711, Phe764, and Asn705, compared to BP-1 and BP-3.
These interactions are essential for stabilizing the AR-ligand complex
and modulating receptor function. Xie et al. (2022) and Brown et al.
(2023) emphasized that the orientation and functional groups of ligands
play a crucial role in optimizing hydrogen bonding for AR modulation.
Laboratory models confirmed that the strong hydrogen bonding of BP-2
led to its greater antagonistic potency, whereas BP-1 and BP-3, although
effective, exhibited weaker interactions.

Structurally, we propose that hydroxylation of parent compound
induces enhancing the AR-mediated endocrine disrupting potential, and
cell-based assays further validate our hypothesis. Regarding the AR
antagonistic effect, the quantitative level of suppressing the AR-induced
luciferase activity by flutamide was increased around 6.92-folds with
ICsp value after hydroxylation (hydroxyflutamide). Additionally, from
the results of BRET assay in references, hydroxyflutamide induced the
homodimerization of cytosolic ARs, whereas flutamide had no inducing
effect on the homodimerization of cytosolic ARs. This homodimerization
of cytosolic ARs by hydroxyflutamide developed the AR agonistic effect
at specific concentration. These changing the AR-mediated endocrine
disrupting potential depend on hydroxylation of parent chemical also
exhibited in BPs. In the AR antagonist test, the quantitative level of
suppressing the AR-induced luciferase activity induced by BP-1 was
enhanced around 3.06-folds with ICso value via hydroxylation of each
phenol rings (BP-2). In terms of AR agonistic effect, homodimerization
of ARs in cytosol by BP-2 linkages enhancing luciferase activity at spe-
cific concentration in AR agonist test, whereas BP-1 and BP-3 had no AR
agonistic effects. This development of the AR agonistic effect of BP-2
seems to be due to translocation of cytosolic ARs to nucleus after
dimerization by BP-2, because when ligands bind to the nuclear re-
ceptors within cells, the ligand-AR complex undergoes a conformational
change in cytosol that leads to receptor activation and a transcriptional
response (Park et al., 2021). Also, various publications highlighted that
BP derivatives can modulate AR activity in a concentration-dependent
manner, further supporting computational predictions (Brown et al.,
2023; Azhagiya Singam et al., 2019; Liu et al., 2018; Sakkiah et al.,
2018). In case of AR-mediated endocrine disrupting effect induced by
polybrominated diphenyl ethers, their hydroxylated metabolites had
stronger AR antagonistic effects than parent chemical in transactivation
in vitro assay (Kojima et al., 2009). Similar observations have been re-
ported with other compounds, suggesting hydroxylation can enhance
AR-related activity regardless of functional direction. Moilanen et al.
(2015) found that ORM-15341, a hydroxylated metabolite of dar-
olutamide (ODM-201), exhibited greater binding affinity for AR and
maintained potent antagonistic effects. Notably, hydroxylation has also
been linked to the acquisition of agonist properties. For instance, Ariazi
et al. (2007) showed that 17-hydroexemestane, a hydroxylated metab-
olite of exemestane, acted as an AR agonist and stimulated proliferation
in T47D breast cancer cells. In a separate study, hydroxyflutamide
induced partial AR activation at micromolar concentrations in HepG2
cells, whereas flutamide alone did not (Maness et al., 1998). These
findings indicate that hydroxylation can amplify both agonistic and
antagonistic activities of AR ligands, depending on concentration and
cellular environment. With respect to association with docking amino
acid residue and AR agonistic/antagonistic activities, Azhagiya Singam
et al. (2019) pointed out that AR agonist/antagonist form has a
hydrogen bond with Asn705 and that this interaction is absent for AR
antagonist. BP-2 had an AR agonistic effect alongside AR antagonistic
effect, consistent with a hydrogen bond with Asn705 in this study as
well. These findings indicate that BP-2 is the most potent AR-mediated
endocrine disruptor, with BP-1 and BP-3 exhibiting substantial
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activities.

Combined insights from molecular docking, MM/GBSA calculations,
DFT analysis, MDS, and cell-based assays indicate that BP-1, BP-2, and
BP-3 are effective AR-mediated endocrine disruptors, with BP-2
demonstrating the greatest efficacy. The structural flexibility, strong
hydrogen bonding, and balanced chemical properties of BP-2 contribute
to its superior AR modulation. BP-1 and BP-3, although less stable,
displayed notable antagonistic activities. The alignment between the
molecular predictions and experimental validation highlights the po-
tential of these compounds as AR-targeting agents and endocrine dis-
ruptors. Further research should focus on assessing the long-term
toxicological effects of these compounds to fully understand their
endocrine-disrupting potential.

5. Conclusion

This study clarifies the mode of mechanism of endocrine-disrupting
impacts of BPs, which are commonly found in cosmetics and environ-
mental pollutants, via interaction with AR. Through the integration of
molecular docking, molecular dynamics simulations and experimental
validation, BP-2 was identified as potent agonist/antagonist of the AR,
exhibiting binding affinities and structural interactions consistent with
those of natural and established AR ligands. These results offer an
enhanced comprehension of the impact of BP-2 and similar substances,
which are synthesized by hydroxylation from parent compound, on AR
activity, providing key insights into the structural components necessary
for endocrine disruption.
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