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Abstract
Bisphenol  A  (BPA)  has  been  strictly  regulated  worldwide  due  to  its  well-documented
adverse  health  effects,  prompting  the  widespread  use  of  structural  analogs  such  as
bisphenol AF (BPAF) and bisphenol fluorene (BHPF). Emerging evidence shows that these
substitutes also exhibit estrogenic activity,  challenging their presumed safety. However,
the molecular mechanisms underlying their modulation of estrogen receptors (ERs) remain
largely  unknown.  Addressing  this  gap  is  critical  for  accurate  risk  assessment  and  the
development  of  safer  alternatives.  Herein,  we  employed  computational  toxicology
approaches  to  elucidate  the  interaction  mechanisms  of  BPAF  and  BHPF  with  ER  alpha
(ERα), a central regulator of endocrine function and breast cancer progression. Our results
showed that BHPF displays the greatest estrogenic potency among the tested compounds.
Molecular interaction analyses revealed that hydrophobic interactions, especially the van
der Waals force, rather than hydrogen bonding, predominantly govern the binding of the
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two bisphenol derivatives (BPs) to ERα. Notably, the rigid fluorenyl ring structure of BHPF markedly enhances van
der Waals interactions, resulting in more stable ER binding and suggesting potential for high biological retention and
cumulative risk. Consistently, toxicological assessments indicated that BHPF poses elevated health risks to the lungs
and gastrointestinal system. By contrast, BPAF, with its flexible scaffold, exhibited more diverse binding interactions.
It  exhibits  stronger  organ-specific  toxicity,  notably  affecting  the  cardiovascular  system  and  kidneys.  This  study
provides  molecular-level  insight  into  the  binding  mechanisms  of  BPs  with  ERα,  offering  theoretical  support  for
understanding their potential endocrine-disrupting effects and informing environmental health risk assessments.

INTRODUCTION
Bisphenol A (BPA) is one of the most widely produced industrial chemicals globally, primarily used in the

manufacture of polycarbonate plastics and epoxy resins
[1,2]

. Its widespread use and large-scale production
[2,3]

have led to frequent migration from consumer products into the environment
[4]

, resulting in continuous

global emissions and pervasive environmental contamination. Consequently, human populations are subject

to pervasive exposure to BPA, raising significant public health concerns
[5,6]

. Extensive studies have identified

BPA as an endocrine-disrupting chemical (EDC), strongly linked to numerous reproductive and

developmental disorders, including precocious puberty, breast cancer, and prostate cancer
[5,7]

. More recently,

BPA has also been implicated as a potential metabolic disruptor, associated with obesity, insulin resistance,

and cardiovascular diseases
[8,9]

. Given its health risks, regulatory agencies worldwide, including the European

Union, have imposed restrictions on BPA migration from food-contact materials
[10]

. As a result, structurally

similar bisphenol derivatives (BPs), such as bisphenol AF [4,4′-(hexafluoroisopropylidene)diphenol, BPAF]

and bisphenol fluorene [9,9-bis(4-hydroxyphenyl)fluorene, BHPF], have been developed and widely adopted

in industrial applications
[11,12]

.

Environmental and biomonitoring studies show that these substitutes, including BPAF and BHPF, are

ubiquitously present in aquatic environments, indoor dust, and human biological samples such as urine, with

concentrations often comparable to or exceeding those of BPA
[13,14]

. These findings suggest that human

exposure to BPA analogs may be just as extensive as BPA itself. Importantly, recent toxicological

investigations have challenged the assumption that these analogs are necessarily safer
[15]

. Accumulating

evidence has demonstrated that BPAF and BHPF exert significant toxic effects, largely mediated via estrogen

receptor (ER) pathways. For example, BPAF has been shown to activate ER signaling pathways and

upregulate estrogen-responsive genes in zebrafish embryos, indicating a potent estrogenic effect
[16]

. In

contrast, BHPF exhibits anti-estrogenic activity by suppressing ER-regulated gene expression in various

model organisms, indicating a distinct yet equally worrisome mechanism of action
[17]

. Additionally, BPAF

could promote the proliferation of breast cancer cells MCF-7 with stronger transcriptional activation than

BPA
[18]

, underscoring its potential for endocrine disruption. At the molecular level, both BPAF and BHPF

have been shown to regulate ER-mediated signaling and alter the expression of estrogen-responsive genes,

indicating that their toxicities may be closely related to ER pathways
[17,18]

. Collectively, these findings

highlight ER binding and subsequent transcriptional regulation as key contributors to the toxic effects of

BPs. Importantly, converging evidence supports that ER binding represents the most well-established

molecular initiating event (MIE) for bisphenol-induced endocrine disruption, serving as the primary trigger

of downstream toxicological pathways
[19]

. Despite growing experimental evidence on the toxicity of BPs, the

specific molecular interactions between these compounds and ER alpha (ERα) are not yet fully understood.

Existing research on BPs has primarily relied on in vitro experiments and animal models. While these

approaches provide valuable insights, they remain limited in capturing the dynamic interactions and

mechanistic intricacies between BPs and ERα, owing to constraints in experimental resolution, timescale, and

environmental relevance. This limitation underscores the urgent need for complementary methodologies

capable of elucidating the molecular basis of their toxicological effects. To address this challenge,
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computational approaches, particularly molecular docking and molecular dynamics (MD) simulation, have

emerged as powerful tools for analyzing the interaction mechanisms between compounds and receptors
[20,21]

.

These methods enable detailed characterization of ligand–receptor interactions, providing quantitative

information on binding affinities and conformational dynamics within the ERα ligand-binding domain

(LBD), and facilitating comparative analyses of agonistic and antagonistic binding mechanisms
[22]

. For

instance, studies using AutoDock and Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA)

have shown that hydrogen bonding and hydrophobic interactions are the principal forces contributing to the

stability of bisphenol-F-human estrogen-related receptor γ (BPF-hERRγ) complexes
[23]

. Similarly, BPAF

exhibited higher binding affinity for nuclear receptors such as peroxisome proliferator-activated receptors

(PPAR) and retinoid X receptors (RXR) compared to BPA
[24]

, supporting the predictive power of structure-

based computational techniques.

In this context, we systematically investigated the interactions of BPAF and BHPF with ERα using

computational toxicology approaches, including molecular docking and MD simulations. By characterizing

their binding modes and binding free energy profiles, this study provides mechanistic insights into their

endocrine-disrupting potential and offers theoretical support for improved environmental health risk

assessment.

EXPERIMENTAL
Molecular docking

The target compounds in this study were bisphenol analogs BPAF and BHPF. All ligand structures were

obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and preoptimized prior to

docking. Geometry optimization was conducted using Gaussian 09 D.01
[25]

, employing the hybrid density

functional method M06-2X with the 6-31G (d, p) basis set
[26]

. To account for solvation effects, the solvation

model based on density (SMD) implicit solvent model was used to simulate aqueous conditions
[27]

.

To explore the potential interactions between these ligands and the ERα LBD, ligand–protein docking

simulations were performed using AutoDock 4.2.6
[28]

. The crystal structure of human ERα (PDB ID: 3UUD)

was retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/structure/3UUD). The co-crystallized

ligands and water molecules were removed, retaining only chain A. Missing hydrogen atoms were added

using AutoDockTools, and the processed structure was saved in PDBQT [Protein Data Bank, Partial Charge

(Q), & Atom Type (T)] format. Ligands were docked into the ERα binding pocket based on the coordinates

of the positive control ligand, 17β-estradiol (E2). The docking grid was set to dimensions of 56 Å × 56 Å ×
56 Å centered on the E2 binding site. The Lamarckian Genetic Algorithm (LGA) was used as the docking

engine, with 100 genetic algorithm runs performed. All other parameters were set to default. The optimal

binding pose for each ligand was selected from the most populated cluster based on the lowest binding

energy score. Subsequent interaction analyses were carried out, and results were visualized using PyMOL

(v2.5.2) and Discovery Studio Visualizer (Dassault Systèmes, Europe).

MD simulation

MD simulations offer high-resolution insights into the structural and temporal behavior of biomolecular

systems. They are particularly valuable for elucidating receptor-ligand interaction mechanisms by capturing

conformational dynamics at the atomic level. Based on molecular docking results, the lowest-energy complex

of ERα bound to each target compound was selected as the initial structure for MD simulation. To ensure

comparability, all reference estrogens [estrone (E1), E2, diethylstilbestrol (DES)] and BPs were modeled in

parallel under identical docking and MD simulation parameters. Although these molecules differ

structurally, applying a uniform simulation protocol allows for the relative evaluation of their binding

affinities
[20]

. All simulations were conducted using GROMACS
[29,30]

 with the AMBER14SB force field for

proteins
[22]

. Ligand parameters were generated using the General Amber Force Field (GAFF) via Sobtop
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version 1.0 (dev 3.1). The protein-ligand complex was solvated in a cubic box filled with transferable

intermolecular potential with 3 points (TIP3P) water molecules
[31]

, ensuring a minimum distance of 1.0 nm

between any protein atom and the box boundary. To neutralize the system, five sodium ions were added.

Energy minimization was carried out using the steepest descent and conjugate gradient algorithms. The

system was then gradually heated from 0 to 310.15 K under constant number of particles, volume, and

temperature (NVT) conditions, followed by 2 ns of equilibration at constant temperature. Integration time

step for equilibration was 1 fs, while a 2 fs time step was used for the 100 ns production run. Long-range

electrostatic and van der Waals interactions were calculated using the Particle Mesh Ewald (PME) method
[32]

.

Simulation trajectories were saved every 2 ps for subsequent analysis. The binding free energy between ERα
and each ligand was estimated using the MM/PBSA method

[33]
, implemented through the gmx _MMPBSA

tool
[34,35]

.

Human health risk assessment

To further assess the potential health r isks associated with BPs, the ACD/Percepta platform

(www.acdlabs.com) was employed to obtain their ERα binding affinity and organ-specific toxicity. The

Human Health module generates probabilistic estimates of adverse effects across major human physiological

systems based on chemical structure and existing datasets, offering a complementary perspective on systemic

toxicity.

RESULTS AND DISCUSSION
Assessment of estrogenic disruption effects

In endocrine disruption studies, natural estrogens such as E2 (and sometimes E1) are widely used as positive

controls for benchmarking the activity of environmental chemicals. Therefore, in our study, we used E2 and

E1 as docking and MD comparators to ensure reliable interpretation based on their well-characterized ERα-

binding modes. To validate the accuracy of the docking model, the half maximal inhibitory concentration

(IC
50

) for E2 was predicted to be 0.021 μM, which closely matches the experimentally reported value of 0.014

μM
[36]

. This strong agreement affirms the reliability and predictive capability of the established docking

protocol. Using this validated approach, the IC
50

 values for BPAF and BHPF were calculated to be 7.29 and

37.68 μM, respectively. Both values were markedly higher than those of natural estrogens E2 and E1 (0.021

and 0.016 μM, respectively; Figure 1A), indicating weaker estrogenic activity of the two bisphenols compared

with endogenous estrogens. These computational findings align with previous experimental observations
[37]

,

which consistently reported lower estrogenic potency for BPA analogs relative to natural estrogens.

Nevertheless, some in vivo studies have suggested that BPAF may exert greater overall toxicity than BPA,

highlighting the complexity and potential unpredictability of endocrine-disrupting effects associated with

structural analogs. This discrepancy underscores the importance of complementing experimental evidence

with detailed, molecular-level mechanistic insights.

Binding interactions of BPs with ERα
From the perspective of binding affinity, molecular docking results [Figure 1B] showed that the binding

energies of BPAF (-7.01 kcal/mol) and BHPF (-6.04 kcal/mol) were significantly higher than those of E2

(‑10.48 kcal/mol) and E1 (-10.63 kcal/mol). This suggests that BPs may have had weaker affinity for ERα-

LBD compared to natural estrogens, supporting their relatively lower estrogenic activity.

To explore the binding mechanisms in greater detail, visualization of the docking poses revealed distinct

differences in interaction patterns between natural/synthetic estrogens and BPA analogs, as shown in

Supplementary Figures 1-4. Generally, when natural or synthetic estrogens bind to ERα-LBD, a stable

hydrogen bond network is formed between the hydroxyl groups on their aromatic rings and key polar

residues Glu 353, Arg 394, and His 524 [Supplementary Figure 1], establishing a classic polar anchoring

framework that stabilizes the ligand–receptor complex. By contrast, BHPF formed only one single hydrogen

                                                                                               

http://www.acdlabs.com
https://file.oaecenter.com/published/pdf/8056bf1175bca9cf36b838a555763dae/1768368556/jeea4056-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/8056bf1175bca9cf36b838a555763dae/1768368556/jeea4056-SupplementaryMaterials.pdf


Bi et al. J. Environ. Expo. Assess. 2026, 5, 2 Page 5 of 12

Figure 1. (A) Predicted IC50 values (μM) and (B) Molecular docking binding energies (kcal/mol) for the interactions between BPAF, BHPF,

and ERα-LBD. IC50: Half maximal inhibitory concentration; BPAF: bisphenol AF; BHPF: bisphenol fluorene; ERα: estrogen receptor alpha;
LBD: ligand-binding domain; DES: diethylstilbestrol.

Figure 2. Ligand–protein interaction diagrams illustrating key residues and interaction types involved in BPAF and BHPF binding to ERα-
LBD. BPAF: Bisphenol AF; BHPF: bisphenol fluorene; ERα: estrogen receptor alpha; LBD: ligand-binding domain; DES: diethylstilbestrol.

bond and BPAF two with ERα-LBD [Supplementary Figure 2], suggesting that the hydrogen bonding is not

their main interaction mechanism for the two BPs and that other types of interactions may contribute to

their binding. Further comprehensive visualization analyses show a dominant role for hydrophobic contacts

in stabilizing these complexes [Figure 2], with BHPF exhibiting especially strong hydrophobic engagement.

As shown in Supplementary Figure 4, BHPF primarily interacts via van der Waals force, Alkyl/Pi-Alkyl

contacts, and Pi-Sulfur interaction with methionine (Met), forming a robust hydrophobic interface. In

addition to these interactions, BPAF engages in a diverse array of weaker contacts, including halogen and Pi-

Sigma interactions, contributing to its binding profile. This interaction diversity suggests that BPAF may

adopt multiple binding conformations within ERα-LBD, in contrast to the relatively stable and concentrated

hydrophobic binding mode of BHPF.

https://file.oaecenter.com/published/pdf/8056bf1175bca9cf36b838a555763dae/1768368556/jeea4056-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/8056bf1175bca9cf36b838a555763dae/1768368556/jeea4056-SupplementaryMaterials.pdf
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Figure 3. Energy component contributions to the MM/PBSA-calculated binding free energy of BPAF and BHPF with ERα. MM/PBSA:
Molecular Mechanics/Poisson-Boltzmann Surface Area; BPAF: bisphenol AF; BHPF: bisphenol fluorene; ERα: estrogen receptor alpha.

These differences in interaction patterns are largely attributable to the structural features of the two

molecules. BHPF contains a rigid fluorene ring [Supplementary Scheme 1], which aligns well with the

hydrophobic pocket of ERα-LBD. However, this complementarity requires conformational adjustment of the

receptor, resulting in initial RMSD fluctuations [Supplementary Figure 5]. Once accommodated, the fluorene

core establishes a compact van der Waals network with residues such as Ile, Leu, and Met, enhancing

binding affinity. In contrast, BPAF exhibits a more flexible backbone, and its polar modifications, introduced

by fluorine atoms and hydroxyl groups (–CF
3
, –OH), enable it to participate in diverse interactions including

halogen bonding and weak hydrogen bonding. This structural flexibility enables BPAF to adopt multiple

binding conformations within ERα-LBD, reflecting a more dynamic and complex binding mode.

Notably, the weaker binding affinity of BPAF and BHPF can be attributed to the docking-based predictions

that derived solely from hydrogen bond analyses, thereby neglecting critical factors influencing

ligand–receptor stability. To achieve a more accurate assessment of their binding behavior, MD simulations

are warranted to incorporate hydrophobic contributions, induced-fit effects, solvent interactions, and

entropy changes.

Binding mechanism of BPs with ERα
To more accurately quantify the binding affinity between BPs and ERα and to elucidate the key driving forces

governing these interactions, MD simulations were conducted for each ligand–receptor complex. The

obtained binding free energies and their contributing components are shown in Supplementary Table 1 and

Figure 3. BHPF exhibited a markedly lower ΔG
bind

 (-48.34 kcal/mol) compared with BPAF (-25.25 kcal/mol),

and even natural and synthetic estrogens, such as E1 (-28.84 kcal/mol), E2 (-27.56 kcal/mol), and DES

(‑27.33 kcal/mol). These indicate that BHPF may possess the strongest affinity for ERα among the tested

compounds. Furthermore, as illustrated in Figure 3, BHPF exhibited the highest van der Waals contribution

(-65.08 kcal/mol), far exceeding those of natural or synthetic estrogens, E2 (-41.94 kcal/mol), E1 (-42.81

kcal/mol), and DES (-40.10 kcal/mol), thereby reflecting enhanced hydrophobic complementarity with the

ERα binding pocket.

Although BHPF had the highest polar solvation energy (ΔG
PB

 = 16.63 kcal/mol), which would be expected to

hinder binding, this unfavorable factor was fully offset by its strong van der Waals attraction. By contrast,

BPAF showed lower polar solvation energy and entropy loss, generally favorable for binding. However, its

van der Waals energy (-36.77 kcal/mol) was approximately half of that observed for BHPF, resulting in a

significantly reduced overall binding affinity. This difference can be attributed to the structural features of

the two molecules. The biphenyl core of BPAF has a smaller hydrophobic surface area compared to the rigid

fluorene ring of BHPF, which limits its ability to form extensive hydrophobic contacts. Although BPAF
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Figure 4. Per-residue decomposition of binding free energy (kcal/mol) for ligands bound to ERα-LBD. (A) BHPF; (B) BPAF. ERα: Estrogen
receptor alpha; LBD: ligand-binding domain; BHPF: bisphenol fluorene; BPAF: bisphenol AF.

exhibited energetic advantages in solvation and entropy, these were insufficient to compensate for its

reduced van der Waals stabilization. These results confirm that van der Waals interactions, closely associated

with hydrophobic contacts, are the dominant forces stabilizing BPs–ERα complexes. This finding highlights a

binding mode for BPs that is not dominated by hydrogen bonding and emphasizes the key role of

hydrophobic interactions in their toxicological mechanisms.

To further elucidate the binding mechanism, we systematically analyzed the amino acid residues involved in

BPs-ERα binding [Figure 4]. BHPF and BPAF were found to interact with 35 and 30 residues, respectively,

both exceeding the 21-29 residues involved in natural estrogen binding. Over 60% of these contacts were

hydrophobic, including residues such as Leu, Ile, Met, and Ala, supporting the predominance of

hydrophobic interactions in BPs-induced estrogenic disruption. All key residues, defined as those

contributing ≤ -1 kcal·mol
-1
 to the total binding free energy

[38]
, were hydrophobic. Leu 391, Ala 350, and Ile

421 consistently contributed across all BPs–ERα complexes, underscoring their important role in ligand

binding.

Health risk assessment

To provide a more integrated assessment of the health risks posed by BPA alternatives, we predicted their

ERα binding affinity and organ-specific toxicity using the ACD/Percepta platform [Supplementary Table 2

and Figure 5]. The logarithm of the relative binding affinity (RBA) to E2, LogRBA, was used to quantify ERα
binding potential. LogRBA > 0 indicates affinity equal to or exceeding E2, whereas -3 < LogRBA ≤ 0 denotes

weaker but detectable binding. Compounds with a predicted probability of LogRBA > 0 exceeding 0.5 were

classified as “Strong Binders”, and others as “Weak Binders”. According to this criterion
[39,40]

, BHPF was

classified as a strong binder (LogRBA > 0, probability = 0.65), while both BPA and BPAF were predicted to

be weak binders (-3 < LogRBA) [Supplementary Table 2]. These results suggest that BHPF exhibits higher

estrogenic activity and potentially greater health risks.

To obtain a comprehensive understanding of the toxic effects, we further evaluated the potential organ-

specific toxicity of each compound, despite the lack of a direct mechanistic link between ERα binding and

organ-specific toxicity. The probability (p) ranged from 0 to 1 for each predicted adverse effect, with higher
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Figure 5. Predicted toxicity probability values (p) of BPA, BPAF, and BHPF across human organ systems (The probability values range from
0 to 1, with higher values indicating greater potential toxicity risk). BPA: Bisphenol A; BPAF: bisphenol AF; BHPF: bisphenol fluorene.

values indicating greater toxicological risk. P-values ≥ 0.7 were defined as a threshold for high-risk toxicity.

The P-values of BPA ranged from 0.08 to 0.47, indicating toxic effects on multiple organ systems, with

particularly pronounced hepatotoxicity. These findings are consistent with evidence reported in previous in

vivo and in vitro studies
[41,42]

. For instance, these findings reveal that BPA and arsenic (As) promote

hepatotoxicity in zebrafish
[43]

. In contrast, BHPF exhibited markedly higher toxic potential than BPA, with

notably elevated risks in the lungs (0.97) and gastrointestinal system (0.91), whereas BPAF displayed a more

organ-specific toxicity profile, particularly toward the cardiovascular system (0.83) and kidney (0.72). These

computational predictions align with experimental observations. Acute BHPF exposure (0.05-0.5 mg/L)

caused significant pericardial edema and bradycardia in zebrafish embryos
[44]

, and oral administration in

mice aggravated intestinal inflammation via gut-associated pathways
[45]

. In agreement, BPAF exposure (1-4

μM) significantly decreased heart rate and increased reactive oxygen species (ROS) levels in zebrafish

embryos
[46]

. Moreover, BPA exposure has also been shown to markedly suppress cardiac activity in zebrafish

embryos, reducing heart rate from 167 bpm in controls to 98 bpm at 25 μM, and nearly abolishing it at 50

μM
[47]

. Under comparable exposure conditions, both BPAF and BHPF induced more severe developmental

and cardiac toxicity than BPA, including bradycardia, pericardial edema, and increased mortality. This

integrated evidence, combining receptor binding, organ-level toxicity predictions, and experimental

validation, demonstrates that BHPF poses a greater health risk compared with BPA, while BPAF also

presents notable organ-specific hazards.

Overall, the health risk assessment revealed that BPA substitutes may not represent safer alternatives to BPA.

Specifically, BHPF exhibited the strongest ERα binding affinity together with broad-spectrum organ toxicity,

suggesting a higher likelihood of systemic effects and in vivo accumulation. In contrast, BPAF, although

generally weaker in binding, exhibited pronounced organ-selective toxicity, particularly in the cardiovascular

system. Collectively, these findings indicate that BPA substitutes cannot be regarded as safer alternatives.

Study limitations

This study has several limitations that should be acknowledged. First, our analysis primarily focused on ERα
binding as a MIE to compare the potential endocrine-disrupting activities of BPAF and BHPF. While ERα
binding is a well-established pathway mediating the endocrine effects of BPs, it is not the sole determinant of

their overall toxicity. BPs may also exert effects through other mechanisms, such as rapid estrogen signaling

via G protein–coupled receptors, modulation of endogenous hormone synthesis, and differential

transcriptional regulation depending on receptor–DNA interactions. Therefore, ERα binding affinity alone

cannot fully explain their systemic toxicities, and future studies integrating additional molecular and cellular

pathways are warranted. Second, while molecular docking and molecular dynamics simulations provide

valuable molecular-level insights into ligand–receptor interactions, these approaches still involve inherent
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methodological limitations. Docking relies on relatively static receptor conformations and may not fully

capture protein flexibility, whereas the 100 ns molecular dynamics simulations, although sufficient to

describe major conformational changes, may not encompass all long-timescale motions. In addition,

MM/PBSA-based binding free energy calculations depend on force field and solvation model assumptions

and are most reliable for comparative rather than absolute affinity estimation. Finally, the ACD/Percepta

platform was originally developed to support early safety evaluation of drug candidates at therapeutic dose

levels, and its predictions are based on chemical structure and pharmaceutical datasets. It provides

probabilistic predictions of target-organ toxicities and does not explicitly model ERα-related mechanisms. As

such, its predictions for environmental chemicals such as BPAF and BHPF may not fully capture their

complex biological effects. In this study, the ACD/Percepta results were used only as complementary,

qualitative indicators for comparative assessment rather than as definitive evidence of toxicity. Accordingly,

these predictions should be interpreted cautiously and ideally validated with further experimental studies.

CONCLUSION
This study provides molecular-level insights into the interaction mechanisms of BPA analogs, BPAF and

BHPF, with ERα. The results demonstrated that BPAF and BHPF exhibit endocrine-disrupting potential,

warranting careful consideration. Their binding is predominantly governed by hydrophobic interactions,

particularly van der Waals forces, rather than hydrogen bonding. Notably, the rigid fluorenyl ring of BHPF

enhances van der Waals interactions and confers greater binding stability, which may promote in vivo

retention and bioaccumulation, thereby increasing the risk of systemic adverse health effects, especially to the

lungs and gastrointestinal system. In contrast, the more flexible scaffold of BPAF, together with its polar

substituents, enables diverse binding interactions, leading to organ-specific toxicity particularly affecting the

cardiovascular system and kidneys. Collectively, these findings highlight that BPA substitutes, far from being

inherently safer, may pose distinct and even greater health risks, underscoring the imperative for

comprehensive toxicological evaluation and rational design of next-generation endocrine-safe materials.
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