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Abstract

A challenge in ecological risk assessment is identifying the chemicals that pose the
greatest threat and determining which species are most vulnerable to them. To help
address this, this study has developed an in-silico open-source tool called BARMIE
(Binding Affinity Ranking at the Molecular Initiating Event) to rapidly predict the
chemical binding affinity of steroid receptor proteins to synthetic steroids to iden-

tify potentially vulnerable species and chemicals of concern. BARMIE was used to
screen 163 teleost fish glucocorticoid receptors (GRs) for binding to the natural ligand
cortisol and to 10 synthetic glucocorticoid drugs (GCs) designed to interact within the
ligand-binding pocket (LBP) of GRs. BARMIE identified species from the superorder
Protacanthopterygii with high-affinity GRs to synthetic GCs (e.g., vulnerable spe-
cies).. BARMIE was also used to screen binding profiles of compounds in the Medi-
cine for Malaria Venture Global Health Priority Box to rainbow trout GRs (tGR1 and
rtGR2). Of the 178 compounds, 24 and 36 bind within the LBP of tGR1 and ntGR2,
respectively. For 30 of these compounds, transactivation activity was assessed at
1uM in the presence or absence of 1uM cortisol and confirmed 2 compounds with
agonistic properties (e.g., chemicals of concern) that would require further in vitro
and/or in vivo studies to assess the environmental risk. BARMIE can rapidly gener-
ate predicted binding affinities for 100’s of species and chemicals as a first screen in
environmental risk assessment to provide information on which substances to priori-
tise in downstream tests.
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Introduction

Approximately 350,000 synthetic chemicals are produced globally, yet most have not
undergone any human (HRA) or ecological risk assessment (ERA) [1]. Consequently,
the impact of legacy and novel substances on human and wildlife health is likely
underestimated. The evaluation of a chemical’s ecological risk requires information
on mortality, growth, and reproduction, derived from toxicity tests, as well as on the
chemical’s environmental fate, persistence and bioaccumulation properties. These
toxicity tests are costly and time-consuming, and when fish are used, there are ethi-
cal concerns. Given the vast number of chemicals, it is impossible to rapidly generate
sufficient toxicity data using current methods. In recent years, there has been a move
to identify novel ways to provide the necessary toxicological information for ecologi-
cal hazard and risk assessments that use rapid, high throughput in silico and in vitro
methods, termed New Approach Methodologies (NAMs) [2—-6].

All vertebrates have a similar steroid hormone/receptor-based endocrine sys-
tem that regulates a plethora of physiological and developmental processes. These
processes are primarily controlled by the binding of the natural steroid ligand to its
receptor to initiate ligand-induced transactivation, transrepression, or stimulate other
cellular signaling pathways [7]. These steroid receptor proteins (glucocorticoid, miner-
alocorticoid, androgen, estrogen, and progesterone) are highly conserved within the
vertebrate subphylum [8].

The importance of the endocrine system is reflected in concerns about industrial
chemicals, including pharmaceuticals, that are endocrine-active substances that per-
turb the action of hormones. In response to this concern, national and international
governments implemented testing programs over 15 years ago to elucidate the
endocrine-disrupting potential of synthetic and natural compounds [9,10]. These ini-
tially focused on the EATS (estrogen, androgen, thyroid, and steroidogenesis) modal-
ities, but in more recent years, this has expanded to include non-EATS modalities [11]
(e.g., glucocorticoid and progesterone receptors and non-steroidal receptors). The
majority of NAMs’ research in the field of EDC has focused on HRA, with numerous
in vitro and in silico tools available for the EATS modalities [12]. HRA aims to protect
the individual; in contrast, ERA is far more ambitious and complex, seeking to protect
populations of numerous species and maintain ecosystem function.

A good example of in silico based NAMS for ERA are platforms such as EcoDrug
[8] and Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS)
[12], which use protein conservation across phyla to identify non-target species sus-
ceptible to drugs based on the presence of human or veterinary drug targets homo-
logs. When these approaches are combined with other toxicological information,
they yield a more comprehensive picture of the potential environmental impacts of
chemicals. For example, SeqgAPASS in combination with Genes to Pathway — Spe-
cies Conservation Analysis (G2P-SCAN) uses network analysis, based on Adverse
Outcome Pathway (AOP) information, to identify conserved Reactome [13] pathways
and points of departure in toxic outcomes [14], and RASRTox (Rapidly Acquire,
Score, and Rank Toxicology data) links the sequence information with toxicological
databases (ECOTOX, ToxCast21) and QSAR models to develop tool for ranking
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chemicals for hazard assessment [15]. It is known that there are significant differences in the concentrations of chemicals
that induce a toxic response between species within a taxa [16,17], thus a challenge is to increase confidence in predic-
tive tools to identify sensitive species as well as chemicals of concern. One approach for endocrine active chemicals is to
investigate the protein structural reasons for species differences in the interaction between chemicals and their receptors
[18]. The hypothesis is that species with receptors with high binding affinity are likely to be affected at much lower concen-
trations of a chemical.

This study aimed to develop an in-silico tool for rapid screening of chemical binding to steroid receptors. The approach
uses in-silico drug-discovery methodology [19] applied to predictive environmental toxicology. To demonstrate the utility
of the tool we conducted two demonstration the first identifies vulnerable species based on the predicted receptor binding
affinities to steroid drugs and the second to identify chemicals of concern within a library of non-steroidal chemicals. The
study focuses on teleost fish glucocorticoid receptors (GRs) and the reasons for this are two-fold. Firstly, synthetic glu-
cocorticoids, which are commonly used to treat various health conditions, are a group of drugs of growing environmental
concerns, with 17% of the GCs being at concentrations in the aquatic environment predicted to pose a risk to fish [20].
Secondly, species differences in the binding affinity (Kd) and transactivation (EC50) activity for both natural and synthetic
glucocorticoids (GCs) have been reported [21-26].

Methods
Computational model construction

The novel computational pipeline, Binding Affinity Ranking at the Molecular Initiating Event (BARMIE), uses open-source
database APIs (UniProt [27], Chembl [28]) and software (OpenBabel [29], PyMol [30], and AutoDock Vina [31]). The code
to estimate receptor binding affinities, a summary of the procedural steps, and user instructions are available at https://
github.com/ParsaFouladi/Barmie, and a training video is provided at www.burylabs.co.uk. The pipeline was run at the
University of Southampton HPC Iridis 6, and the example provided is specific to teleost fish GRs. The pipeline can be
adapted for use with other HPC architectures and other species and proteins.

BARMIE overview

BARMIE uses fish protein receptor structures derived from AlphaFold [32] available in UniProt. These structures, in
turn, are derived from the annotated fish genomes within the Ensembl database. Ensembl contains receptor isoforms
(e.g., splice variants), and because very few isoforms have been characterized in fish [33], we did not remove these
from our final analysis. When individual receptor structures are imported into AutoDock Vina, their orientations differ,
and the box coordinates encompassing the ligand-binding pocket (LBP) for the docking experiment must be defined
for each structure. To enable docking assessment for a large number of receptors and chemicals, the structures are
automatically aligned using PyMol scripting so that the LBP location is in the same orientation for all proteins. The
only manual step in the pipeline is defining the box coordinates for docking exploration of the LBP. This is set to a
single reference protein, in this example, Oncorhynchus mykiss GR1 (accession # P49843), and is used within the
BARMIE script for analysis of all receptors due to the three-dimensional alignment in PyMol. For the GRs utilized in
this study, the docking box size was set to 20, 20, 20 A, and the coordinates encompassed the LBP centred at X=5,
Y=2,Z=-15.

Predicted docking binding affinity were estimated for 163 teleost GR proteins (S1 File contains the Uniprot ID
codes) in complex with the natural ligand cortisol (CHEMBL389621), the synthetic glucocorticoids beclomethasone
(CHEMBL1586), clobetasol (CHEMBL1201362), dexamethasone (CHEMBL 384467), flumetasone (CHEMBL1201392),
halcinonide (CHEMBL1200845), mapracorat (CHEMBL2103876), mometasone (CHEMBL1201404), prednicarbate
(CHEMBL1200386), prednisolone (CHEMBL131), and triamcinolone (CHEMBL1451).
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BARMIE validation

AutoDock Vina uses a stochastic algorithm to explore ligand binding poses; thus, docking searches were run 5 times, and
the average binding affinity is reported (S2 File for cortisol). Docking simulations were run with exhaustiveness levels of 8,
32, and 128 to assess consistency of results (Table 1). We observed no difference among the exhaustiveness levels and
report results from exhaustiveness 32 (Table 1).

For the fish GRs we used data from previous binding and transactivation activity experiments [34—37] to compare
BARMIE binding affinity predictions to empirical dexamethasone binding data (Kd) and dexamethasone and cortisol log
EC50 values for rainbow trout GR1 and 2 and their chimera clones and mutants [34,35], butterfly fish Pantadon buchholzi
[36], sturgeon Acipenser ruthensus [36] and Common carp Cyprinus carpio [37]. In this experiment predicted GR protein
structures were generated using AlphaFold v2.0 from the full-length GR amino acid sequence. These structures were fed
into BARMIE to estimate predicted binding affinities. For the comparison of empirical binding data, the derived Kd values
were converted to AG using the Gibbs free energy relationship:

AG=-RT (In Kd);

where R is the gas constant (0.0019872 kcal K" mol "), T is temperature in Kelvin at room temperature (298K) and Kd
the empirical binding affinity in moles.

A comparison between the predicted BARMIE binding affinities and experimental values was done to confirm that the
computational pipeline can produce comparable results. Linear regression models were calculated in GraphPad Prism
v11.0.

Screening of the Medicines for Malaria Venture Global Health Priority Box compounds

The Medicines for Malaria Venture (MMV) Global Health Priority Box (GHPB) chemical library was kindly supplied by
Bristol-Myers Squibb Company and IVCC. As an example of how BARMIE could be used in a chemical screening pro-
gramme we predict the binding affinity of the 178 compounds in the GHPB to rainbow trout GR1 (rtGR1) and GR2 (rtGR2)
(S3 File). Thirty compounds (#1 to #30), with a binding affinity > —7.5 kcal/mol and 10 compounds predicted to either bind
with low affinity or outsideof the LBP (#31 to #40), as confirmed by visual inspection in PyMol. For this study a value of
—7.5 kcal/mol was chosen because it is the average predicted binding affinity for mapracorat, a non-steroidal Selective
Glucocorticoid Receptor Agonist (SEGRA) (S1 File). An in vitro transactivation assay [26] was used to assess agonist and
antagonistic activity. Briefly, COS-7 cells were seeded into 96-well plates at a density of 10,000 cells per well and grown

Table 1. Predicted binding affinity generated in BARMIE at 3 Exhaustiveness values for 10 fish glucocorticoid receptors and cortisol.

Species Exhaustiveness

8 32 128
Cottoperca gobio (AOA6J2R594) -8.79 (0.015) -8.79 (0.002) -8.79 (0.004)
Oncorhynchus mykiss (P49843) -9.13 (0.016) -9.14 (0.019) -9.14 (0.014)
Betta splendens (AOABP7NRG2) -8.53 (0.008) -8.53 (0.008) -8.54 (0.009)
Lates calcarifer (AOA4WGE3U7) -8.55 (0.006) -8.56 (0.011) -8.56 (0.011)
Hucho hucho (AOA4W5NKC4) -9.26 (0.017) -9.27 (0.013) -9.25 (0.016)
Cyprinus carpio (A7TWK65) -8.65 (0.018) -8.65 (0.011) -8.66 (0.018)
Coregonus maraena (AOAODGE1Q9) -10.46 (0.011) -10.46 (0.007) -10.46 (0.007)
Salmo trutta GR1 (AOAB73YVN4) -9.26 (0.027) -9.27 (0.030) -9.32 (0.011)
Salmo trutta GR2 (AOA673YWU3) -9.34 (0.014) -9.33 (0.021) -9.35(0.014)
Esox lucius (AOABQ2WV38) -10.68 (0.015) -10.69 (0.021) -10.7 (0.019)
Values represent average and (standard deviation) from 5 separate runs.
https://doi.org/10.1371/journal.pone.0353622.t001
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o/n in DMEM (Gibco) media containing 5% v/v FBS (Gibco) at 5% CO2 atmosphere and 37 °C. The following day, the
cells in each well were transfected with 44.5 ng of the reporter plasmid PF31-LUC and 0.5 ng of the NanoLuc® control
vector, PNL1.1. TK[NIuc/TK] (Promega) and five ng of the expression vector pcDNA 3.1(+) containing rainbow trout GR1
(tGR1, UniProt # P49483) and GR2 (rtGR2, UniProt Q6RKQ3) supplied by Genscript Biotech using Escort™ [V Transfec-
tion reagent (Merck). The Global Health Priority Box compounds were resuspended in DMSO at a concentration of 10mM.
After 24 hr, duplicate wells were incubated with either 1uM of each of the GHPB compounds or 1uM of GHPB compound
and 1uM of cortisol in DMEM/F12 containing 5% charcoal-stripped FBS (Gibco) with a final concentration of 0.01% (v/v)
DMSO. The cells were incubated for a further 24h. Then, firefly and Nluc luciferase activity was measured using Promega
Glomax Navigator, following the methods described in the Dual-Glo protocol (Promega cat~N1630). Firefly luciferase
activity was normalized to the Nluc activity and expressed as fold induction of the DMSO controls. For each experiment
exposures were conducted in duplicate wells with experiments repeated three times except for compounds #36 to #40,
which were performed in duplicate. Difference between the control values and each compound was assessed via a
One-way ANOVA followed by a Dunnett’s post-hoc test using values from each well with significance attributed if p<0.05.
Statistical analysis was performed in GraphPad Prism v11.0

Results and discussion

A significant relationship was observed between the predicted binding affinities from BARMIE for rainbow trout GR1 and
2, their chimeras and mutants [34,35], P. buchholzi GR1 and 2a and A. ruthenus GR [36] with dexamethasone binding
(Fig 1A; R?=0.52, p=0.0191) as well as EC50 values for dexamethasone and cortisol (Fig 1B; R>=0.72, p<0.001, Fig 1b),
with the two latter relationships included values for C. carpio [37]. A previous study also demonstrated a good relation-
ship between the predicted protein stability [AAG (kcal/mol)] of a reconstructed ancestral CR and engineered mutations

of this receptor and measured 11-deoxycorticosterone EC50 values (R?=0.78, [38]), as well as empirical dexamethasone
binding and EC50 values [35]. The relationship between BARMIE’s predicted binding affinity and those derived manually
was also significant (Fig 1C; R?=0.53, p<0.001). The results support the use of BARMIE as a rapid in-silico screening tool
to predict chemical binding affinity to GRs. However, it is important to note that empirical data for both ligand binding and
transactivation activity for fish GRs are sparse, and even sparser for non-GC chemicals, thus further studies are required
to identify the extent of BARMIE'’s applicability domain.
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Fig 1. Comparison of predicted binding affinities and published (A) dexamethasone binding affinities (Kd); (B) log EC50 values for cortisol
(black symbols) and dexamethasone green symbols and (C) a comparison of the predicted binding affinities generated in BARMIE and those
derived manually for 40 GRs. Lines represent the linear regression analysis (A) R2=0.52, p=0.019; (B)R?=0.72, p<0.0001 and (C) R?=0.53, p<0.001.
The empirical data is from rainbow trout GR1 and 2, chimeras and mutations [solid circles] [34,35], Acipenser ruthenus (open triangles) [36], Pantodon
buchholzi GR1 and GR2a (open squares) [36] and Cyprinus carpio (open circles) [37].

https://doi.org/10.1371/journal.pone.0353622.9001
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BARMIE predicted the binding affinity of 163 fish GRs to the natural ligand cortisol as well as synthetic GCs that are designed to
interact within the LBP of GRs (Fig 2). From the in silico binding affinity screen, halcinonide (Fig 1) may be considered the most potent
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Fig 2. A. The predicted binding affinity for all chemical and species combinations, the inset list provides the top 5 species + chemical binding affinities.
B Violin plot showing spread of binding affinities per GC. C. Binding affinities for the 163 teleost fish glucocorticoid receptors per glucocorticoid (see
supplementary information for further species values).

https://doi.org/10.1371/journal.pone.0353622.9002
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GC to interact with the fish GRs, whereas prednicarbate (Fig 1) is the least potent. For all GCs, the screen shows that species in the
order Protacanthopterygii (Esox lucius, Salmo trutta, Coregonus mareana) possess GRs with high binding affinity for the synthetic
GC (Fig 1A). In addition, 55% of the five most sensitive GRs belong to the Protacanthopterygii, with the species Northern pike (Esox
lucius) ranked 1st for 7 of the 11 GCs tested (S1 File). This exercise illustrates how sensitive species may be identified with the data
available, but there is a caveat. There are only 86 fish genomes have been annotated out of the potentially 30,000 teleost species
[38], and of these genomes, a high proportion, 8%, are Protacanthopterygii, thus they are over represented in our analysis and other
species maybe more sensitive. Looking forward, the number of species genomes sequenced is rapidly expanding with the Earth
BioGenome Project Network [39] setting an ambitious target of “... characterizing the genomes of all of Earth’s eukaryotic biodiversity
over a period of ten years”. This has the potential to provide a wealth of genetic information for in silico approaches in ecotoxicology.
BARMIE was initially used to provide docking information for steroids designed with a backbone comprising 17 carbon atoms
arranged in 4 rings to interact with the LBP of GRs. Industrial chemicals may not have this structure, but they may nonetheless dock
into the LBP to act as receptor agonists or antagonists. The binding of a compound into the LBP is a necessary first step in activating
the protein, but binding of non-steroidal chemicals may not lead to a biological response. For this to occur communication between the
LBP and the transactivation function site, termed AF2 in helix 12 of GRs, is necessary to enable the recruitment of the transcriptional
machinery for receptor activation and gene expression [40]. The signalling pathway between the LBP and the AF2 site begins with
hydrogen bond formation between the ligand and key amino acids within LBP [41], which induces the necessary protein conforma-
tional changes for activation. Despite the acknowledged complexity of the structural changes essential for receptor function, in-silico
tools are often used in the initial stages of a drug discovery pipeline to identify promising leads to reduce the number of compounds
to be tested in downstream transactivation assays [19]. Taking the traditional drug discovery approach, we suggest a workflow using
BARMIE as the first stage in identifying potential leads for chemicals of concern (Fig 3). To screen the 178 GHPB compounds we
focused on the rainbow trout GRs because these were used in the validatory exercise. We identified 24 and 36 of these compounds

Stage 1: In silico
screen.

Potentially 100s of
species and 100s of
chemicals

Example to identify

chemicals of concern:

178 MMV chemicals
screened with rainbow
trout GR1 and GR2

Stage 2: Hit/Lead
identification

In vitro transactivation
assays with one
concentration of the
chemicals identified to
bind in the binding
pocket. Identify
potential agonists or
antagonist.

Example to identify

chemicals of concern:

30 MMV chemicals
screened with rainbow
trout GR1 and GR2
identifying 5 of
potential agonistic or
antagonistic behaviour
for further analysis

Stage 3: In silico
confirmation

Docking visualisation
tools, e.g. PyMol or
Ligplot, to confirm
chemicalinteractions
with none amino acids
involved in binding and
transactivation

Example to identify

chemicals of concern:

Confirmation of 3 MMV
chemicals interacting
with GR1 or GR2 for
further dose-response
analysis.

Stage 4: In vitro dose-
response curve.

Dose response curve to
provide transactivation
EC50 values. This
represents the internal
dose required for
receptor agonism or
antagonism.

Fig 3. A suggested workflow for use of BARMIE to identify potential chemicals of concern.

Stage 5: In vivo
verification.

Adecision is made on
whether further in vivo data
is required. Dependent on
available toxicodynamic
information and reported
AOPs.

https://doi.org/10.1371/journal.pone.0353622.9003
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that bind within the LBP of tGR1 and GR2 with a predicted binding affinity of > 7.5 kcal/mol. The highest binding affinity observed for
these compounds was —8.908 and —9.953 kcal/mol for GR1 and GR2, respectively, not too dissimilar to BARMIE predicted corti-

sol binding affinities to tGR1 and GR2 of —9.383 kcal/mol and —9.98 kcal/mol, respectively. From these, 30 lead compounds were
selected to assess agonist and antagonist behaviour at a concentration of 1uM in the presence or absence of 1uM cortisol, as well as
10 compounds that were predicted either not to bind or weakly bind to the receptors. Only a handful of compounds showed significant
agonist activity (Fig 4), and activity was substantially lower than the 100-fold increase observed with cortisol (Fig 4). The reason for
this low activity may be that the one M concentration is insufficient to elicit a response in many of these compounds, as they are not
designed to mimic the structure of endogenous cortisol. The concentration was chosen because it reflects elevated plasma cortisol
levels in fish [42] and also corresponds to the maximum rtGR transactivation activity for cortisol [21,26].

Two compounds from the screen are of potential concern. #18 (3-(4-methylphenyl)-5-phenyl-1,2,4-oxadiazole), showed
significant agonist activity for both tGR1 and tGR2 in the absence and presence of cortisol and #19 (3-(3-methyl-2-
pyridinyl)-5-phenyl-1,2,4-oxadiazole) significant activity in tGR1 (Fig 4). Three others, # 4, 9,15 stimulated GR1 but only in
one of the agonist screens (e.g., either in absence or presence of cortisol).Both #18 and 19 are 1,2,4-oxadiazole compounds
known to have biological activities, including estrogen receptor antagonism [43,44]. None have been reported as GR ago-
nists in fish, and we are not aware of any reports of their concentrations in the environment. Thus, these would be candi-
dates for further studies in a risk assessment workflow as outlined in Fig 3.

Understanding the reasons for non-steroidal chemical agonism or antagonism is complex. For example, from the amino
acid interaction plots, compounds #18 and #19 both form hydrogen bonds with Asn539 of tGR1(Fig 5), an essential amino
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acid in the docking of the natural ligand cortisol into the LBP [41] (Fig 5), which is involved in the initiation of the signal to
enable transcriptional machinery recruitment. However, #18 also stimulates tGR2, and there is no predicted hydrogen bond
formation with those amino acids known to interact with cortisol and potential potency is associated with Van der Waal inter-
actions, as is the case with the GC fluticasone furoate in the human GR [46]. Further work is required to better understand the
link between non-steroidal chemical interactions with fish steroid receptors and their agonist or antagonistic behaviour.

Conclusions

BARMIE provides an open-access tool for rapid screening of synthetic drug ligands and industrial chemical binding affini-
ties to proteins. The current study used glucocorticoid receptors as an example, but this can be expanded to other steroid
and non-steroid receptors, as well as other proteins at the molecular initiating event (MIE) of an Adverse Outcome Path-
way (AOP) [47,48]. Validation of BARMIE is promising, indicating a link between predicted binding and gene activation,
but we must stress caution because for fish GRs there are only a handful of empirical datasets available for this validatory
exercise. We suggest a way in which BARMIE can be incorporated within a chemical environmental risk assessment
workflow (Fig 3) that is similar to the in-silico approaches used in drug discovery. In this scenario BARMIE would be

used as a first screen to identify potential leads, these leads are then screened for agonists or antagonistic properties
before more extensive (and costly) dose-responsive curves to determine EC or IC50 values, and or in vivo studies, are
conducted.

Supporting information
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glucocorticoid receptors.
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(XLSX)

Acknowledgments

We would like to thank Medicines for Malaria Venture (MMV) Global Health Priority Box (GHPB) chemical library supplied
by Bristol-Myers Squibb Company and IVCC for the chemical libraries.

Author contributions

Conceptualization: Matloob Khushi, Nic R. Bury.

Formal analysis: Fernando Calahorro.

Funding acquisition: Matloob Khushi, Nic R. Bury.

Methodology: Fernando Calahorro, Parsa Fouladi, Yogendra Gaihre.

Project administration: Nic R. Bury.

Software: Fernando Calahorro, Parsa Fouladi, Alessandro Pandini, Matloob Khushi, Nic R. Bury.
Supervision: Alessandro Pandini, Matloob Khushi, Nic R. Bury.

Validation: Fernando Calahorro, Yogendra Gaihre.

PLOS One | https://doi.org/10.137 1/journal.pone.0353622  July 15, 2026 10/12



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0353622.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0353622.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0353622.s003

PLO\Sﬁ\\.- One

Writing — original draft: Nic R. Bury.

Writing — review & editing: Fernando Calahorro, Parsa Fouladi, Alessandro Pandini, Matloob Khushi, Yogendra Gaihre.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wang Z, Walker GW, Muir DCG, Nagatani-Yoshida K. Toward a global understanding of chemical pollution: A first comprehensive analysis of
national and regional chemical inventories. Environ Sci Technol. 2020;54:2575—84. https://doi.org/10.1021/acs.est.9b06379

Mondou M, Hickey GM, Rahman HT, Maguire S, Pain G, Crump D, et al. Factors Affecting the Perception of New Approach Methodologies (NAMs)
in the Ecotoxicology Community. Integr Environ Assess Manag. 2020;16(2):269-81. https://doi.org/10.1002/ieam.4244 PMID: 31944596

Nicola MRD, Cattaneo I, Nathanail AV, Carnesecchi E, Astuto MC, Steinbach M, et al. The use of new approach methodologies for the environmen-
tal risk assessment of food and feed chemicals. Curr Opin Environ Sci Health. 2023;31:1-8. https://doi.org/10.1016/j.coesh.2022.100416 PMID:
36741274

van der Zalm AJ, Barroso J, Browne P, Casey W, Gordon J, Henry TR, et al. A framework for establishing scientific confidence in new approach
methodologies. Arch Toxicol. 2022;96(11):2865—79. https://doi.org/10.1007/s00204-022-03365-4 PMID: 35987941

Parish ST, Aschner M, Casey W, Corvaro M, Embry MR, Fitzpatrick S, et al. An evaluation framework for new approach methodologies (NAMs) for
human health safety assessment. Regul Toxicol Pharmacol. 2020;112:104592. https://doi.org/10.1016/j.yrtph.2020.104592 PMID: 32017962

Lee K-C, Guiney PD, Menzie CA, Belanger SE. Advancing the weight of evidence approach to enable chemical environmental risk assessment
for decision-making and achieving protection goals. Integr Environ Assess Manag. 2023;19(5):1188-91. https://doi.org/10.1002/ieam.4803 PMID:
37421247

Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new signaling mechanisms in health and disease. J Allergy Clin Immunol.
2013;132(5):1033—44. https://doi.org/10.1016/j.jaci.2013.09.007 PMID: 24084075

Verbruggen B, Gunnarsson L, Kristiansson E, Osterlund T, Owen SF, Snape JR, et al. ECOdrug: a database connecting drugs and conservation of
their targets across species. Nucleic Acids Res. 2018;46(D1):D930-6. https://doi.org/10.1093/nar/gkx1024 PMID: 29140522

Rotroff DM, Dix DJ, Houck KA, Knudsen TB, Martin MT, McLaurin KW, et al. Using in vitro high throughput screening assays to identify potential
endocrine-disrupting chemicals. Environ Health Perspect. 2013;121(1):7—14. https://doi.org/10.1289/ehp.1205065 PMID: 23052129

Hecker M, Hollert H. Endocrine disruptor screening: regulatory perspectives and needs. Environ Sci Eur. 2011;23:15. https://doi.
org/10.1186/2190-4715-23-15

Martyniuk CJ, Martinez R, Navarro-Martin L, Kamstra JH, Schwendt A, Reynaud S, et al. Emerging concepts and opportunities for endocrine dis-
ruptor screening of the non-EATS modalities. Environ Res. 2022;204(Pt A):111904. https://doi.org/10.1016/j.envres.2021.111904 PMID: 34418449

LaLone CA, Villeneuve DL, Lyons D, Helgen HW, Robinson SL, Swintek JA, et al. Editor’s Highlight: Sequence Alignment to Predict Across Spe-
cies Susceptibility (SeqAPASS): A Web-Based Tool for Addressing the Challenges of Cross-Species Extrapolation of Chemical Toxicity. Toxicol Sci.
2016;153(2):228—45. https://doi.org/10.1093/toxsci/kfw119 PMID: 27370413

Milacic M, Beavers D, Conley P, Gong C, Gillespie M, Griss J, et al. The Reactome pathway knowledgebase 2024. Nucleic Acids Res.
2024;52:D672-8. https://doi.org/10.1093/nar/gkad 1025

Schumann P, Rivetti C, Houghton J, Campos B, Hodges G, LaLone C. Combination of computational new approach methodologies for enhancing
evidence of biological pathway conservation across species. Sci Total Environ. 2024;912:168573. https://doi.org/10.1016/j.scitotenv.2023.168573
PMID: 37981146

Schaupp CM, Byrne G, Chan M, Haggard DE, Hazemi M, Jankowski MD, et al. An automated computational data pipeline to rapidly acquire,
score, and rank toxicological data for ecological hazard assessment. Integr Environ Assess Manag. 2024;20(6):2203-17. https://doi.org/10.1002/
ieam.4945 PMID: 38752675

Posthuma L, van Gils J, Zijp MC, van de Meent D, de Zwart D. Species sensitivity distributions for use in environmental protection, assessment,
and management of aquatic ecosystems for 12386 chemicals. Environ Toxicol Chem. 2019;38(4):905-17. https://doi.org/10.1002/etc.4373 PMID:
30675920

Nyman A-M, Schirmer K, Ashauer R. Importance of toxicokinetics for interspecies variation in sensitivity to chemicals. Environ Sci Technol.
2014;48(10):5946-54. https://doi.org/10.1021/es5005126 PMID: 24758734

Tan H, Chen Q, Hong H, Benfenati E, Gini GC, Zhang X, et al. Structures of Endocrine-Disrupting Chemicals Correlate with the Activation of 12
Classic Nuclear Receptors. Environ Sci Technol. 2021;55(24):16552—62. https://doi.org/10.1021/acs.est.1c04997 PMID: 34859678

Kontoyianni M. Docking and Virtual Screening in Drug Discovery. Methods Mol Biol. 2017;1647:255-66. https://doi.org/10.1007/978-1-4939-7201-
2_18 PMID: 28809009

Hamilton CM, Winter MJ, Margiotta-Casaluci L, Owen SF, Tyler CR. Are synthetic glucocorticoids in the aquatic environment a risk to fish?. Environ
Int. 2022;162:107163. https://doi.org/10.1016/j.envint.2022.107163 PMID: 35240385

Bury NR, Sturm A, Le Rouzic P, Lethimonier C, Ducouret B, Guiguen Y, et al. Evidence for two distinct functional glucocorticoid receptors in teleost
fish. J Mol Endocrinol. 2003;31(1):141-56. https://doi.org/10.1677/jme.0.0310141 PMID: 12914532

PLOS One | https://doi.org/10.1371/journal.pone.0353622  July 15, 2026 11712



https://doi.org/10.1021/acs.est.9b06379
https://doi.org/10.1002/ieam.4244
http://www.ncbi.nlm.nih.gov/pubmed/31944596
https://doi.org/10.1016/j.coesh.2022.100416
http://www.ncbi.nlm.nih.gov/pubmed/36741274
https://doi.org/10.1007/s00204-022-03365-4
http://www.ncbi.nlm.nih.gov/pubmed/35987941
https://doi.org/10.1016/j.yrtph.2020.104592
http://www.ncbi.nlm.nih.gov/pubmed/32017962
https://doi.org/10.1002/ieam.4803
http://www.ncbi.nlm.nih.gov/pubmed/37421247
https://doi.org/10.1016/j.jaci.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24084075
https://doi.org/10.1093/nar/gkx1024
http://www.ncbi.nlm.nih.gov/pubmed/29140522
https://doi.org/10.1289/ehp.1205065
http://www.ncbi.nlm.nih.gov/pubmed/23052129
https://doi.org/10.1186/2190-4715-23-15
https://doi.org/10.1186/2190-4715-23-15
https://doi.org/10.1016/j.envres.2021.111904
http://www.ncbi.nlm.nih.gov/pubmed/34418449
https://doi.org/10.1093/toxsci/kfw119
http://www.ncbi.nlm.nih.gov/pubmed/27370413
https://doi.org/10.1093/nar/gkad1025
https://doi.org/10.1016/j.scitotenv.2023.168573
http://www.ncbi.nlm.nih.gov/pubmed/37981146
https://doi.org/10.1002/ieam.4945
https://doi.org/10.1002/ieam.4945
http://www.ncbi.nlm.nih.gov/pubmed/38752675
https://doi.org/10.1002/etc.4373
http://www.ncbi.nlm.nih.gov/pubmed/30675920
https://doi.org/10.1021/es5005126
http://www.ncbi.nlm.nih.gov/pubmed/24758734
https://doi.org/10.1021/acs.est.1c04997
http://www.ncbi.nlm.nih.gov/pubmed/34859678
https://doi.org/10.1007/978-1-4939-7201-2_18
https://doi.org/10.1007/978-1-4939-7201-2_18
http://www.ncbi.nlm.nih.gov/pubmed/28809009
https://doi.org/10.1016/j.envint.2022.107163
http://www.ncbi.nlm.nih.gov/pubmed/35240385
https://doi.org/10.1677/jme.0.0310141
http://www.ncbi.nlm.nih.gov/pubmed/12914532

PLO\S\% One

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Bury NR, Sturm A. Evolution of the corticosteroid receptor signalling pathway in fish. Gen Comp Endocrinol. 2007;153(1-3):47-56. https://doi.
org/10.1016/j.ygcen.2007.03.009 PMID: 17470371

Stolte EH, de Mazon AF, Leon-Koosterziel KM, Jesiak M, Bury NR, Sturm A, et al. Corticosteroid receptors involved in stress regulation in common
carp, Cyprinus carpio. J Endocrinol. 2008;198(2):403—17. https://doi.org/10.1677/JOE-08-0100 PMID: 18505847

Bury NR. The evolution, structure and function of the ray finned fish (Actinopterygii) glucocorticoid receptors. Gen Comp Endocrinol. 2017;251:4—
11. https://doi.org/10.1016/j.ygcen.2016.06.030 PMID: 27838382

Kugathas S, Sumpter JP. Synthetic glucocorticoids in the environment: first results on their potential impacts on fish. Environ Sci Technol.
2011;45(6):2377-83. https://doi.org/10.1021/es104105e PMID: 21322550

Sturm A, Colliar L, Leaver MJ, Bury NR. Molecular determinants of hormone sensitivity in rainbow trout glucocorticoid receptors 1 and 2. Mol Cell
Endocrinol. 2011;333(2):181-9. https://doi.org/10.1016/j.mce.2010.12.033 PMID: 21215791

UniProt Consortium T. UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2018;46(5):2699. https://doi.org/10.1093/nar/gky092
PMID: 29425356

Zdrazil B, Felix E, Hunter F, Manners EJ, Blackshaw J, Corbett S, et al. The ChEMBL Database in 2023: a drug discovery platform spanning multi-
ple bioactivity data types and time periods. Nucleic Acids Res. 2024;52(D1):D1180-92. https://doi.org/10.1093/nar/gkad 1004 PMID: 37933841

OpenBabbel. https://openbabel.org/index.html

Schrédinger L, DeLano W. PyMOL. http://www.pymol.org/pymol 2020.

Eberhardt J, Santos-Martins D, Tillack AF, Forli S. AutoDock Vina 1.2.0: New docking methods, expanded force field, and python bindings. J Chem
Inf Model. 2021;61:3891-8. https://doi.org/10.1021/acs.jcim.1c00203

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein structure prediction with AlphaFold. Nature.
2021;596(7873):583-9. https://doi.org/10.1038/s41586-021-03819-2 PMID: 34265844

Romero A, Vega M, Santibanez N, Spies J, Pérez T, Enriquez R, et al. Salmo salar glucocorticoid receptors analyses of alternative splicing variants
under stress conditions. Gen Comp Endocrinol. 2020;293:113466. https://doi.org/10.1016/j.ygcen.2020.113466 PMID: 32194046

Sturm A, Bron JE, Green DM, Bury NR. Mapping of AF1 transactivation domains in duplicated rainbow trout glucocorticoid receptors. J Mol Endo-
crinol. 2010;45(6):391—-404. https://doi.org/10.1677/JME-09-0152 PMID: 20921243

Sturm A, Colliar L, Leaver MJ, Bury NR. Molecular determinants of hormone sensitivity in rainbow trout glucocorticoid receptors 1 and 2. Mol Cell
Endocrinol. 2011;333(2):181-9. https://doi.org/10.1016/j.mce.2010.12.033 PMID: 21215791

Li 'Y, Sturm A, Cunningham P, Bury NR. Evidence for a divergence in function between two glucocorticoid receptors from a basal teleost. BMC Evol
Biol. 2012;12:137. https://doi.org/10.1186/1471-2148-12-137 PMID: 22862956

Stolte EH, de Mazon AF, Leon-Koosterziel KM, Jesiak M, Bury NR, Sturm A, et al. Corticosteroid receptors involved in stress regulation in common
carp, Cyprinus carpio. J Endocrinol. 2008;198(2):403—17. https://doi.org/10.1677/JOE-08-0100 PMID: 18505847

Carroll SM, Ortlund EA, Thornton JW. Mechanisms for the evolution of a derived function in the ancestral glucocorticoid receptor. PLoS Genet.
2011;7(6):e1002117. https://doi.org/10.1371/journal.pgen.1002117 PMID: 21698144

Ravi V, Venkatesh B. The divergent genomes of teleosts. Annu Rev Anim Biosci. 2018;6:47—68. https://doi.org/10.1146/
annurev-animal-030117-014821

Earth BioGenome Project. https://www.earthbiogenome.org/

Tao Y, Xu Y, Xu HE, Simons SS Jr. Mutations of glucocorticoid receptor differentially affect AF2 domain activity in a steroid-selective manner to
alter the potency and efficacy of gene induction and repression. Biochemistry. 2008;47(29):7648-62. https://doi.org/10.1021/bi800472w PMID:
18578507

Bledsoe RK, Montana VG, Stanley TB, Delves CJ, Apolito CJ, McKee DD, et al. Crystal structure of the glucocorticoid receptor ligand binding
domain reveals a novel mode of receptor dimerization and coactivator recognition. Cell. 2002;110(1):93—105. https://doi.org/10.1016/s0092-
8674(02)00817-6 PMID: 12151000

Bury NR, Eddy FB, Codd GA. Stress responses of brown trout,Salmo Trutta L., to the cyanobacterium,Microcystis aeruginosa. Environ Toxicol
Water Qual. 1996;11(3):187-93. htips://doi.org/10.1002/(sici)1098-2256(1996)11:3<187::aid-tox3>3.0.c0;2-5

Chiacchio MA, Legnani L, Campisi A, Paola B, Giuseppe L, lannazzo D, et al. 1,2,4-Oxadiazole-5-ones as analogues of tamoxifen: synthesis and
biological evaluation. Org Biomol Chem. 2019;17(19):4892—-905. https://doi.org/10.1039/c90b00651f PMID: 31041982

Wallace AC, Laskowski RA, Thornton JM. LIGPLOT: a program to generate schematic diagrams of protein-ligand interactions. Protein Eng.
1995;8(2):127-34. https://doi.org/10.1093/protein/8.2.127 PMID: 7630882

IRAK4 inhibitor rac-45. https://pubchem.ncbi.nim.nih.gov/compound/IRAK4-inhibitor-rac-45

Valotis A, Hogger P. Human receptor kinetics and lung tissue retention of the enhanced-affinity glucocorticoid fluticasone furoate. Respir Res.
2007;8(1):54. https://doi.org/10.1186/1465-9921-8-54 PMID: 17650349

Villeneuve DL, Crump D, Garcia-Reyero N, Hecker M, Hutchinson TH, LaLone CA, et al. Adverse Outcome Pathway (AOP) Development I: Strate-
gies and Principles. Toxicological Sciences. 2014;142:312-20. https://doi.org/10.1093/toxsci/kfu199

PLOS One | https://doi.org/10.1371/journal.pone.0353622 July 15, 2026 12712



https://doi.org/10.1016/j.ygcen.2007.03.009
https://doi.org/10.1016/j.ygcen.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17470371
https://doi.org/10.1677/JOE-08-0100
http://www.ncbi.nlm.nih.gov/pubmed/18505847
https://doi.org/10.1016/j.ygcen.2016.06.030
http://www.ncbi.nlm.nih.gov/pubmed/27838382
https://doi.org/10.1021/es104105e
http://www.ncbi.nlm.nih.gov/pubmed/21322550
https://doi.org/10.1016/j.mce.2010.12.033
http://www.ncbi.nlm.nih.gov/pubmed/21215791
https://doi.org/10.1093/nar/gky092
http://www.ncbi.nlm.nih.gov/pubmed/29425356
https://doi.org/10.1093/nar/gkad1004
http://www.ncbi.nlm.nih.gov/pubmed/37933841
https://openbabel.org/index.html
http://www.pymol.org/pymol
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1016/j.ygcen.2020.113466
http://www.ncbi.nlm.nih.gov/pubmed/32194046
https://doi.org/10.1677/JME-09-0152
http://www.ncbi.nlm.nih.gov/pubmed/20921243
https://doi.org/10.1016/j.mce.2010.12.033
http://www.ncbi.nlm.nih.gov/pubmed/21215791
https://doi.org/10.1186/1471-2148-12-137
http://www.ncbi.nlm.nih.gov/pubmed/22862956
https://doi.org/10.1677/JOE-08-0100
http://www.ncbi.nlm.nih.gov/pubmed/18505847
https://doi.org/10.1371/journal.pgen.1002117
http://www.ncbi.nlm.nih.gov/pubmed/21698144
https://doi.org/10.1146/annurev-animal-030117-014821
https://doi.org/10.1146/annurev-animal-030117-014821
https://www.earthbiogenome.org/
https://doi.org/10.1021/bi800472w
http://www.ncbi.nlm.nih.gov/pubmed/18578507
https://doi.org/10.1016/s0092-8674(02)00817-6
https://doi.org/10.1016/s0092-8674(02)00817-6
http://www.ncbi.nlm.nih.gov/pubmed/12151000
https://doi.org/10.1002/(sici)1098-2256(1996)11:3<187::aid-tox3>3.0.co;2-5
https://doi.org/10.1039/c9ob00651f
http://www.ncbi.nlm.nih.gov/pubmed/31041982
https://doi.org/10.1093/protein/8.2.127
http://www.ncbi.nlm.nih.gov/pubmed/7630882
https://pubchem.ncbi.nlm.nih.gov/compound/IRAK4-inhibitor-rac-45
https://doi.org/10.1186/1465-9921-8-54
http://www.ncbi.nlm.nih.gov/pubmed/17650349
https://doi.org/10.1093/toxsci/kfu199

	Binding Affinity Ranking at the Molecular Initiating Event (BARMIE): An open-source computational pipeline for the rapid screening of chemical interactions with steroid receptors from many species
	Introduction
	Methods
	Computational model construction
	BARMIE overview
	BARMIE validation
	Screening of the Medicines for Malaria Venture Global Health Priority Box compounds

	Results and discussion
	Conclusions
	Supporting information
	References


