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A B S T R A C T

Disruption of estrogen receptor alpha (ERα) by endocrine-active pesticides may contribute to lipid metabolic 
dysregulation. We aimed to clarify the docking dynamics of methiocarb with ERα and evaluate its potential to 
induce lipid accumulation through ERα activation using non-animal testing systems. Molecular docking pre
dicted favorable binding between methiocarb and ERα, primarily through interactions involving the amino 
group. This prediction was validated using ERα reporter gene assays. Methiocarb-induced lipid accumulation was 
assessed in 3T3-L1 adipocytes, with or without co-treatment using the ERα antagonist methyl-piperidino- 
pyrazole (MPP). Methiocarb significantly activated ERα transcriptional activity and promoted ERα-dependent 
lipid accumulation. Co-treatment with MPP attenuated this effect, whereas antagonists for the glucocorticoid 
receptor (RU-486) and ERβ (PHTPP) had no effect. Methiocarb increased the expression of adipogenic and 
lipogenic transcription factors, including PPARγ, C/EBPα, FAS, and SREBP1, as well as the adipocyte-specific 
marker FABP4, in an ERα-dependent manner. Methiocarb binding to ERα promotes lipid accumulation and 
upregulates adipogenic/lipogenic transcriptional networks. This approach highlights the utility of ERα-mediated 
screening to identify potential metabolic disruptors among structurally related pesticides.

1. Introduction

Because of their rapid decomposition and relatively low toxicity to 
mammals compared with that of organochlorine and organophosphate 
pesticides (Dias et al., 2015; Rahman et al., 2017), carbamates affecting 
the activity of enzymes containing acetylcholinesterase (AChE) in 
exposed pests (Blažková et al., 2009) have been applied worldwide as 
insecticides. Several critical effects of carbamate insecticides due to 
AChE inhibition have been reported (Zhang and Lee, 2006). Carbamates 
inhibit AChE, an enzyme that catalyzes the hydrolysis of the neuro
transmitter acetylcholine (ACh). This increases ACh at neuronal syn
apses or neuromuscular junctions, resulting in increased stimulation of 
nerve endings (Jokanović, 2009).

Methiocarb (C11H15NO2S), a carbamate insecticide, has been widely 

used as an acaricide, molluscicide, and bird repellent in food, natural 
water, and soil since the 1960s (United States Environmental Protection 
Agency (EPA) (EPA), 1994; Altinok et al., 2006; European Union, 2018; 
Lentola et al., 2021). Therefore, various routes have exposed food ma
terials and the environment to methiocarb. Llasera and Bernal-González 
(Bernal-González, 2001) reported that the level of methiocarb contam
ination in a groundwater sample was 5.4 μg/L. The residual range of 
methiocarb in surface river water was 7–117 ng/L (Fytianos et al., 
2007). The average levels of methiocarb were 20.73 µg/kg in oranges, 
18.82 µg/kg in dates and plums, and 7.46 µg/kg in tangerines (Blasco 
et al., 2005). Additionally, average concentrations of methiocarb in 
wine and soil samples were 0.84 and 0.02 μg/kg, respectively (Gonzalez 
et al., 2022).

It is considered a hazardous pesticide in various countries, and 
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maximum residue levels have been established based on data concern
ing the critical effects of methiocarb and its metabolites. Recently, the 
endocrine-disrupting potential of methiocarb was reported (Gea et al., 
2022). Methiocarb did not disrupt estrogen biosynthesis; however, it 
exhibited estrogenic effects in an in vitro transactivation assay (TA).

Endocrine-disrupting chemicals (EDCs) primarily interfere with 
natural hormones because of their strong ability to bind to estrogen 
receptors (ER) (Tabb and Blumberg, 2006). Estrogen signaling is altered 
via genomic and non-genomic pathways by interacting directly with 
receptors. The genomic pathway involves gene transcription and is 
initiated by the binding of EDCs to the cytosol and/or nuclear ER. In 
contrast, the non-genomic pathway is induced by membrane-bound ER 
with ligands and involves signaling proteins (Kiyama et al., 2014). The 
Organization for Economic Cooperation and Development (OECD) has 
established international standard testing methods to determine the 
EDCs, and the ERα specific TA assay using hERα-HeLa 9903 cell line was 
adopted as PBTG No. 455 (OECD, 2021). The estrogen-ER complex of 
the ER membrane also modulates the activity of other types of bio
markers (O’Lone et al., 2004). The membrane ER response promotes 
transcriptional activation, resulting in a dimeric interaction between 
nuclear and extranuclear mechanisms that regulates vascular function, 
cell growth, and lipid accumulation (Grün and Blumberg, 2006; Meyer 
et al., 2009).

Based on the above, we considered that the estrogenic effect of 
methiocarb may be caused by lipid accumulation in the ERα pathway. 
Furthermore, previous studies have reported an association between 
exposure to estrogenic substances and obesity (Grün and Blumberg, 
2006). Therefore, we conducted a hybrid in silico/in vitro approach to 
test our hypothesis. The molecular dynamics simulations and subse
quent analyses were investigated using computational models, followed 
by experimental studies. We confirmed the ERα-specific agonistic effect 
of methiocarb using the hERα-HeLa 9903 ER TA assay (OECD, 2021). 
Adipocyte formation induced by methiocarb in the presence and 
absence of the ERα selective antagonist, i.e., methyl-piperidino-pyrazole 
(MPP), was determined to clarify the relationship between lipid accu
mulation and ERα activation in 3T3-L1 cells.

2. Materials and methods

2.1. Computational analysis of the interaction between ERα and 
methiocarb

2.1.1. Preparations
The 3D structures of BPA and methiocarb were downloaded from the 

PubChem database. The co-crystallized E2 was obtained from the ERα 
structure. LigPrep module of Schrödinger Maestro was used for ligand 
preparation by adding hydrogen atoms, optimizing bond lengths and 
angles, and identifying the lowest-energy conformer. Chirality, tauto
meric states, stereochemistry, and ring conformations were also accu
rately assigned. (Schrödinger Release 2023–4; Schrödinger, LLC, New 
York, NY, USA) (Schrödinger, 2025). The ERα 3D structure (PDB ID: 
1ERE) was downloaded from the Protein Data Bank. The structure was 
prepared using Schrödinger Maestro’s Protein Preparation Wizard. This 
automated process removed solvent molecules, incorporated hydrogen 
atoms, completed missing loop regions, capped terminal ends, opti
mized protonation states, and corrected erroneous hydrogen bonding. 
Finally, the prepared protein structure underwent energy minimization 
employing the OPLS4 force field. Default parameters were applied in the 
Glide receptor grid generation module, including a van der Waals radius 
scaling factor of 1.0 and a partial charge cutoff of 0.25. A receptor grid 
was ultimately generated by selecting the centroid of the workspace 
ligand for the molecular docking studies.

2.2. Molecular docking and binding energy calculations using molecular 
mechanics/generalized born and surface area continuum solvation (MM/ 
GBSA)

Molecular docking of E2, BPA, and methiocarb with ERα was con
ducted using the standard precision protocol of Glide with default set
tings (Friesner et al., 2004). The binding energy (ΔGbind) of docked 
complexes was calculated using the Prime MM/GBSA module in 
Schrödinger. The calculations employed the Volume Surface General
ized Born (VSGB) solvation model and the OPLS4 force field (Lu et al., 
2021).

2.2.1. Density function theory (DFT) analysis
DFT was applied to evaluate the chemical reactivity of E2, BPA, and 

methiocarb by determining its frontier molecular orbitals, including the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) (https://doi.org/10.1021/acsomega.4c0 
8626). All calculations were performed using the Jaguar module in 
Schrödinger Maestro with standard settings (Schrödinger, 2025).

2.2.2. Molecular dynamics simulation (MDS)
We conducted MDS of ERα, ERα–E2, ERα–BPA, and ERα–methiocarb 

docked complexes using Desmond (Schrödinger, 2025) to evaluate the 
dynamic behavior of ERα before and after ligand binding, as described in 
Method S1 of the Supporting Information.

2.2.3. Post-MDS MM/GBSA binding energy calculations
Binding energy calculations using molecular dynamic simulation 

trajectories were conducted using the MM/GBSA method with ther
mal_mmgbsa.py python script provided by Schrödinger Maestro 
(Schrödinger, 2025). The calculated energy components included van 
der Waals interactions, Coulombic forces, hydrogen bonding, lipophilic 
interactions, π–π stacking, generalized Born electrostatic solvation en
ergy, and total ΔGbind(Yazdani et al., 2023).

2.3. ERα-mediated disruption of lipid metabolism by methiocarb in the 
experimental study

2.3.1. Reporter gene assays
Reporter gene assays were performed following the OECD TG No. 

455 using the ERα-HeLa-9903 cell line (JCRB, Osaka, Japan) to evaluate 
the ERα agonistic activity of methiocarb. To assess the androgen re
ceptor (AR) antagonistic activity of methiocarb, luciferase reporter gene 
assays were conducted using the 22Rv1/MMTV_GR-KO cell line ac
cording to OECD TG No. 458 (OECD, 2023), as described in Method S2 
of the Supporting Information.

2.3.2. Differentiation, oil red O, and DAPI staining
Differentiation of 3T3-L1 adipocytes (ATCC, Rockville, MD, USA) 

was induced after pre-incubation for 24 h. The detailed protocol for 3T3- 
L1 adipocyte differentiation and staining has been described in our 
previous publications (Kim et al., 2021).

2.3.3. Expression of adipogenic/lipogenic mRNAs using methiocarb
Total RNAs extracted from differentiated adipocytes were analyzed 

after transcription to cDNA coupled with primers. Our previous publi
cation described mRNA expression detection details (Ahmed and Atlas, 
2016).

2.3.4. Expression of adipogenic/lipogenic proteins using methiocarb
Cellular proteins of differentiated adipocytes were analyzed using 

western blotting. The transferred proteins were then allowed to react 
sequentially with primary and secondary antibodies, as previously 
described (Kim et al., 2021).
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2.4. Statistical analysis

All statistical analyses were performed using GraphPad Prism 
version 8 (GraphPad Software, San Diego, CA, USA). One-way analysis 
of variance (ANOVA) was used to evaluate differences between groups, 
followed by Dunnett’s post hoc test to compare each treatment group to 
the vehicle control (0.1 % dimethyl sulfoxide, DMSO). Results are 
expressed as mean ± standard deviation (SD) (n = 3). Statistical sig
nificance was considered at p < 0.05 (*), p < 0.01 (**), and p < 0.001 
(***).

3. Results

3.1. Molecular docking and MM/GBSA quantification of the binding 
energies with ERα

The docking score for methiocarb was − 5.139 kcal/mol. However, 
the docking score of control compounds E2 and BPA was predicted as 
− 10.392 and − 7.964 kcal/mol. To further evaluate the binding inter
action, MM/GBSA binding free energy calculations were performed on 
the docked complexes. The predicted binding free energy for methiocarb 
was − 31.28 kcal/mol. These results suggest that methiocarb exhibits a 
favorable binding affinity for ERα. The binding energies and key inter
acting amino acid residues are illustrated in Fig. 1 and summarized in 
Table S1 of the Supporting Information.

3.2. DFT calculations

The HOMO and LUMO of the methiocarb were calculated using DFT. 
This analysis was performed through the Jaguar module in Schrödinger, 
offering insights into the energy of these orbitals. Fig. 2 presents the 
HOMO and LUMO visualizations of the methiocarb. According to Fig. 2, 
the calculated energy gap induced by methiocarb varied by 5.59 eV. 
This suggested that methiocarb have similar values like E2 and BPA, 
exhibited significant stability and reactivity, enabling interactions with 
ERα. The visualized molecular orbitals are depicted in Fig. 2 and 
calculated energy values are summarized in Table S2 of the Supporting 
Information.

3.3. MDS

MD simulations were employed to explore the dynamic properties of 
ERα in its unbound form and when complexed with methiocarb. Key 
simulation parameters were assessed to examine the stability and dy
namic behavior of ERα. Root mean square deviation (RMSD) analyses of 
the simulation trajectories provided insights into structural stability, 
with lower RMSD values indicating higher stability. These simulations 
were conducted over a 500 ns period to observe structural deviations 
over time. The RMSD of ERα indicated an average of 2.24 Å, while that 
of the ERα complex with E2, BPA and methiocarb was 2.02, 2.10 and 
2.57 Å, respectively (Fig. 3). The findings indicated that methiocarb 
reached equilibrium and formed stable complexes like a control com
pound E2 and BPA. However, fluctuations were observed in the 
ERα–methiocarb complex after 100 ns. Around 350 ns, the RMSD trend 
appeared to stabilize, indicating that the system reached a relatively 
stable conformation. The root mean square fluctuation (RMSF) analysis 
was also performed to assess the flexibility of amino acid residues within 
ERα and its ligand-bound states over 500 ns. The average RMSF for 
unbound ERα was 1.16 Å, while that for the ERα complex with E2, BPA 
and methiocarb was 0.97, 0.95 and 1.15 Å, respectively.

The interaction between ERα E2, BPA and methiocarb was moni
tored throughout the simulation. This interaction can be categorized 
into hydrogen bonds, hydrophobic interactions, ionic interactions, and 
water bridges. In our analysis, E2 interacts with Glu353, Leu387, 
Phe404 and His524. Glu353, Phe404 and His524 also interact with BPA. 
However, amino groups on the methiocarb structure mainly interacted 
with ERα residues Leu387 (Fig. 4).

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

This comprehensive analysis provided a detailed assessment of 
binding affinity. We derived the ΔGbind value, as detailed in Table 1, 
using post-MD MM/GBSA calculations. The predicted average binding 
energy of methiocarb with ERα was − 48.69 kcal/mol. However, the 
average binding energy for E2 and BPA was predicted as − 62.60 and 
− 53.74 kcal/mol. These computational predictions collectively indi
cated that methiocarb can interact with ERα in ways that may impact its 
normal functions.

Fig. 1. Two-dimensional interaction diagrams showing the binding of (A) E2, (B) BPA, and (C) methiocarb to estrogen receptor alpha (ERα).
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Fig. 2. Frontier molecular orbital analysis of (A) E2, (B) BPA and (C) methiocarb using density functional theory (DFT), showing the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).

Fig. 3. Molecular dynamics simulation of estrogen receptor alpha (ERα) over 500 ns. (A) Root-mean-square deviation (RMSD) of the ERα backbone shows structural 
equilibration followed by stabilization. (B) Root-mean-square fluctuation (RMSF) of ligand-binding domain residues, indicating residue-level flexibility.
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3.5. ER-agonistic effect induced by methiocarb

The predicted ERα affinity induced by methiocarb was validated 
through in vitro ERα transcriptional activation assays. Methiocarb was 
classified as an ERα agonist with a PC10 (Log M) value of − 5.15 ± 0.18 
(Table 2 and Fig. 5). These results indicated that methiocarb may cause 

the lipid accumulation associated with ERα.

3.6. Lipid accumulation induced by methiocarb

Oil red O staining was conducted to investigate methiocarb- 
dependent lipid accumulation alongside the positive control, − 5 log M 

Fig. 4. E2, BPA and methiocarb binding interaction analysis to estrogen receptor alpha (ERα) through molecular dynamics simulations. (A) Timeline of pro
tein–ligand contacts over 500 ns. (B) Percentage occurrence of ligand interactions with ERα residues during the simulation. Only interactions present for more than 
30 % of the simulation time are shown.

Table 1 
Predicted average binding free energies (kcal/mol) for estradiol (E2), bisphenol A (BPA), and methiocarb with ERα, calculated using MM/GBSA based on molecular 
dynamics simulation trajectories.

Compound ΔGvdw ΔGcoul ΔGHbond ΔGLipo ΔGPack ΔGSolGB ΔGbind

E2 − 43.96 − 9.64 − 0.80 − 27.74 − 0.54 18.73 − 62.60
BPA − 35.72 − 15.29 − 1.18 − 23.30 − 0.52 21.06 − 53.74
Methiocarb − 39.84 − 5.64 − 0.00 − 16.63 − 0.03 12.89 − 48.69

ΔGvdw: Contribution of van der Waals interaction energy to binding free energy; ΔGcoul: Contribution of Coulomb energy to binding free energy; ΔGHbond: H-bonding 
contributions to binding free energy; ΔGLipo: Lipophilic energy contribution to binding free energy; ΔGPack: π-π packing energy contribution to binding free energy; 
ΔGSolGB: Generalized Born electrostatic solvation energy contribution to binding free energy. ΔGbind: Total binding free energy.
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bisphenol A (BPA), well-known as an ERα agonistic endocrine- 
disrupting chemical. The results of the cell-viability assay indicated 
that methiocarb showed intrinsic toxicity against 3T3-L1 adipocytes at 
− 4 log M (data not shown). Based on these cytotoxicities, methiocarb 
was added up to − 5 log M to confirm lipid-accumulation induction. 
Lipid droplet accumulation was significantly promoted by 1.3- and 1.5- 
fold after treatment with − 5 and − 6 log M, respectively (Fig. 6).

3.7. Confirmation of ERα-dependent lipid accumulation induced by 
methiocarb

The effect of methiocarb on lipid accumulation was assessed in the 
presence and absence of an ERα selective antagonist, MPP, to elucidate 
the regulatory role of ERα. At 10 μM methiocarb, lipid accumulation was 
significantly suppressed by 23.7 % in the presence of 5 μM MPP (Fig. 7). 
These results indicated that methiocarb induced lipid accumulation in 
an ERα-dependent manner.

3.8. Expression of adipogenic/lipogenic mRNAs

The respective expression levels of PPARγ and C/EBPα were 
increased by methiocarb at 10 μM and inhibited by MPP at 5 μM (Fig. 8). 
The expression levels of lipogenic mRNAs (FAS and SREBP1) and the 
adipocyte-specific factor FABP4 were enhanced by methiocarb. In 
addition, methiocarb significantly increased the expression of 
adipocyte-specific factor FABP4. In contrast, the mRNA expression 
levels of FAS, SREBP, and FABP4 decreased in the presence of MPP 
(Fig. 8).

3.9. Expression of adipogenic/lipogenic proteins

The expression levels of proteins related to adipogenesis and lipo
genesis were quantitatively measured to elucidate the mechanism un
derlying methiocarb-mediated lipid accumulation (Fig. 9). Methiocarb 
(10 μM) significantly increased the expression levels of PPARγ and C/ 
EBPα, and their respective expression levels were inhibited by MPP of 
5 μM, an ERα-selective antagonist. The expression levels of lipogenic 
proteins (FAS and SREBP1) were also significantly increased by 
methiocarb treatment. Conversely, co-treatment with MPP inhibited 
their methiocarb-induced expression level. Additionally, the quantita
tive expression of the FABP4 was significantly increased by methiocarb. 
The decrease in the expression level of FABP4 after co-treatment with 
MPP was also significant compared with that in the methiocarb treat
ment group.

Table 2 
Agonistic effects of methiocarb on estrogen receptor alpha (ERα).

Assays Quantitative activity values (Log M)

ERα agonist Chemicals PC10 PC50

E2 (17β-estradiol) − 11.69 ± 0.03 − 10.67 ± 0.04
Methiocarb − 5.15 ± 0.18 -

The values are provided as the mean ± SD.

Fig. 5. Dose–response curve of estrogen receptor alpha (ERα) transcriptional 
activation induced by methiocarb.

Fig. 6. (A) Lipid accumulation induced by methiocarb in 3T3-L1 adipocytes. (B) Oil Red O staining image at 100 × magnification. p < 0.05 (*), p < 0.01 (**), and 
p < 0.001 (***); analyzed by one-way ANOVA followed by Dunnett’s test.

D.-H. Jeong et al.                                                                                                                                                                                                                               Ecotoxicology and Environmental Safety 303 (2025) 118799 

6 



4. Discussion

In this study, we tested the hypothesis that methiocarb-induced ERα 
disruption may cause lipid accumulation. Methiocarb was classified as 
an ERα agonist using the international standard ER TA and the ERα- 
HeLa-9903 cell line, which was adopted by the OECD. Furthermore, 
methiocarb enhanced the ERα-dependent accumulation of lipid droplets 
by regulating adipogenic/lipogenic differentiation. To our knowledge, 
this is the first report on the association between the methiocarb- 
mediated endocrine-disrupting effect and lipid accumulation.

Several studies have identified that the ERα-agonistic effect via 
binding affinity to ERα provides key evidence for the potential devel
opment of an ERα-dependent lipid accumulation mechanism. The well- 
known mediated EDCs BPA and bisphenol S have been reported to 
significantly induce cellular lipid accumulation (Ahmed and Atlas, 
2016; Lee and Park, 2019). The ER-agonistic pesticides 
quizalofop-p-ethyl and 1, 3, 5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyra
zole induce ER-dependent adipogenesis through proliferation of 
adipose-derived stem cells (Zhang et al., 2016; Biserni et al., 2019). 
Additionally, the critical effects of four ERα-agonistic organophosphorus 
pesticides that induced lipid accumulation were blocked in the presence 
of MPP, a selective ERα antagonist (Kim et al., 2021). Also, as expected, 
the activation of ERα by methiocarb was able to induce ERα-dependent 
lipid accumulation in adipocytes. In contrast, methiocarb did not 

increase the GR-mediated glucocorticoid response element luciferase 
activity. The results in the adipocytes indicated that 
methiocarb-dependent lipid accumulation did not change significantly 
in the presence of GR antagonist, RU486 (Fig. 7 A). Regarding the 
interference by ERβ on methiocarb-induced lipid accumulation in adi
pocytes, the results indicated that an ERβ selective antagonist, PHTPP 
(4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]-pyrimidin-3-yl] 
phenol) treatment alone did not induce significant lipid accumulation, 
and PHTPP co-treatment led to no significant changes in the level of 
methiocarb-induced lipid accumulation (Fig. 10 A). In terms of the 
relationship between activation of AR and adipocyte differentiation, 
Blouin et al. (2009) reported that androgen levels have been linked to 
inhibition of adipogenesis, and inactivating androgens are found in 
differentiated adipocytes. In the present study, DHT-induced androgen 
response element luciferase activity was inhibited in the presence of 
methiocarb as expected (Fig. 10B). The AR antagonistic effect of 
methiocarb could potentially result in fat accumulation in vivo.

Although BPA exhibited stronger ERα agonistic activity than 
methiocarb, its adipogenic effect in 3T3-L1 cells was notably weaker. 
This apparent discrepancy highlights the mechanistic complexity of 
adipogenesis, which is not determined solely by the degree of ERα 
activation. It is important to note that the ER transcriptional activation 
assay primarily reflects genomic signaling pathways. In contrast, 
adipocyte differentiation and lipid accumulation are also influenced by 
non-genomic ER signaling (e.g., ERK/MAPK, p38/MAPK, PI3K/AKT, 
PLC/PKC) and other receptor-mediated mechanisms, such as those 
involving GR or AR (Marino et al., 2006; Levin, 2011). Therefore, a 
direct quantitative comparison between transcriptional activation and 
lipid accumulation may have inherent limitations.

Methiocarb, despite being a partial ERα agonist with lower binding 
affinity compared to BPA, induced greater lipid accumulation. This may 
involve the activation of various endocrine pathways, encompassing 
both genomic and non-genomic ER signaling, as well as other adipogenic 
and lipogenic regulators such as C/EBPα, and potential synergistic in
teractions among these pathways. In contrast, BPA-induced lipid accu
mulation was significantly reduced by co-treatment with the ERα 
antagonist MPP, indicating a more direct ERα-dependent mechanism 
(see Figure S1). While the current study focused on elucidating ERα- 
mediated effects of methiocarb, further investigation is warranted to 
clarify the contribution of non-ER pathways to its adipogenic potential.

Structurally, we propose that the amino-substituted phenyl ring in 
methiocarb contributes binding to ERα with docking score of 
− 5.139 kcal/mol based on docking results. For comparison, E2, the 
endogenous ERα ligand, yields docking scores between − 8.1 and 
− 12.0 kcal/mol depending on receptor conformation and software used 
(Zhang et al., 2020; Hutton, 2022; Bake et al., 2025). While methiocarb 
exhibits lower affinity to ERα than E2, the interaction involves key 
hydrogen-bonding residues, suggesting that methiocarb may function as 
a partial ERα agonist. This is supported by its ability to activate tran
scriptional responses and induce downstream lipid accumulation. Prior 
studies have also identified that the phenyl ring in a compound’s 
structure enhances its ERα docking capacity (Stauffer et al., 2000; Li 
et al., 2010). Thus, we anticipate that the amino group of methiocarb 
selectively promotes ERα binding and activates lipid-accumulating 
pathways. While our approach does not include animal experimenta
tion, the combination of in silico molecular modeling and in vitro 
cell-based assays provides a robust and ethical alternative for mecha
nistic evaluation. This integrated method can serve as a predictive 
framework for identifying receptor-mediated endocrine-disrupting ef
fects of environmental chemicals, particularly where in vivo studies are 
impractical or ethically restricted.

Although the concentrations used in this study exceed typical envi
ronmental levels, they were selected based on toxicological principles to 
identify receptor-level mechanistic effects and establish points of de
parture (POD) for future risk assessment. In vitro studies investigating 
endocrine-disrupting chemicals often apply higher concentrations to 

Fig. 7. (A) Lipid accumulation induced by methiocarb with or without methyl- 
piperidino-pyrazole (MPP), an estrogen receptor alpha (ERα) selective antag
onist. (B) BODIPY and Oil Red O staining images at 100 × magnification. 
p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***); analyzed by one-way 
ANOVA followed by Dunnett’s test.
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uncover biological activity. Moreover, given that EDCs frequently 
exhibit non-monotonic dose–response (NMDR) characteristics, it is 
important to evaluate their effects across a broad range of concentra
tions, as emphasized by previous studies (Vandenberg et al., 2012; Gore 
et al., 2015). Importantly, the frequency and persistence of environ
mental exposure, rather than concentration alone, may play a more 
critical role in long-term biological outcomes. Therefore, the aim of the 
current study is not to issue a direct environmental alarm, but to provide 
mechanistic insights that will inform follow-up in vivo studies, which 
are currently in the design phase.

As described in the Introduction, methiocarb is managed by estab
lishing an acceptable daily intake (ADI). The ADI value of methiocarb 

was determined to be 0.02 mg/kg bw in 1998 (FAO, 1999). Addition
ally, the scientific panels of the EFSA adopted an updated ADI value of 
0.00025 mg/kg body weight per day based on the relevant POD value 
(EFSA, 2018). In terms of endocrine-disrupting properties, EFSA scien
tific panels agree that methiocarb should not be considered a repro
ductive hazardous pesticide and is not defined as an endocrine disruptor 
(EFSA, 2018). Interpreting the data from the in vitro model used, we 
present novel scientific evidence that methiocarb and its hepatic me
tabolites were characterized as ERα agonizts using the international 
standard test method (OECD, 2021). Our results indicate that methio
carb induces ERα-mediated lipid accumulation by upregulating adipo
genic and lipogenic transcription factors. Although these findings are 

Fig. 8. Expression of adipogenic (PPARγ and C/EBPα), lipogenic (FAS and SREBP1), and adipocyte marker (FABP4) mRNAs induced by methiocarb with or without 
methyl-piperidino-pyrazole (MPP). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***); analyzed by one-way ANOVA followed by Dunnett’s test.

Fig. 9. Detection of adipogenic proteins (PPARγ and C/EBPα), lipogenic proteins (FAS and SREBP1), and FABP4 protein induced by methiocarb in the presence and 
absence of MPP. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***); analyzed by one-way ANOVA followed by Dunnett’s test.
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derived from cell-based models, several studies have emphasized the 
validity of such models in elucidating receptor-mediated endocrine ef
fects. In contrast, the POD values used in regulatory toxicology, which 
are predominantly based on animal studies and adopted by organiza
tions such as FAO and EFSA, may have limitations in capturing mech
anistic disruptions at the molecular level. Therefore, bridging these 
mechanistic insights with traditional regulatory endpoints remains a 
critical need in risk assessment. Additionally, recent advances in 
computational toxicology particularly AI-driven virtual screening and 
multi-scale modeling enable rapid identification of potential endocrine 
disruptors, enhancing environmental health risk assessment (https://doi 
.org/10.3389/ftox.2022.981928; https://doi.org/10.1186/s12909-0 
24–06163-x). These approaches strengthen in silico predictive capabil
ities for prioritizing high-risk compounds requiring experimental vali
dation and regulatory scrutiny.

Lastly, our findings demonstrate the potential of integrated in sili
co–in vitro methods as a feasible and ethical tool for screening 
endocrine-disrupting chemicals. This strategy aligns with current efforts 
to reduce reliance on animal testing while ensuring mechanistic clarity 
in chemical risk assessment.

5. Conclusions

The ERα agonistic effects of methiocarb were determined in 
computational analysis and OECD PBTG No.455 ER TA assay using the 
ERα-HeLa-9903 cell line. Furthermore, we found, for the first time, that 
the activation of ERα by methiocarb promoted lipid accumulation by 
upregulating adipogenic/lipogenic transcription factors in 3T3-L1 adi
pocytes. These novel findings provide crucial scientific evidence for 
identifying the relationship between ERα-mediated endocrine- 
disrupting carbamate insecticides having a similar structure to that of 
methiocarb exposure, particularly in the context of obesity 
development.
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