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ABSTRACT
Bisphenol A (BPA) is a widely used industrial chemical with potential endocrine-disrupting effects on metabolic processes. 
This study investigates the impact of BPA on hepatic function and transcriptional regulation in mouse livers and AML12 cells. 
Male mice were exposed to low (5 g/kg) and high (50 g/kg) doses of BPA for six weeks. Transcriptomic analysis was performed 
on liver tissues, and histological examinations were conducted. AML12 cells were treated with varying BPA concentrations, 
and PPARG transcriptional activity was assessed using a luciferase reporter assay. Additionally, molecular docking, molecular 
dynamics (MD) simulations, drug affinity responsive target stability (DARTS), cellular thermal shift assay (CETSA), MM-PBSA 
calculations, and multi-species protein structure comparative analysis were employed to analyse the interaction between BPA 
and PPARG. Transcriptomic analysis revealed a decrease in differentially expressed genes with higher BPA doses, with low-dose 
exposure significantly downregulating hepatic Cpt1a mRNA levels. Histological examination indicated lipid vacuole formation 
at high doses without collagen deposition. BPA consistently inhibited PPARG activity in both MCF7 cells and mouse livers. BPA 
exposure disrupts hepatic lipid metabolism and PPARG activity, highlighting its role as an endocrine disruptor. Further research 
is needed to elucidate the long-term effects of BPA on liver health.

1   |   Introduction

Bisphenol A (BPA) is a widespread endocrine disruptor present 
in various environmental matrices, raising significant health 
concerns due to its potential interference with hormonal signal-
ling pathways [1–5]. Its ability to bind multiple nuclear recep-
tors indicates a complex mechanism affecting gene expression 
and metabolic processes, particularly in lipid metabolism 
[5–9]. Among the regulatory proteins, PPARG (peroxisome 

proliferator-activated receptor) is a crucial transcription factor 
that orchestrates lipid metabolism in the liver and adipose tissue 
[10–12]. Specifically, PPARG modulates the expression of genes 
involved in fatty acid uptake, transport, and oxidation, thus reg-
ulating hepatic lipid homeostasis. In adipose tissue, PPARG is 
indispensable for adipogenesis, facilitating the differentiation of 
preadipocytes into mature adipocytes and governing processes 
such as lipid storage, mobilisation, and catabolism. Through 
these functions, PPARG maintains a finely tuned balance of lipid 
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metabolism across both liver and adipose tissues, ultimately 
contributing to systemic energy homeostasis and metabolic 
health. Disruption of PPARG function by BPA could profoundly 
impact metabolic homeostasis, yet the dynamic interactions be-
tween BPA and PPARG remain largely unexplored.

CPT1A, a key gene in fatty acid β-oxidation, is essential for lipid 
metabolism regulation [13–15]. Variations in CPT1A levels can 
lead to metabolic disturbances, emphasising the need to under-
stand the regulatory mechanisms governing its expression [16]. 
Additionally, CPT1A is closely intertwined with PPARG, a piv-
otal transcription factor responsible for maintaining hepatic and 
adipose lipid homeostasis. PPARG activation modulates CPT1A 
expression and activity, thereby influencing overall fatty acid β-
oxidation and systemic energy balance. The potential for BPA to 
modulate CPT1A expression via PPARG raises critical questions 
about BPA's impact on lipid metabolism.

This study aims to elucidate the effects of BPA on PPARG and 
its subsequent influence on hepatic lipid metabolism. We will 
analyse the interactions between BPA and PPARG and investi-
gate the susceptibility of PPARG homologues across species to 
BPA exposure, providing insights into the broader implications 
of BPA's effects on metabolic regulation.

2   |   Materials and Methods

2.1   |   Animal Study and Cell Culture

In this study, male C57BL/6N mice (8 weeks old) from SLAC 
(Shanghai, China) were used to assess the effects of varying 
doses of Bisphenol A (BPA, B108652, ≥ 99% (GC); Aladdin, 
Shanghai, China) on hepatic function. Mice were divided into 
three groups (n = 10) and fed standard chow, chow with a low 
BPA dose (5 g/kg), or chow with a high BPA dose (50 g/kg) for 
six weeks under controlled conditions. The 5 g/kg dose was se-
lected to reflect a moderate, subchronic exposure level, enabling 
the detection of early or subtle biochemical and histological al-
terations that might be missed at lower concentrations. In con-
trast, the 50 g/kg dose was chosen to model a high-challenge 
scenario for assessing potential severe or overt hepatotoxic ef-
fects as well as to examine the broader toxicological spectrum 
of BPA. Weekly monitoring of body weight and health was con-
ducted, and at the end of the treatment, liver tissues were col-
lected for biochemical assays following ethical guidelines.

Additionally, AML12 cells (derived from normal 3-month-old 
mouse hepatocytes; ATCC, Manassas, VA, USA) were cul-
tured in DMEM/F-12 medium supplemented with dexa-
methasone and insulin-transferrin-selenium-pyruvate. After 
seeding (2×10^5 cells/well in 6-well plates), cells were treated 
with BPA stock solutions (prepared in DMSO) at final con-
centrations of 1 μM (low dose) or 20 μM (high dose) for 24 h. 
The final concentration of DMSO in all treatments was main-
tained at 0.1%. The effects on PPARG were evaluated under 
various conditions, including vehicle control and treatments 
with GW1929, a PPARG agonist. Cells were then harvested for 
assays to assess PPARG activity.

2.2   |   Quantitative Analysis of Lipid Accumulation 
Using Oil Red O Staining and BODIPY 493/503

AML12 cells from ATCC were cultured in DMEM/F-12 me-
dium supplemented with 40 ng/mL dexamethasone and 1% 
insulin-transferrin-selenium-pyruvate(C0342; Beyotime, 
Shanghai, China), maintained at 37°C in a 5% CO₂ humidified 
atmosphere. Cells were seeded at a density of 1×10^5 cells per 
well in 6-well plates for overnight adherence. Following treat-
ment with vehicle control (DMSO, S24295;Yuanye, Shanghai, 
China), 1 μM BPA, 10 μM GW1929 (HY-15655; MCE, Shanghai, 
China) or a combination of 1 μM BPA and 10 μM GW1929 for 
24 h, cells were washed with phosphate-buffered saline (PBS) 
and fixed in 10% formalin for 30 min. For lipid accumulation 
analysis, oil red O staining was performed by incubating cells 
with oil red O solution (R32699, Yuanye) for 15 min, followed 
by excess stain removal and visualisation under a microscope. 
For quantitative assessment, stained droplets were dissolved 
in 100% isopropanol, and optical density (OD) was mea-
sured at 500 nm using a spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Additionally, lipid droplets 
were stained with 1 μg/mL BODIPY 493/503(HY-W090090; 
MCE, Shanghai, China) in PBS for 30 min, protected from 
light, followed by washing with PBS. Stained lipid droplets 
were visualised and imaged using a fluorescence microscope 
(Leica Microsystems, Wetzlar, Germany), with fluorescence 
intensity providing a quantitative measure of lipid accumula-
tion under different treatment conditions.

2.3   |   Liver Histological Analysis

Liver tissues were collected from mice post-treatment and 
fixed in 10% neutral-buffered formalin before being embedded 
in paraffin. Serial sections of 5 μm thickness were prepared 
using a microtome and mounted on glass slides. The sec-
tions underwent deparaffinisation in xylene and rehydration 
through a graded series of ethanol. Haematoxylin and eosin 
(H&E) staining was performed to visualise the tissue archi-
tecture and lipid droplets, followed by quantification of lipid 
droplet vacuole areas using ImageJ software (NIH, Bethesda, 
MD, USA).

Additionally, Sirius red staining was conducted to assess 
collagen deposition and fibrosis, with sections incubated in 
Weigert's iron haematoxylin for nuclear staining and sub-
sequently stained in Sirius red solution. Fibrosis quantifica-
tion was also performed using ImageJ software to measure 
fibrotic areas.

For lipid accumulation analysis, liver tissues were harvested, 
fixed, and embedded in the optimal cutting temperature (OCT) 
compound (Sakura Finetek, Torrance, CA, USA). Frozen sec-
tions of 10 μm thickness were stained with oil red O solution, 
counterstained with haematoxylin, and analysed under a light 
microscope. Quantitative analysis of lipid droplet areas was 
conducted using ImageJ software, providing comprehensive in-
sights into lipid accumulation and fibrosis in liver tissues under 
various experimental conditions.
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2.4   |   Analysis of PPARG Expression 
and Localization in Liver and AML12 Cells

Liver tissues and AML12 cells underwent immunofluorescence 
staining to assess PPARG expression and localization. Liver sec-
tions were incubated overnight at 4°C with primary antibodies 
against PPARG (1:200, AF6284; Affinity). After PBS washes, 
sections were treated with fluorophore-conjugated secondary 
antibodies (1:500, S0018; Affinity, Suzhou, China) for 1 h at room 
temperature, followed by DAPI counterstaining. Fluorescence 
images were captured using a Leica DM6 B microscope at 20× 
magnification (Wetzlar, Hesse, Germany). For AML12 cells, 
after treatment and fixation, cells were permeabilized with 0.2% 
Triton X-100, blocked with 5% goat serum, and incubated over-
night with primary antibodies. Quantitative analysis of PPARG 
expression was performed using ImageJ software.

2.5   |   qPCR Analysis of Gene Expression in 
PPARG-Overexpressing AML12 Cells

To evaluate the impact of PPARG overexpression on lipid 
metabolism-related gene expression in AML12 cells, quantitative 
PCR (qPCR) analysis was performed. AML12 cells were trans-
fected with a PPARG overexpression plasmid using Lipofectamine 
3000, following the manufacturer's instructions. After 48 h, total 
RNA was extracted using the RNeasy Mini Kit. The RNA concen-
tration was measured with a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and subsequently 
reverse-transcribed into cDNA using the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, 
USA). qPCR was conducted with PowerUp SYBR Green Master 
Mix on a QuantStudio 3 Real-Time PCR System (Thermo Fisher 
Scientific, Waltham, MA, USA). Primers for target genes, includ-
ing Acox1, Scp2, Acadm, Acaa1, Acadl, Cpt1a, Cpt1b, and Cpt1c, 
were designed using Primer-BLAST and synthesised by Sangon 
Technologies (Shanghai, China). The qPCR protocol involved an 
initial denaturation at 95°C for 10 min, followed by 40 cycles of 
95°C for 15 s and 60°C for 1 min. Relative gene expression levels 
were normalised to the housekeeping gene Gapdh and calculated 
using the 2^-ΔΔC

t method.

2.6   |   PPARG Activity and Transcriptional 
Regulation of CPT1A

AML12 cells were cultured in DMEM/F-12 medium with dexa-
methasone and insulin-transferrin-selenium-pyruvate at 37°C 
with 5% CO₂. Cells were seeded in 24-well plates and transfected 
with the PPARG Luciferase Reporter Plasmid (YB081B; Ybio) 
using Lipofectamine 3000. After 24 h, cells were treated with 
1 μM or 20 μM BPA, or DMSO as a control, along with additional 
treatments including GW1929 (10 μM) and combinations with 
BPA. Following treatment, cells were lysed, and luciferase ac-
tivity was measured using the Dual-Luciferase Reporter Assay 
System, normalising with Renilla luciferase activity to assess 
PPARG transcriptional activity.

Additionally, sequences of the CPT1A promoter region (2000 bp 
upstream) for mouse were retrieved from the NCBI database. 
Motif analysis identified PPARG binding sites, and wide-type, 

mutated, and deleted luciferase reporter constructs(Baimaike, 
Beijing, China) were generated to evaluate CPT1A transcrip-
tional activity under conditions of PPARG co-overexpression 
and various treatments in AML12 cells.

2.7   |   Structural Prediction of PPARG Binding to 
the Cpt1a Promoter

To predict the binding conformation of bovine PPARG to the 
CPT1A promoter, we employed the AlphaFold3 server. The bo-
vine PPARG protein sequence was sourced from the UniProt 
database, while the CPT1A promoter DNA sequence containing 
the PPARG binding motif was obtained from the Ensembl ge-
nome database. Both sequences were uploaded to AlphaFold3, 
targeting the interaction between bovine PPARG and the bind-
ing motif for structural prediction. The server utilised its deep 
learning algorithm to generate a predicted 3D conformation 
of the PPARG-DNA complex, which was then visualised using 
PyMOL (v2.6). Structural analysis focused on identifying key 
residues involved in the interaction, examining the binding in-
terface, hydrogen bonds, and hydrophobic interactions to elu-
cidate the molecular mechanisms by which PPARG regulates 
CPT1A transcription.

2.8   |   Western Blot Analysis of PPARG and CPT1A 
Protein Levels Under Different Treatment Conditions

To evaluate the changes in PPARG and CPT1A protein lev-
els under various treatment conditions (VEH, VEH + BPA, 
GW1929, and GW1929 + BPA), western blot analysis was per-
formed. AML12 cells were cultured in DMEM supplemented 
with 10% FBS and 1% penicillin–streptomycin and treated with 
the respective conditions for 24 h. Following treatment, cells 
were lysed using RIPA buffer supplemented with protease and 
phosphatase inhibitors. Protein concentration was determined 
using the BCA protein assay kit (P0009; Beyotime). Equal 
amounts of protein (30 μg) from each sample were separated by 
SDS-PAGE on a 10% gel and transferred onto PVDF membranes. 
The membranes were blocked with 5% non-fat dry milk in TBS-T 
for 1 h at room temperature. Subsequently, the membranes were 
incubated overnight at 4°C with primary antibodies against 
PPARG and CPT1A. After washing with TBS-T, the membranes 
were incubated with HRP-conjugated secondary antibodies for 
1 h at room temperature. Protein bands were visualised using 
an enhanced chemiluminescence detection system and imaged 
with the ChemiDoc MP imaging system. Densitometric analysis 
was performed using ImageJ software, and protein levels were 
normalised to GAPDH as a loading control.

2.9   |   Assessment of Plasma Biochemical Markers 
and Hepatic Lipid Content

Plasma biochemical markers, including alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), alkaline phospha-
tase (ALP), albumin (ALB), total protein (TP), total cholesterol 
(TC), high-density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C), and triglycerides (TG) were 
quantitatively measured using a fully automated biochemical 
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analyser (Hitachi 71,800, Tokyo, Japan) with assay kits from 
BIOSINO Biotechnology (Beijing, China). For liver lipid content 
analysis, liver tissues were weighed and homogenised, and lip-
ids were extracted using a methanol-chloroform mixture (2:1, 
v/v). The solvent was evaporated using a vacuum centrifugal 
concentrator, and the remaining lipids were dissolved in a 10% 
Triton X-100 solution. Total cholesterol and triglycerides were 
quantified using specific assay kits from APPLYGEN (Beijing, 
China; #E1015 for TC and #E1013 for TG) on an EnVision 2105 
Multimode Plate Reader (PerkinElmer, Fremont, CA, USA), 
following the manufacturer's protocols. The concentrations of 
TC and TG in liver samples were expressed as μmol per gram of 
liver tissue.

2.10   |   Bioinformatics Analysis of BPA-Exposed 
Transcriptome Data

Gene expression data for mouse livers exposed to varying 
doses of BPA were obtained from the GEO database (accession 
number GSE26728). Differentially expressed genes (DEGs) 
were identified using the limma package, applying a linear 
model to the expression data with empirical Bayes modera-
tion for standard error adjustment. DEGs were defined as 
those with an adjusted p-value < 0.05 and an absolute log2 
fold change > 1. Pathway enrichment analysis of the identified 
DEGs was performed using the clusterProfiler package, with 
KEGG pathways as the reference database, considering results 
significant at an adjusted p-value < 0.05. To evaluate tran-
scription factor activity under different BPA exposure condi-
tions, GSVA and ssGSEA algorithms were employed, sourcing 
gene sets from MSigDB. Transcriptome data for MCF7 cells 
exposed to different BPA doses were retrieved from the GEO 
database (accession number GSE211183) and processed using 
the DESeq2 package for normalisation. Transcription factor 
regulons were calculated using the RTN package, which in-
volved reconstructing transcriptional regulatory networks. 
The activity changes of various transcription factors under 
different BPA concentrations were assessed using the aREA 
method within the RTN package (Bioconductor, Seattle, WA, 
USA), and a correlation matrix of transcription factor activi-
ties was computed to identify potential co-regulatory relation-
ships, with significant correlations (p-value < 0.05) used to 
infer these relationships.

2.11   |   Molecular Docking and Molecular 
Dynamics Simulations

Molecular docking and analysis of PPARG with BPA were 
performed using the Protein Data Bank and Biopython (Open 
Source, http://​www.​biopy​thon.​org, Cambridge, UK) for pre-
processing. BPA structures were retrieved from PubChem and 
converted with OpenBabel, while the active site of human 
PPARG was defined using Dogscorer. Homologous proteins 
were identified via Foldseek, and structures were sourced from 
the AlphaFold database. Molecular docking was executed with 
AutoDock Vina, eliminating redundant structures based on 
an RMSD cutoff of 0.19. For molecular dynamics simulations, 
both ligand-free PPARG (PPARG-Apo) and BPA-bound PPARG 
(PPARG-BPA) were prepared from the human PPARG structure 

(PDB ID: 2hfp) and solvated in a TIP3P water box. After energy 
minimization and equilibration, 100 ns production simulations 
were conducted under periodic boundary conditions. Analyses 
for RMSD, RMSF, and radius of gyration were performed using 
GROMACS, while the secondary structure content was assessed 
with DSSP, and binding interactions were evaluated using 
MM-PBSA calculations. Visualisation of docking results and 
molecular dynamics trajectories was conducted using PyMOL 
(Schrödinger LLC, New York, NY, USA) and VMD (v1.9.3) 
(University of Illinois at Urbana-Champaign, Urbana, IL, USA).

3   |   Results

3.1   |   Transcriptomic Changes in Mouse Livers 
Exposed to Different BPA Doses

Analysis of hepatic transcriptomic changes in mice exposed 
to high and low doses of BPA revealed a reduced number of 
DEGs in the high-dose group compared to the low-dose group 
(Figure 1A,B). This suggests a potential non-monotonic dose–
response relationship, warranting further investigation into the 
mechanisms underlying this observation. Specifically, low-dose 
BPA exposure significantly downregulated hepatic Cpt1a mRNA 
levels, while high-dose exposure did not affect Cpt1a transcrip-
tion (Figure 1B). Regardless of BPA dose, DEGs were enriched in 
pathways related to lipid metabolism and fatty acid metabolism 
and molecular functions associated with lipase activity, fatty acid 
synthesis, and lipid transport, indicating a disruption of hepatic 
lipid metabolic homeostasis by BPA (Figure 1C,D). DEGs in the 
low-dose BPA group were significantly enriched in lipid drop-
lets at the cellular component level (Figure 1E). KEGG pathway 
enrichment analysis revealed activation of fatty acid synthesis, 
metabolism, and degradation pathways, strongly linked to the 
PPAR signalling pathway (Figure  1F). Furthermore, GSEA 
analysis of the transcriptomic data confirmed the activation of 
fatty acid and triglyceride metabolism-related signalling path-
ways under low-dose BPA exposure (Figure 1G). These findings 
highlight the complex and potentially dose-dependent effects of 
BPA on hepatic lipid metabolism. Further research is needed to 
elucidate the specific mechanisms by which BPA exerts these 
effects and to determine the long-term consequences of BPA ex-
posure on liver health.

3.2   |   BPA-Induced Inhibition of Transcription 
Factor Activity in MCF7 Cells and Mouse Livers

We investigated the impact of BPA exposure (0.0005–100 μM) 
on the activity of various transcription factors in the MCF7 
cell line, a well-established model for assessing BPA toxicity 
due to its high oestrogen receptor expression (Figure  2A). 
Except at the highest concentration (100 μM), BPA consis-
tently suppressed PPARG activity. This observation aligns 
with GSVA analysis of mouse liver samples, which demon-
strated significant PPARG activity suppression at both low 
and intermediate BPA doses (Figure 2B). Notably, both gene 
set variation analysis (GSVA) and single-sample gene set en-
richment analysis (ssGSEA) revealed that a broader range of 
transcription factors exhibited suppressed activity follow-
ing BPA exposure, suggesting pleiotropic effects of BPA on 

http://www.biopython.org
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transcriptional regulation (Figure  2C). Specifically, ssGSEA 
analysis indicated transcriptional repression of PPAR-related 
receptor regulons at low BPA doses. Finally, molecular dock-
ing studies of common nuclear receptors with BPA and its 
derivatives revealed moderate binding affinity of BPA for 
PPARG (Figure 2D). These findings collectively suggest that 
BPA exerts its effects, at least in part, through the modula-
tion of multiple transcription factors, including the significant 
downregulation of PPARG activity, particularly at lower con-
centrations. Further research is needed to fully elucidate the 

complex interplay between BPA and the transcriptional regu-
latory network.

3.3   |   Histological and Biochemical Effects of BPA 
on Mouse Liver

Histological examination of mouse livers revealed no signif-
icant changes in architecture after low-dose BPA exposure, 
while high-dose exposure led to localised lipid-vacuole-like 

FIGURE 1    |    Transcriptomic changes in the livers of mice exposed to different doses of BPA. (A) Heatmap of differentially expressed genes (DEGs) 
in the livers of mice exposed to low-dose (left) and high-dose (right) BPA, showing distinct expression patterns. (B) Volcano plots indicating the dis-
tribution of DEGs in response to low-dose (top) and high-dose (bottom) BPA exposure, highlighting significantly upregulated and downregulated 
genes. (C) Bubble plot of gene ontology (GO) biological processes enriched by DEGs in low-dose BPA-exposed livers, focusing on lipid metabolic 
processes. (D) Bubble plot of GO molecular functions enriched by DEGs in low-dose BPA-exposed livers, emphasising activities such as lipase activ-
ity and fatty acid synthesis. (E) Chord diagram illustrating the relationship between DEGs and lipid-related cellular components in low-dose BPA-
exposed livers, particularly lipid droplets. (F) KEGG pathway enrichment analysis showing the activation of pathways involved in fatty acid synthe-
sis, metabolism, and degradation in low-dose BPA-exposed livers. (G) Gene set enrichment analysis (GSEA) indicating active signalling pathways 
related to hepatic fatty acid and triglyceride metabolism under low-dose BPA exposure.



6 of 15 Journal of Cellular and Molecular Medicine, 2025

structures (Figure  3A). Sirius red staining indicated no colla-
gen deposition in response to either dose (Figure 3B). Oil red O 
staining showed increased lipid accumulation following high-
dose BPA exposure (Figure  3C). Immunofluorescence analy-
sis demonstrated reduced hepatic PPARG abundance in both 
exposure groups (Figure  3D). Additionally, there was no im-
pact on high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) levels (Figure  3E,F). 

Liver function tests indicated no significant alterations, but 
both doses of BPA increased serum total cholesterol levels 
(Figures S1 and S3G), with only high-dose exposure elevating 
serum triglycerides (Figure  3H). Consistent with serum pro-
files, both doses increased hepatic cholesterol and triglyceride 
accumulation (Figure 3I,J), suggesting a dose-dependent effect 
of BPA on hepatic steatosis without overt fibrosis or significant 
liver dysfunction.

FIGURE 2    |    Effects of BPA on transcription factor activity in MCF7 breast cancer cells and mouse liver. (A) Heatmap showing changes in regulons 
of various transcription factors in MCF7 cells exposed to different concentrations of BPA (0.0005–100 μM), illustrating inhibition of PPARG activity 
at all concentrations except 100 μM. (B) Heatmaps depicting the results of GSVA analysis in mouse liver, indicating significant suppression of PPARG 
activity under both low-dose (left) and high-dose (right) BPA exposure, along with suppression of multiple transcription factors. (C) ssGSEA analysis 
displaying that low-dose BPA exposure leads to the transcriptional repression of PPAR-related receptors' regulons. (D) Molecular docking studies of 
common nuclear receptors with BPA and its derivatives, showing moderate affinity of BPA for PPARG.
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3.4   |   BPA's Effects on PPARG Activity, Lipid 
Metabolism, and Oxidative Stress in AML12 Cells

Using a luciferase reporter assay, we demonstrated that both 
low and high doses of BPA significantly suppressed PPARG 
transcriptional activity in AML12 cells (Figure 4A). The PPAR 
agonist GW1929 enhanced PPARG transcriptional activity, an 
effect completely abolished by BPA co-treatment (Figure 4B). 
BPA exposure at various concentrations increased oil red 
O staining intensity in AML12 cells, indicating enhanced 
lipid accumulation (Figure  4C). While GW1929 alone did 
not alter basal oil red O staining, it significantly attenuated 
the BPA-induced increase in lipid accumulation (Figure 4D). 
Consistent with these findings, BPA exposure increased 
lipid droplet formation in AML12 cells, an effect reversed 
by GW1929 (Figure  4E). Furthermore, GW1929 promoted 
PPARG nuclear translocation, an effect also counteracted by 
BPA (Figure 4F).

Analysis of genes involved in adipogenesis and lipid droplet 
formation revealed that Cpt1a mRNA levels were significantly 
increased upon PPARG overexpression (Figure  4G). Sequence 
analysis of the upstream promoter regions of murine, human, 
rat, and bovine Cpt1a genes revealed conserved PPARG binding 
motifs (Figure  4H). AlphaFold3 modelling predicted the inter-
action between PPARG and the PPAR response element within 
the murine Cpt1a promoter (Figure 4I). Functional studies using 
Cpt1a reporter constructs containing wild-type, mutated, and de-
leted PPAR response elements demonstrated that mutations or 
deletions significantly suppressed downstream transcriptional 
activity (Figure 4J). In AML12 cells stably expressing the wild-
type CPT1a reporter, BPA significantly attenuated GW1929-
mediated augmentation of transcriptional activity (Figure  4K). 
At the protein level, BPA similarly counteracted the GW1929-
mediated increase in PPARG and CPT1A abundance (Figure 4L). 
Considering that CPT1A localises to the mitochondrial mem-
brane, we subsequently assessed the mitochondrial membrane 

FIGURE 3    |    Histological and biochemical analyses of liver and serum samples under different treatments. (A) Representative haematoxylin and 
eosin (HE) staining images showing vacuole area in the liver under VEH, LOW, and HI treatments (left, 20×), with corresponding quantification 
(right). (B) Sirius red staining indicating collagen deposition in liver tissue across different treatments (left, 20×), with relative staining intensity 
quantified (right). (C) Oil Red O staining revealing lipid accumulation in liver sections for each treatment group (left, 40×), with relative staining 
intensity quantified (right). (D) Immunofluorescence staining of PPARG in liver tissues across VEH, LOW, and HI treatments (left, 40×), with quan-
tification of relative fluorescence intensity (right). (E) Serum high-density lipoprotein cholesterol (HDL-C) levels measured in VEH, LOW, and HI 
groups. (F) Serum low-density lipoprotein cholesterol (LDL-C) levels across the different treatment groups. (G) Serum total cholesterol (TC) levels 
in VEH, LOW, and HI groups, with statistical significance indicated. (H) Serum total triglyceride (TG) levels for each treatment group, highlighting 
significant differences. (I) Hepatic total cholesterol (TC) content measured in VEH, LOW, and HI groups. (J) Hepatic total triglyceride (TG) content 
for VEH, LOW, and HI treatments, with statistical analysis. (Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.)
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FIGURE 4    |     Legend on next page.
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potential in BPA-exposed AML12 cells. Our findings showed 
that BPA reduced the mitochondrial membrane potential, and 
this effect was not rescued by PPARG activation(Figure S2A). In 
contrast, BPA exposure elevated reactive oxygen species (ROS) 
levels, whereas PPARG activation by GW1929 mitigated BPA-
induced oxidative stress in hepatocytes(Figure S2B).

These data strongly indicate that BPA disrupts PPARG-mediated 
transcriptional regulation of Cpt1a, thereby contributing to its 
impacts on both lipid metabolism and oxidative stress.

3.5   |   BPA Docking and Interaction With PPARG A

Computational analysis revealed three major binding pockets 
within PPARG, with the largest (volume: 2671.46 Å3, surface 
area: 2676.31 Å2) defined by helices H6, H8, and H10 (Figure 5A). 
Molecular docking studies positioned BPA optimally within 
this pocket, exhibiting partial solvent exposure and forming a 
hydrogen bond with Leu453. Its mobility was restricted by sur-
rounding hydrophobic residues (Figure 5B). A secondary bind-
ing site also showed partial solvent exposure, constrained by 

FIGURE 4    |    Effects of BPA and GW1929 on PPARG transcriptional activity and lipid accumulation in AML12 Cells. (A) Relative luciferase activity 
of PPARG in AML12 cells treated with VEH, LOW, and HI doses of BPA. (B) Relative luciferase activity of PPARG in AML12 cells treated with VEH, 
VEH + BPA, GW1929, and GW1929 + BPA. (C) Quantification of oil red O staining intensity indicating lipid accumulation in AML12 cells treated with 
VEH, LOW, and HI doses of BPA. (D) Quantification of oil red O staining intensity indicating lipid accumulation in AML12 cells treated with VEH, 
VEH + BPA, GW1929, and GW1929 + BPA. (E) Representative images of Bodipy 493/503 staining showing lipid droplet formation in AML12 cells treat-
ed with VEH, VEH + BPA, GW1929, and GW1929 + BPA (left, 40×), with corresponding quantification (right). (F) Representative immunofluorescence 
images of PPARG in AML12 cells across different treatment groups (left, 40×), with corresponding quantification (right). (G) Relative mRNA expres-
sion levels of genes associated with adipogenic differentiation and lipid droplet formation in AML12 cells under different treatments, including CPT1a. 
(H) Conserved PPARG binding motifs in the upstream promoter regions of CPT1a in mice, humans, rats, and cows. (I) Predicted binding interaction 
between PPARG and the PPARG binding site in the mouse CPT1a promoter region using Alphafold3. (J) Relative luciferase activity of wild-type (WT), 
mutant (MUT), and deleted (DEL) PPARG binding site CPT1a reporter constructs in AML12 cells. (K) The effects of GW1929 and BPA on transcrip-
tional activity in the wild-type CPT1a reporter were examined. (L) Western blot analysis of PPARG and CPT1a protein levels in AML12 cells treated 
with VEH, BPA, GW1929, and GW1929 + BPA, with quantification (right). (Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.)

FIGURE 5    |    Structural analysis of BPA binding to PPARG. (A) Three-dimensional structure of PPARG highlighting the three main active pock-
ets, with the largest active pocket in blue. (B) Docking simulation of BPA within the largest active pocket of PPARG, showing BPA's interaction with 
surrounding residues. (C) Docking simulation of BPA within the second active pocket of PPARG, illustrating hydrogen bonds and hydrophobic inter-
actions. (D) Cellular thermal shift assay (CESTA) showing the thermal stability of PPARG in the presence of BPA, with a temperature gradient from 
48°C to 63°C. (E) Drug affinity responsive target stability (DARTS) analysis of PPARG protein levels in AML12 cells treated with increasing concen-
trations of BPA (0–200 μM), with quantification of protein expression relative to control. (Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.)



10 of 15 Journal of Cellular and Molecular Medicine, 2025

both hydrophobic and polar residues (Figure  5C). MM-PBSA 
calculations yielded a binding energy of −83.67 ± 14.21 kcal/
mol, suggesting a stable BPA-PPARG interaction. Van der Waals 
forces were the primary contributors, with electrostatic and de-
solvation forces also contributing. Analysis of MM-PBSA energy 
components (5–20 ns simulation) and per-residue decomposi-
tion implicated residues 80 and 120–160 as key interaction sites 
(Figure S3A–G).

Cellular thermal shift assay (CETSA) confirmed increased 
PPARG thermal stability upon BPA binding (Figure  5D). 
Furthermore, drug affinity responsive target stability (DARTS) 
assays, employing pronase digestion, demonstrated enhanced 
PPARG stability in the presence of 50, 100, and 200 μM BPA com-
pared to DMSO controls (Figure  5E). These findings strongly 
suggest a direct interaction between BPA and PPARG, leading to 
increased protein stability.

3.6   |   Molecular Dynamics Simulations Reveal 
BPA's Effects on PPARG Structure and Interaction

To elucidate the interaction between BPA and PPARG, we con-
ducted a 100 ns molecular dynamics simulation on both unligan-
ded PPARG (PPARG-Apo) and BPA-bound PPARG (PPARG-BPA). 
The root mean square deviation (RMSD) for both systems stabilised 
rapidly, while the root mean square fluctuation (RMSF) exhibited 
consistent patterns, with notable decreases in fluctuations within 
the H2-H3 and H3-H4 linkers of PPARG-BPA (Figure 6A,B). The 
solvent-accessible surface area (SASA) and internal hydrogen 
bonds in PPARG-Apo remained stable, and the radius of gyration 
indicated consistent compactness for both systems (Figure 6C,E).

DSSP analysis revealed similar secondary structure composi-
tions for PPARG-Apo and PPARG-BPA (Figure  6F). BPA's dy-
namics within the active pocket were illustrated at various time 
points, showing periodic movement (Figure 6G). The Tanimoto 
similarity matrix assessed BPA's molecular fingerprints, reflect-
ing conformational changes during the simulation (Figure 6I). 
The active pocket's morphology remained stable, indicating 
preservation throughout the dynamics.

Interactions between PPARG residues and BPA were primarily 
hydrophobic, with VAL339 being the most significant contribu-
tor. Dynamic interaction analysis showed SER289 and TYR327 
acting as hydrogen bond donors at different simulation stages, 
while CYS285 and MET364 maintained consistent hydrophobic 
interactions with BPA (Figure 6J,K).

In dihedral angle-based PCA analysis, PPARG-Apo formed 
two conformational clusters corresponding to early and late 
simulation stages, while PPARG-BPA exhibited multiple dis-
continuous clusters, indicating allosteric changes (Figure S4A). 
Dimensionality reduction techniques uniform manifold ap-
proximation and projection (UMAP), t-distributed stochastic 
neighbour embedding (t-SNE), and time-structure independent 
component analysis (tICA) revealed a continuous flow pattern, 
suggesting ongoing conformational changes (Figure S4B–D).

Free energy landscape (FEL) analysis showed PPARG-Apo 
with two energy traps, while PPARG-BPA exhibited multiple 

irregular traps, with the lowest energy conformation appear-
ing later in the simulation, indicating conformational evolution 
(Figure  S5A,B). Inter-residue distance analysis demonstrated 
consistent patterns for both systems, with PPARG-BPA showing 
changes in correlation coefficients over time. Specifically, the 
distance between the N-terminus of H10 and other residues de-
creased, while the distance between the C-terminus of H13 and 
residues H1 to H8 increased (Figure S6A–E). PCA analysis based 
on residue distance correlation matrices (RDCM) indicated that 
neither PPARG-Apo nor PPARG-BPA formed independent con-
formational ensembles, suggesting minimal allosteric changes 
(Figure S6F).

Network analysis revealed that the two-dimensional topolog-
ical network of PPARG-BPA was more divergent and radial 
compared to PPARG-Apo, particularly in the connections be-
tween H7-H11 and H11-H12 (Figure  S7A,B). Dynamic cross-
correlation matrix (DCCM) analysis indicated weakened 
inter-residue correlations in PPARG-BPA, including reduced 
cooperative correlations among adjacent residues along the 
principal axis (Figure S7C–F). Notably, antagonistic movements 
between secondary structures, such as H3 and H5, H3 and H10, 
and H3 and H13, diminished. Given that PPARG's agonistic 
activity relies on coactivator binding, these changes suggest a 
potential antagonistic effect of BPA on PPARG, highlighting 
the need for further investigation into BPA's impact on PPARG-
mediated lipid metabolism.

3.7   |   Structural and Functional Analysis of PPARG 
Homologues Across Species and Their Interaction 
With BPA

We utilised Foldseek to search for homologous proteins across 
different species based on structural similarity to human 
PPARG. Following the removal of redundant structures based 
on root mean square deviation (RMSD), subsequent analyses 
were conducted. The similarity matrix derived from RMSIP 
indicated that most structures maintained a high degree of 
similarity (Figure  7A). The residue fluctuation peak analysis 
revealed two prominent peaks (peak 1 and peak 2) within the 
conserved residue segments, aside from the N- and C-termini 
(Figure 7B).

Using AMSM, we identified the major domains within these 
conserved residue segments, which included four primary he-
lices and the connecting region between H2 and H3, excluding 
the N- and C-terminal portions (Figure  7C). Consistency in 
the DCCM analysis of the conserved residue segments demon-
strated significant cooperative correlations among adjacent res-
idues along the principal axis of the structure (Figure 7D). The 
projection onto the principal component (PC) axes divided these 
structures into four clusters, with the differences in residue fluc-
tuations between cluster 1 and cluster 3 primarily reflected in 
the previously identified peak 1 (Figure 7E,F).

We projected the conformations obtained from dynamics 
(PPARG-Apo and PPARG-BPA) into this space, revealing that 
homologous structures of PPARG from various species could 
overlap with the conformations sampled during dynamics, 
suggesting a degree of synchrony in structural evolution across 
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different time scales (Figure 7G). Furthermore, we performed hierarchical clustering based on covariance overlap and RMSIP, FIGURE 6    |     Legend on next page.



12 of 15 Journal of Cellular and Molecular Medicine, 2025

comparing the classification results with the corresponding spe-
cies taxonomy. Notably, no clear correspondence between struc-
tural classification and species taxonomy was observed in the 
major branches, although some consistency was noted in local 
branches (Figure 7H,I).

We conducted batch molecular docking of the homologous 
structures of PPARG from different species with BPA, calculat-
ing their affinities. Based on species annotations, the highest af-
finities for BPA were observed in the probable nuclear hormone 
receptor HR3 from the Asian citrus psyllid, the putative nuclear 
hormone receptor HR3 from Trichinella papuae, the nuclear 
hormone receptor HR3 from Trichogramma brassicae, and the 
thyroid hormone receptor alpha b from Periophthalmus mag-
nuspinnatus (Figure 7J,K).

4   |   Discussion

The exposure to BPA has emerged as a significant concern due 
to its profound effects on lipid metabolism, particularly within 
the liver, which serves as the primary target organ for BPA tox-
icity [17–21]. Our findings indicate that low-dose BPA exposure 
results in a more extensive impact on hepatic transcriptomic 
profiles compared to high-dose exposure. Notably, we observed 
a significant downregulation of the key β-oxidation gene, Cpt1a, 
alongside a marked suppression of PPARG transcriptional ac-
tivity inferred from various analytical algorithms [13, 14]. This 
suggests that even low levels of BPA can disrupt normal hepatic 
functions, leading to metabolic disturbances.

In both in  vivo and in  vitro studies, we validated the pertur-
bations in hepatic lipid metabolism induced by varying doses 
of BPA. These disturbances manifested as abnormal serum 
lipid levels and increased lipid accumulation within the liver. 
Mechanistically, we established that the downregulation of 
Cpt1a is a downstream effect of the inhibited transcriptional ac-
tivity of PPARG due to BPA exposure. This reduction in Cpt1a 
abundance compromises the liver's β-oxidation capacity, exacer-
bating lipid metabolic dysregulation [13, 14]. The implications of 
these findings are significant, as they highlight the potential for 
low-dose BPA exposure to induce metabolic disorders through 
alterations in key regulatory pathways. Notably, at lower BPA 
concentrations, heightened sensitivity of certain nuclear regu-
lators may lead to a pronounced suppression of Cpt1a, whereas 
higher doses can invoke compensatory mechanisms that over-
ride this inhibitory effect. Furthermore, the marked upregu-
lation of Cpt1a upon PPARG overexpression underscores the 

direct regulatory relationship between PPARG and Cpt1a, re-
vealing a nuanced interplay between BPA dosage, PPARG activ-
ity, and hepatic lipid metabolism.

Further investigation into the molecular interactions between 
BPA and PPARG revealed critical insights. Molecular dock-
ing and MM-PBSA analyses indicated a direct interaction be-
tween BPA and PPARG, which was subsequently confirmed 
through cellular thermal shift assays (CETSA) and drug 
affinity responsive target stability (DARTS) experiments. 
These studies elucidated the binding dynamics and stability 
of PPARG in the presence of BPA, suggesting that BPA bind-
ing alters the structural integrity and functional capacity of 
PPARG [22, 23].

The molecular dynamics simulations provided a novel perspec-
tive on the dynamic interactions between BPA and PPARG. Our 
analysis revealed a complex network of hydrophobic interac-
tions, van der Waals contacts, and non-continuous hydrogen 
bonding that govern the behaviour of BPA within the PPARG 
binding pocket. The periodic movement of BPA within this 
pocket led to heterogeneous conformational changes in PPARG, 
characterised by multiple conformational switches compared to 
the apo state. This conformational flexibility may underlie the 
observed reduction in inter-residue correlations, which is criti-
cal for the transcriptional activation of PPARG, as it relies heav-
ily on the formation of protein–protein interaction interfaces 
with coactivators.

BPA exposure disrupts PPARG transcriptional activity by in-
terfering with its binding to response elements on target genes, 
including CPT1A. This interference diminishes β-oxidation by 
downregulating CPT1A expression, thereby promoting hepatic 
lipid accumulation. Our findings demonstrate a dose-dependent 
mechanism, where lower BPA concentrations intensify the 
sensitivity of nuclear regulators and co-repressors involved in 
PPARG signalling, whereas higher doses activate compensatory 
pathways that partially counteract these effects. Collectively, 
these results underscore the pivotal role of the PPARG–CPT1A 
axis in maintaining hepatic lipid homeostasis and reveal how 
BPA-induced disruptions in this regulatory network exacerbate 
metabolic imbalances.

Moreover, our cross-species analysis of PPARG homologues 
based on structural features unveiled evolutionary characteris-
tics that may inform our understanding of BPA's effects across 
different organisms [22, 24–26]. We identified several proteins 
with high affinity for BPA, suggesting potential implications for 

FIGURE 6    |    Molecular dynamics simulation of BPA binding to PPARG (A) Root mean square deviation (RMSD) of the backbone atoms for 
PPARG-Apo (blue) and PPARG-BPA (red) over 100 ns simulation time. (B) Root mean square fluctuation (RMSF) of the Cα atoms for PPARG-Apo 
(blue) and PPARG-BPA (red), indicating regions of flexibility. (C) Solvent accessible surface area (SASA) for PPARG-Apo (blue) and PPARG-BPA 
(red) during the simulation. (D) Number of hydrogen bonds in PPARG-Apo (blue) and PPARG-BPA (red) throughout the simulation. (E) Radius of gy-
ration (Rg) for the xyz axes of PPARG-Apo (left) and PPARG-BPA (right), reflecting protein compactness. (F) Secondary structure content over time 
for PPARG-Apo (left) and PPARG-BPA (right) as analysed by DSSP. (G) Structural snapshots of BPA within the PPARG binding pocket at different 
time points (0, 25, 50, 75, and 100 ns). (H) Distance between BPA and the center of the PPARG binding pocket throughout the simulation. (I) Tanimoto 
similarity matrix for BPA assessing the similarity of BPA molecular fingerprints (bitvectors) over the course of the dynamics, reflecting conforma-
tional changes of BPA during the simulation. (J) Two-dimensional interaction diagram of BPA within the PPARG binding pocket, highlighting key 
interactions. (K) Interaction timeline showing the persistence of various interactions between BPA and PPARG residues over the simulation period.
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wildlife and ecosystem health, as these interactions may disrupt 
metabolic processes in non-target species.

This study reveals that BPA exerts detrimental effects on hepatic 
lipid metabolism by directly disrupting the PPARG–CPT1A 
axis, a crucial pathway for β-oxidation and lipid homeostasis. 
By downregulating PPARG transcriptional activity, BPA di-
minishes CPT1A expression, thereby compromising fatty acid 
oxidation and exacerbating lipid accumulation in the liver. 
Cross-species analyses demonstrate that BPA similarly impairs 

this regulatory axis in multiple animal models, highlighting a 
potentially widespread threat to metabolic health. Our findings 
provide novel insights into the mechanistic underpinnings of 
BPA-induced metabolic disturbances and underscore the ur-
gency of further research on BPA's biological impact, particu-
larly within the framework of regulatory policies and public 
health. Future investigations should focus on the long-term con-
sequences of BPA exposure for liver health and metabolic dis-
orders, including potential epigenetic modifications in hepatic 
cells [27–29]. In addition, examining BPA's interactions with 

FIGURE 7    |    Structural similarity and conservation analysis of PPARG homologues. (A) RMSIP similarity matrix showing high structural similar-
ity among PPARG homologues across different species. (B) Residue fluctuation peak plots indicating two distinct peaks within conserved segments, 
excluding N- and C-terminal regions. (C) AMSM analysis with domain assignment revealing conserved residue segments, particularly in major he-
lices and the H2-H3 linker region. (D) Consensus residue cross-correlation matrix demonstrating predominant correlation between neighbouring 
residues along the main structural axis. (E) Projection onto principal component axes dividing the structures into four clusters, highlighting signif-
icant residue fluctuation differences. (F) RMSD-based fluctuation analysis showing differences between clusters 1 and 2, particularly in peak 1. (G) 
Principal component projection of dynamics-derived conformations (PPARG-Apo and PPARG-BPA), showing overlap with homologous structures 
from certain species. (H) Hierarchical clustering based on covariance overlap compared with species-based classifications, indicating no clear cor-
respondence with species classifications. (I) Hierarchical clustering based on RMSIP showing local branches with consistency between structural 
feature-based clustering and species classification. (J) PCA-based projection illustrating overlap of dynamics-derived conformations with homolo-
gous structures from various species. (K) Classification annotations for different species, displaying the corresponding structures of those with the 
highest affinities.
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other metabolic pathways and nuclear receptors will be essen-
tial for a comprehensive understanding of its toxicological pro-
file and the development of effective mitigation strategies [30].
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