
Baicalein mitigates chlorpyrifos-induced intestinal injury by blocking 
AMPK–ULK1 binding via the autophagy/ferroptosis axis

Huanqi Zhang a, Xiaozhe Chen a, Fuqing Liu a, Yanju Bi b, Meichen Gao b, Xiaojing Li a,*

a College of Animal Science and Technology, Northeast Agricultural University, Harbin 150030, PR China
b College of Veterinary Medicine, Northeast Agricultural University, Harbin 150030, PR China

A R T I C L E  I N F O

Editor: Yi-Chao Zheng

Keywords:
Chlorpyrifos
Baicalein
AMPK–ULK1
Autophagy
Ferroptosis

A B S T R A C T

Long-term environmental exposure to chlorpyrifos (CPF) can cause intestinal damage. Baicalein (BAI) helps 
aquatic organisms resist environmental pollution stress. Adenosine 5′-monophosphate activated protein kinase 
(AMPK) is a key molecule in energy regulation; however, the mechanism by which BAI inhibits CPF-induced 
autophagy/ferroptosis remains unclear. Based on reported environmental concentrations and IC50 values of 
CPF, we established models using the midgut of carp and Epithelioma papulosum cyprini (EPC) cells exposed to 
CPF with or without BAI treatment. Transcriptomics and network pharmacology were used to analyze the key 
pathways affected by CPF and BAI. Tissue damage, cell cycle regulation, autophagy, ferroptosis, and mito
chondrial function were assessed. The effect of BAI on AMPK–unc-51-like autophagy-activating kinase 1 (ULK1) 
binding was confirmed by molecular dynamics simulation, co-immunoprecipitation, and laser confocal analysis. 
In addition, the regulatory impact of an AMPK activator on the autophagy/ferroptosis axis was examined. Results 
indicated that BAI alleviated CPF-induced pathological changes and mitochondrial damage. CPF exposure caused 
tight junction disruption, mitochondrial depolarization, and reactive oxygen species and mitochondrial reactive 
oxygen species production. Transcriptomic analysis revealed that CPF toxicity is related to phagosomes, cell 
cycle regulation, and ferroptosis. By targeting AMPK, BAI prevents the formation of the AMPK–ULK1 complex 
and inhibits the CPF-induced cascade involving excessive autophagy, cell cycle arrest, and ferroptosis. In 
conclusion, BAI targets AMPK to prevent binding with ULK1, thereby suppressing the CPF-activated autophagy/ 
ferroptosis axis, reversing mitochondrial dysfunction, and restoring intestinal homeostasis.

1. Introduction

Organophosphorus pesticides, used as insecticides have emerged as 
alternatives to organochlorine and carbamate pesticides in many 
countries. Chlorpyrifos [O,O-diethyl-O-(3,5,6-trichloro-2-pyridinyl) 
phosphorothioate; CPF] is the fourth most widely used pesticide 
worldwide [1]. The World Health Organization (WHO) has classified 
CPF as a class II toxic pesticide, indicating it is safer than other organ
ophosphorus pesticides, leading to its misuse and overuse in agricultural 
production [2]. Notably, only 0.1 % of CPF is effective against target 
pests, while the remaining 90 % persists in the environment, contami
nating water bodies through surface runoff [3]. CPF has been detected in 

water sources worldwide. The residual concentrations of CPF reached up 
to 8 μg/L in the surface water of Lake Tana [4], approximately 70 μg/L 
in Philippine [5], 37.3 μg/L in Nagarpur and Saturia upazilas [6], and 
23.02 μg/L in El Albujón watercourse [7]. Water and food are the pri
mary pathways through which CPF enters the human body, and the 
gastrointestinal tract is the first site exposed to food contaminants [8]. 
Intestinal epithelial cells play an important role in food digestion and 
immune regulation. CPF exposure results in epithelial hyperplasia, 
edema, and degeneration, eventually leading to impaired intestinal 
function [9]. CPF causes intestinal barrier damage and alters intestinal 
mucosal permeability in Rattus norvegicus, Mus musculus, Apis mellifera, 
and Apis ceran [10–12]. Therefore, there is an urgent need to develop 
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safe and effective drugs to treat the effects of CPF contamination.
Ferroptosis, a recently discovered form of cell death related to 

cellular iron homeostasis, may represent a promising therapeutic target 
for maintaining intestinal health [13]. The intestinal epithelium can 
regulate the concentration of iron ions in the body [14], and ferroptosis 
is activated when iron metabolism is disrupted or when glutathione 
peroxidase 4 (GPX4) is inactivated [15]. Previous studies have demon
strated that inhibiting ferroptosis can alleviate CPF-induced hepato
toxicity in a zebrafish model, suggesting a potential intervention 
approach [16]. Excessive iron accumulation activates ferroptosis 
through reactive oxygen species (ROS) generated by the Fenton reaction 
in mitochondria [17]. Autophagy may promote cell survival; however, 
excessive autophagy combined with impaired lysosomal activity is an 
important driver of ferroptosis. The fusion of lysosomes and autopha
gosomes provides degradation capacity. When lysosomal activity is 
compromised, autophagic flux increases, resulting in excessive auto
phagy [18]. High expression of ATG family proteins promotes iron 
accumulation and triggers ferroptosis [19]. Wu et al. demonstrated that 
CPF exposure increased autophagy through the protein kinase B (AKT) 
pathway, leading to kidney damage in carp [20]. Adenosine 5′-mono
phosphate activated protein kinase (AMPK) signaling is involved in 
various cellular processes, including lipid metabolism and mitochon
drial homeostasis [21]. AMPK phosphorylates unc-51-like autophagy- 
activated kinase 1 (ULK1) and inhibits mammalian target of rapamycin 
(mTOR)-driven autophagy activation [22]. Studies have demonstrated 
that exposure to multiple toxicants, such as pesticides, heavy metals, 
plasticizers and chemical contaminants, activates the AMPK pathway 
[23–25].

Baicalein (BAI) is a flavonoid monomer isolated from Scutellaria 
baicalensis Georgi, which has anti-inflammatory, anticancer, and anti
oxidant properties [26], and can resist tissue damage caused by the 
environmental pollutant cadmium [27]. Remarkably, BAI and its me
tabolites are abundant in the intestine after oral administration, 
providing effective protection of the intestine [28]. BAI is increasingly 
recognized as a natural ferroptosis inhibitor. A animal model study has 
reported that BAI inhibits ferroptosis to alleviate cisplatin-induced renal 
injury [29]. In addition, BAI has been reported to reduce ferroptosis 
after lipid peroxidation in HK2 cells [30]. However, the mechanism 
underlying the protective effect of BAI against ferroptosis in the intestine 
remains unclear. The origin and structure of the human body is highly 
similar to that of fish. The use fish instead of mice and rats as model 
organisms is increasingly being favored [31]. In this study, we estab
lished carp midgut and Epithelioma papulosum cyprini (EPC) cells 
model of CPF poisoning and/or BAI intervention and observed the 
following: (1) BAI reduces CPF-induced intestinal toxicity and inhibits 
epithelial cell death in carp; (2) transcriptomic studies revealed that CPF 
toxicity is associated with ferroptosis, autophagy, cell cycle regulation, 
and mitochondrial dysfunction; (3) BAI targets AMPK and blocks its 
interaction with ULK1; (4) BAI attenuates CPF-activated autophagy, 
ferroptosis, and cell cycle arrest, thereby restoring mitochondrial func
tion via the AMPK–ULK1 pathway. This study provides new evidence 
and experimental basis for the potential of BAI as a therapeutic agent 
against environmental pollution-induced toxicity.

2. Materials and methods

2.1. Geographic distribution maps

ArcMap 10.8 was used to generate the geographical distribution map 
of pesticide use. Details are described in Supplementary 1.1.

2.2. Animals

The chemical compound CPF (CAS No. 2921-88-2; purity ≥98 %) 
was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. 
(China). BAI (CAS No. 491–67-8; purity ≥99 %) was obtained from 

Shanghai Macklin Biochemical Technology Co., Ltd. (China). All animal 
experiments were conducted according to the ethical guidelines and 
approved by the Ethics Committee of the Northeast Agricultural Uni
versity (Approval No. NEAUEC20230250). The modeling process is 
illustrated in Fig. 1A. The CPF concentration used in this study was 
based on the LC50 and the reference environmental concentration 
(specifically, 1/25 of the 96-h LC50), while the BAI dose was determined 
based on our previous study [20,32]. Detailed treatment protocols and 
dose information are provided in Supplementary 1.2. Fish were main
tained in barrels containing 40 L of water. During the experimental 
period, they were fed twice a day (at 8:30 and 16:30). The water in the 
barrels was completely replaced every 2 days. Dissolved oxygen levels 
were maintained above 7 mg/L through continuous aeration. No mor
tality was observed throughout the 30-day feeding period.

2.3. Carp midgut histological observation

The carp midgut was sectioned at 3-mm thickness for hematoxylin 
and eosin (H&E) staining and examined under a light microscope [33]. 
Ultrathin sections (1 μm) were prepared, stained with uranyl acetate and 
lead citrate, and observed under a transmission electron microscope. 
Detailed procedures are described in Supplementary 1.3.

2.4. Transcriptomics

Total RNA from the carp midgut was extracted using the TRIzol 
method. RNA samples with high concentration and purity were sent to 
Bioacme Biotechnology Company (Wuhan, China) for cDNA library 
construction and sequencing. Differential expression analysis was con
ducted using the Metabo-Analyst platform (https://new.metaboanalyst. 
ca/) and the CNSknowall platform (https://cnsknowall. 
com/#/HomePage) for data visualization and interpretation.

2.5. Cell culture

The carp EPC cell line was purchased from the Wuhan University Cell 
Bank. Detailed culture conditions and grouping information are 
described in Supplementary 1.4.

2.6. Detection of mitochondrial membrane potential (MMP)

The JC-1 kit (Beyotime Biotechnology, China) was used to determine 
MMP in EPC cells from each group, following the manufacturer’s in
structions. The fluorescence of JC-1 monomers and J-aggregates was 
observed at excitation wavelengths of 530 and 590 nm, respectively, 
using a fluorescence microscope (Thermo Fisher Scientific, USA) and a 
flow cytometer (NovoCyte, Agilent Technologies).

2.7. Cell cycle detection

Cell cycle was analyzed using a kit (Solarbio, CA1510) according to 
manufacturer’s instructions and detected using flow cytometry (Novo
Cyte, Agilent Technologies).

2.8. Detection of ROS and mtROS

DCFH-DA fluorescent probe (Nanjing Jianchang Bioengineering 
Institute, China) was used to measure intracellular ROS production, 
while MitoSOX Red probe (ABclonal Technology, China) was used to 
evaluate mtROS levels. Fluorescence signals were observed using fluo
rescence microscopy.

2.9. Determination of iron content and assessment of antioxidant 
capacity

The antioxidant capacity indicators, including Total Antioxidant 
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Fig. 1. BAI counteracts carp midgut and EPC cells damage induced by CPF. (A) Schematic diagram of animal model establishment. (B) H&E staining of carp midgut. 
(C) Transmission electron microscopy (TEM) was used to observe the micromorphological changes of carp midgut. (D-E) Oxidative stress and antioxidant capacity 
evaluation in carp midgut and EPC cells. #Represents the statistical difference between the group and the Control group. *Represents the statistical difference 
between the group and the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05.
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Capacity (T-AOC), Total Superoxide Dismutase (T-SOD), Malondialde
hyde (MDA), Glutathione Peroxidase (GSH-Px), CATalase (CAT), 
Hydrogen Peroxide (H2O2), and iron content were measured using kits 
from the Nanjing Jianchang Bioengineering Institute (China).

2.10. Target screening

Network pharmacology was used to analyze the action pathway of 
BAI. Molecular dynamics (MD) simulations, cellular thermal shift assay 
(CETSA) and drug affinity responsive target stability (DARTS) assays 
were used to determine BAI binding targets. Detailed methods are 
described in Supplementary 1.4.

2.11. Molecular docking

The structures of the AMPK and ULK1 protein were screened using 
the Uniprot database (https://www.uniprot.org/). The 3D structure of 
BAI was downloaded from the PubChem database (https://pubchem. 
ncbi.nlm.nih.gov/). Molecular docking simulations were performed 
using AutoDock 1.5.7, and the resulting 3D complexes were visualized 
using PyMoL 2.6.0.

2.12. Co-immunoprecipitation assay

Protein–protein binding was assessed using co-immunoprecipitation 
and western blotting (Absin, abs955). Briefly, 4 μg of AMPK antibody 
(Abmart) or IgG control antibody (ABclonal) were added to cell lysates 
and incubated overnight at 4 ◦C. Subsequently, 5 μL each of protein A 
and protein G beads were added and incubated overnight at 4 ◦C. This 
mixture was centrifuged at 12000 ×g for 1 min, washed five times with 
1 × Wash Buffer, and precipitates were resuspended in 40 μL SDS buffer, 
subsequently heated at 95 ◦C for 5 min.

2.13. Immunofluorescence

Cells were blocked with TBSTx containing 5 % bovine serum albumin 
(BSA, Yeasen) for 60 min. Primary antibodies against AMPK (1100, 
Abmart), ULK1 (1100, Abmart), GPX4 (1:100, ABclonal), FTH (1:100, 
ABclonal), LC3 (1100, ABclonal) and p62/SQSTM1 (1100, ABclonal) 
were incubated overnight at 4 ◦C. Secondary antibodies, DyLight 594 
goat anti-rabbit IgG and Alexa Fluor 488 goat anti-rabbit IgG (1, 1000, 
Biodragon Immunotechnology, China), were applied for 2 h at 25 ◦C 
temperature. After washing with TBSTx for 15 min, nuclei were stained 
with DAPI (Beyotime, China) for 5 min.

2.14. Real-time quantitative PCR (qRT-PCR)

Total RNA was extracted from each group using TRIzol reagent. 
Quantitative PCR was performed using SYBR Green dye (AQ132–11, 
TransGen) on a LightCycler® 96 System (Roche). Primer sequences are 
listed in Table S1. mRNA expression levels were calculated using the 2- 

ΔΔCt method, with β-actin and 18S rRNA serving as internal controls.

2.15. Western blot

Proteins were separated by 10 % SDS-PAGE, and transferred to a 
nitrocellulose membrane using a Tris-glycine buffer system. Membranes 
were blocked with Minute Block (AIWB-004, Affinibody LifeScience Co. 
Ltd., China) at 37 ◦C for 10 min and incubated overnight with the pri
mary antibodies as listed in Table S2. Membrane were subsequently 
incubated with the secondary antibody (anti-rabbit IgG, 1:10,000, 
Immunoway, China) for 60 min. Protein bands were visualized using a 
chemiluminescence system (Applygen Technologies, China). Quantita
tive analysis of band intensity was performed using ImageJ software, 
with β-actin as the loading for normalization.

2.16. Statistical analysis

All data are presented as mean ± standard deviation (SD). Statistical 
analyses were performed using GraphPad Prism 9.5. Differences be
tween groups were analyzed by one-way ANOVA followed by Tukey’s 
post-hoc multiple comparison test using GraphPad Prism 8. * and # 
indicate statistically significant difference (P < 0.05) compared with the 
CPF and control groups, respectively.

3. Results

3.1. Pesticides and CPF co-occur geographically worldwide

Preliminary data screening yielded global pesticide use (Fig. S1A) 
and CPF residue reports (Fig. S1B). These were found to be distributed 
across common geographical regions. Brazil, the United States of 
America, Indonesia, China, and Argentina ranked as the top five coun
tries in pesticide use. The top three countries reporting CPF residues 
were China, India, and the United States of America. Concurrently, Asia 
ranked second and first in pesticide use (Table S3) and residue reporting 
(Table S4), respectively. These findings indicate that pesticide use and 
CPF residues are prevalent in overlapping regions worldwide.

3.2. BAI feeding attenuated CPF-induced midgut damage in carp

Based on the environmental residual concentration of CPF [6] and its 
IC50 value [34], a CPF concentration of 23.2 μg/L in water was selected 
to establish a CPF poisoning model in carp. The effect of BAI was 
determined by feeding carp with 0.15 g/kg BAI (Fig. 1A). H&E staining 
results revealed histopathological changes in the carp midgut (Fig. 1B). 
The CPF group exhibited intestinal villus rupture, disorganized inter
stitial cells, vacuolar degeneration of lower cells, and infiltration of in
flammatory cells (red arrows). Addition of BAI markedly improved 
midgut structure compared to the CPF-only group. In the CPF group, 
autophagic vacuoles (yellow arrow) and characteristic mitochondrial 
damage (red arrows), including blurred double-layer membranes and 
ridge breakage, were observed. However, BAI treatment restored mito
chondrial morphology (Fig. 1C). The CCK8 assay was used to select in 
vitro doses of 25 μM CPF and 30 μM BAI for subsequent experiments 
(Fig. S2A and B). Using these doses, we assessed the redox balance–re
lated indicators. Compared with the control group, CPF significantly 
inhibited the activities of T-AOC, T-SOD, GSH-Px, and CAT (P < 0.05) 
and significantly increased oxidative stress markers H2O2 and MDA (P <
0.05). BAI reduced intestinal oxidative stress, restored antioxidant 
enzyme activities, and reactivated the antioxidant system (Fig. 1D). 
These findings were consistent with antioxidant capacity results ob
tained from carp intestinal tissue in vivo (Fig. 1E). In addition, CPF 
disrupted the tight junction network, whereas BAI supplementation 
alleviated this damage (Fig. S2C and D).

3.3. Effect of CPF exposure on carp midgut transcriptomics

To clarify the effect of CPF on the carp midgut, RNA-seq analysis was 
performed on midgut tissue samples. Initially, raw data were normalized 
(Fig. 2A). Principal component analysis (PCA) plots (Fig. 2B and C) 
clearly illustrated the distinct transcriptional differences between the 
control and CPF-exposed groups. Annotated differentially expressed 
genes (DEGs) were utilized to generate a volcano plot, revealing 170 
significantly downregulated and 441 significantly upregulated genes. 
(Fig. 2D). The top 100 DEGs were selected according to the P value and 
displayed on the heatmap to show the DEGs in the midgut of carp 
exposed to CPF (Fig. 2E).

Further analysis via KEGG revealed differential enrichment in 
pathways such as phagosome, cell cycle, ferroptosis, fatty acid biosyn
thesis, DNA replication, and various metabolic pathways (Fig. 2F). A 
radar plot showed that CPF exposure was closely related to iron ion 
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Fig. 2. Transcriptome results of the carp midgut exposed to CPF. (A) Normalized processing of transcriptome sequencing raw data. (B–C) Principal component 
analysis (PCA) revealed the overall gene expression pattern in the intestines of carp after exposure. (D) The differential volcano plot shows the upregulation and 
downregulation distribution of DEGs caused by CPF exposure. (E) Hierarchical clustering heatmaps of 3 groups of Control and 3 groups of CPF treatment. (F) KEGG 
enrichment analysis results in CON vs CPF. (G) GO enrichment pathway results of CON vs CPF. (H) GO analysis results of DEGs in CON vs CPF. (I) Protein-protein 
interaction network of DEGs. All data were shown as mean ± SD (n = 3).
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transport, transmembrane transport, oxidation-reduction reactions, 
glutathione metabolism, and cell membrane function (Fig. 2G). DEGs 
involved in most of the pathways shown in Fig. 2G were selected for 
gene ontology (GO) enrichment analysis. The GO network plot exhibited 
significant enrichment in autophagosomes and the mitochondrial outer 
membrane following CPF exposure (Fig. 2H). In addition, the protein- 
protein interaction (PPI) network revealed key interactions among 
AMPK pathway (atp5mc1, atp5mf, ppargc1b, and ppargc1a), lipid 
metabolism (fasn, cyp7a1, and mttp), other metabolic pathways (esrra, 
gstt1a, cerk, mnudt19, shpk, and pfkfb3), and ferroptosis (ptgs2a, 
cox7a1, gpx3, and acsl1b) (Fig. 2I). Collectively, these results suggest 
that CPF-induced intestinal damage in carp may involve autophagy, cell 
cycle, ferroptosis, and altered metabolic pathways.

3.4. BAI alleviated CPF-induced ferroptosis in carp midgut

Transcriptomic gene set enrichment analysis (GSEA) revealed that 
the processes related to iron ion transport and glutathione metabolism 
were highly enriched in the CPF-treated group (Fig. 3A). Ferroptosis- 
related features were observed using transmission electron microscopy 
(Fig. 1C), and the expression of ferroptosis-related genes was assessed in 
both the control and CPF-exposed groups (Fig. 3B). Excess iron accu
mulation is a major trigger of ferroptosis. Compared with the control, 
iron content in the intestinal tissue and EPC cells of CPF-treated carp was 
approximately 1.5 times higher. (Fig. 3C and D). BAI effectively reversed 
the iron overload (p < 0.05). The ferroptosis marker gene GPX4, the iron 
utilization genes FTH and FTL, and the iron efflux gene FPN were 
downregulated (p < 0.05). Abnormal expression of iron transport genes 
TF, TFR1 and TFR2 (Fig. 3E-H) was additionally noted. BAI significantly 
improved the abnormal expression of the abovementioned genes and 
restored intestinal iron transport function (p < 0.05). BAI reversed the 
CPF-induced decrease in the colocalization of GPX4 and FTH, as 
observed via immunofluorescence, providing further evidence of the 
effects of BAI on the expression of these genes (Fig. 3I and J). In addition, 
the ferroptosis inhibitor ferrostatin-1 (Fer-1) and the autophagy inhib
itor cloroquine (CQ) effectively alleviated CPF-induced ferroptosis 
(Fig. S3A-E).

3.5. BAI antagonized CPF-induced autophagy in carp intestine and EPC 
cells

Autophagy-related pathways were enriched in RNA-seq GSEA 
(Fig. 4A). Differential expression of autophagy-related genes between 
CON and CPF groups was identified based on RNA-seq data (Fig. 4B). We 
found that CPF exposure increased the protein and mRNA expression 
levels of LC3B, Beclin1, ATG5, and ATG12 (P < 0.05), and decreased the 
expression levels of p62 (P < 0.05) in both carp intestine and EPC cells. 
Compared with the CPF group, BAI intervention increased p62 expres
sion (P < 0.05) and decreased the expression of LC3, Beclin1, ATG5, and 
ATG12 (P < 0.05) (Fig. 4C-F). CPF exposure significantly increased the 
fluorescence intensity of LC3B and significantly decreased the fluores
cence intensity of p62 in EPC cells (Fig. 4G and H). BAI effectively 
alleviated the abnormal changes in LC3B and p62 expression (P < 0.05). 
Lysosomes, which serve as the core degradation organelles in auto
phagy, were reduced in number following CPF exposure; this reduction 
was ameliorated by BAI (Fig. 4I and J). In addition, treatment with Fer-1 
or CQ increased p62 fluorescence intensity and decreased LC3B fluo
rescence intensity and lysosomal damage induced by CPF (Fig. S4A–C). 
Both inhibitors normalized the aberrant mRNA and protein expression 
of autophagy-related markers, indicating that autophagic flux was 
blocked (Fig. S4D and E). These data indicate that BAI-mediated inhi
bition of CPF-induced autophagy and ferroptosis are mutually 
reinforcing.

3.6. BAI improved cell cycle arrest induced by CPF exposure

KEGG analysis (Fig. 2F) and GSEA (Fig. 5A) revealed that CPF 
toxicity was associated with the cell cycle. Most cyclin genes identified 
by RNA-seq were upregulated after CPF exposure (Fig. 5B). Flow 
cytometry analysis confirmed that CPF induced the progression from G1 
to S phase (Fig. 5C). In addition, BAI treatment effectively enhanced the 
transcript levels of p53 and p21 in CPF-exposed carp midgut and EPC 
cells, while reducing the mRNA expression of Cyclin A1, Cyclin B, and 
Cyclin (Fig. 5D). These results suggest that BAI can attenuate CPF- 
induced cell cycle arrest.

3.7. Mitochondria are involved in the antagonistic effect of BAI on CPF 
toxicity

We screened the transcriptome for mitochondria-related genes. The 
results indicated that CPF exposure altered the expression of mito
chondrial solute carrier (SLC) family genes, resulting in mitochondrial 
metabolic disorders (Fig. 6A). GSEA revealed that mitochondrial-related 
components were enriched in the CPF group (Fig. 6B). Fluorescence 
quantification (Fig. 6C and D) and flow cytometry analysis (Fig. 6E and 
F) demonstrated that BAI reversed CPF-induced mitochondrial depo
larization. BAI scavenged intracellular ROS (Fig. 6 G and H) and mtROS 
(Fig. 6 I and J) levels after CPF exposure, thereby alleviating oxidative 
mitochondrial damage. In addition, treatment with Fer-1 or CQ restored 
MMP and reduced CPF-induced mtROS levels in EPC cells (Fig. S5A–F). 
These results confirmed that autophagy and ferroptosis act as upstream 
pathways of mitochondrial damage, and that BAI mitigates mitochon
drial dysfunction by inhibiting CPF-induced autophagy and ferroptosis 
in EPC cells.

3.8. Network pharmacology analysis of BAI targets

A total of 240 BAI-associated targets were identified from the Pub
chem and CTD databases (Fig. 7A). The most enriched pathways asso
ciated with CPF toxicity in RNA-seq were autophagy and cell cycle 
regulation (Fig. 2F). We crossed the BAI target genes, autophagy- and 
cell cycle related–genes to obtain 125 overlapping genes (Fig. 7B). After 
screening, we identified 36 key genes implicated in the modulation of 
autophagy and cell cycle processes by BAI (Fig. 7C). GO enrichment 
analysis indicated that these genes were primarily associated with the 
protein kinase complex and nucleotide-activated protein kinase complex 
(Fig. 7D). AMPK, which can regulate metabolism, was identified as a key 
molecule from the GO enrichment results. In the KEGG pathway, 36 key 
genes were enriched. The AMPK pathway, the regulation of lipolysis in 
adipocytes, cell cycle, and the ferroptosis pathway were in the top 20. 
The AMPK signaling pathway was enriched in 10 genes of this pathway 
(Fig. 7E).

3.9. BAI inhibited AMPK–ULK1 binding by targeting AMPK

AMPK has the potential to regulate autophagy and the cell cycle 
[35]. In the MD simulations, the root mean square deviation (RMSD) 
values of the BAI-AMPK complex fluctuated within a narrow range, 
indicating structural stability during the 60 ns simulation. Root mean 
square fluctuation (RMSF) analysis confirmed that BAI stabilized the 
AMPK region comprising residues 1915–1929, indicating a flexible yet 
stable interaction. In addition, the number of hydrogen bonds generated 
by the BAI–AMPK complex remained consistently between 160 and 200 
throughout the simulation (Fig. 8A). To verify BAI–AMPK binding, we 
conducted CETSA and DARTS experiments. The CETSA assay revealed 
that BAI notably enhanced the thermal stability of AMPK, as indicated 
by a slower decline in AMPK expression in BAI-treated cells than in 
DMSO-treated cells (Fig. 8B). Additionally, DARTS results indicated that 
protease-induced AMPK degradation was significantly inhibited 
following BAI treatment (Fig. 8C). Molecular docking was used to 
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Fig. 3. BAI alleviates CPF-induced ferroptosis in carp intestine and EPC cells. (A) GSEA enrichment results of carp midgut transcriptomics. (B) Expression distri
bution of ferroptosis-related genes in 3 groups of Control and 3 groups of CPF treatment. (C–D) Iron content in carp intestine and EPC cells. (E-F) Detection results of 
ferroptosis-related protein. (G-H) The ferroptosis related mRNA levels. (I-J) Immunofluorescence detection of ferroptosis marker protein GPX4 and FTH expression. 
#Represents the statistical difference between the group and the Control group. *Represents the statistical difference between the group and the CPF group. Ns 
represents the no statistical difference between the group and the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05.
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Fig. 4. Effect of CPF exposure/BAI interaction on autophagy. (A) GSEA enrichment results of carp midgut transcriptomics. (B) Circular heatmaps of autophagy- 
related gene expression in transcriptomics. (C–D) The protein and mRNA expressions of autophagy-related genes in the carp intestine. (E-F) Autophagy marker 
protein and mRNA expression levels in EPC cells. (G-H) Immunofluorescence detection of LC3 and p62 expression in EPC cells. (I-J) Lyso-tracker (50 nM) stained 
lysosome of EPC cells. #Represents the statistical difference between the group and the Control group. *Represents the statistical difference between the group and 
the CPF group. Ns represents the no statistical difference between the group and the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05.
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further investigate the mechanism by which BAI regulates the AMPK 
pathway. The results indicated that BAI binds to Arginine (Arg) 107 and 
Glutamine (Gln) 109 residues of the AMPK receptor protein via 
hydrogen bonding (Fig. 8D). Collectively, our results support AMPK as a 
potential novel therapeutic target for BAI. Surprisingly, Arg107 and 
Gln109 are the binding sites of AMPK–ULK1, suggesting that BAI oc
cupies the protein-binding pocket shared by AMPK and ULK1 (Fig. 8E). 
Co-IP assay demonstrated physical binding between AMPK and ULK1, 
which was inhibited by BAI treatment in EPC cells (Fig. 8F). Immuno
fluorescence demonstrated that the spatial co-localization of AMPK and 
ULK1 was reduced after BAI treatment (Fig. 8G). These results demon
strated that BAI disrupts AMPK–ULK1 binding by targeting AMPK.

3.10. BAI modified autophagy, ferroptosis and cell cycle via the AMPK 
pathway

To further explore the regulatory effect of BAI on AMPK, we moni
tored cell cycle, autophagy, and ferroptosis after treatment with an 

AMPK activator. BAI effectively alleviated the CPF-induced increase in 
both protein and mRNA expression of AMPK, ULK1, and ATG13. BAI 
restored mTOR mRNA expression, which was suppressed by CPF expo
sure, in carp intestine and EPC cells. BAI treatment alone additionally 
increased AMPK expression, although this change was not statistically 
significant compared to the control group (Fig. 9A and B). In addition, 
BAI inhibited the G1 to S phase transition of the cell cycle that was 
induced by the AMPK activator 5-Aminoimidazole-4-carboxamide 
ribonucleotide (AICAR) (Fig. 9C). After AICAR treatment, BAI upregu
lated the mRNA levels of p53 and p21 and downregulated the mRNA 
levels of Cyclin A1, Cyclin B, and Cyclin E1 (Fig. 9D). The autophagy 
marker LC3 protein was elevated and p62 protein level was decreased 
after AICAR treatment. BAI decreased the fluorescence intensity of LC3 
and increased the fluorescence intensity of p62. Likewise, BAI enhanced 
the protein level of GPX4 and FTH after AICAR treatment, and promoted 
the spatial localization of both these proteins (Fig. 9E-G). In summary, 
BAI improves cell cycle arrest and reduces autophagy flux and ferrop
tosis by blocking the AMPK pathway.

Fig. 5. Cell cycle analysis. (A) GSEA enrichment. (B) Transcriptome heat map of carp. (C) Cell cycle detection and visualization by flow cytometry in EPC cells. (D) 
Determination of mRNA transcription levels in carp midgut and EPC cells. #Represents the statistical difference between the group and the Control group. *Rep
resents the statistical difference between the group and the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05.
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4. Discussion

CPF is considered a potential environmental risk due to its wide
spread presence in various water sources. CPF residues have contributed 
to global water pollution and harmed the sustainable development of 
fish populations [36]. Exposure to CPF causes epithelial hyperplasia, 
edema, and degeneration, ultimately leading to impaired intestinal 
function [9]. It has been confirmed that autophagy is involved in the 
early stages of ferroptosis, and that AMPK activation induces autophagy- 
dependent ferroptosis [37]. Moreover, autophagy and ferroptosis are 
closely linked to the regulation of the cell cycle [38,39]. In this study, we 
found that CPF caused intestinal villus rupture, autophagic vacuole 
formation, mitochondrial double-layer membrane blurring, and ridge 
breakage. RNA-seq analysis revealed that CPF-induced intestinal dam
age involved pathways related to phagosome formation, cell cycle 
regulation, ferroptosis, fatty acid biosynthesis, DNA replication, and 
various metabolic processes. BAI addition alleviated CPF-induced tissue 
damage and modulated autophagy, cell cycle arrest, and ferroptosis. 
Network pharmacology analysis demonstrated that the regulation of 
autophagy and cell cycle by BAI was closely linked to the AMPK 
pathway. Further experiments confirmed that BAI targets AMPK, 

preventing its binding with ULK1. In addition, BAI inhibits the AMPK 
pathway mediated by AMPK activators to ameliorate cell cycle disorders 
and improve the regulation of autophagy, and ferroptosis, thereby 
reducing cell damage.

AMPK is a sensor that regulates lipid homeostasis, mitochondrial 
homeostasis and metabolic pathways to determine cell fate [21,40]. 
Under glucose starvation, AMPK phosphorylates ULK1 at serine (Ser) 
317 and Ser777 to activate ULK1 kinase [41]. AMPK phosphorylates the 
Ser556 site to enhance ULK1 activity and increase autophagy [42]. 
Herzig et al. believed that there are at least four direct interaction sites 
between AMPK and ULK1: Ser467, Ser555, threonine (Thr) 574, and 
Ser637 [21]. Bach et al. further reported that Thr180 is an important site 
for AMPK to phosphorylate ULK1 [43]. Therefore, other direct binding 
sites between AMPK and ULK1 may remain undiscovered. Our modeling 
analysis found that BAI occupies Arg107 and Gln109 binding sites on 
AMPK and ULK1simultaneously. MD simulation and CETSA and DARTS 
analysis confirmed that BAI targets AMPK. Mack et al. confirmed that 
AMPK interacts with the ULK1 spacer region and that this interaction is 
independent on the N-terminal region, C-domain, and kinase activity 
[44]. Unexpectedly, the experiment discovered that BAI blocks 
AMPK–ULK1 binding by targeting the Arg107 and Gln109 sites located 

Fig. 6. Mitochondrial function assessment. (A) Circular heatmap of mitochondrial metabolism-related gene expression in transcriptomics. (B) GSEA enrichment of 
RNA-seq analysis in carp midgut. (C–D) The changes of MMP in EPC cells were detected by fluorescence quantitative method. (E-F) Flow cytometry was used to 
detect the changes of MMP in EPC cells. (G-H) DCFH-DA green probe was used to quantify ROS in EPC cells. (I-J) Quantification of mitochondrial ROS in EPC cells 
was performed using MitoSOX Red probes. #Represents the statistical difference between the group and the Control group. *Represents the statistical difference 
between the group and the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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in this spacer region. Co-IP and confocal analysis verified that BAI in
terferes with the formation of the AMPK–ULK1 complex, molecular 
docking providing new insights for the analysis of drug effects. Yuan 
et al. confirmed that BAI significantly reduced p-AMPK/AMPK levels in 
a dose-dependent manner, protecting rats brains [45]. We found that the 
addition of BAI in vivo or in vitro inhibited CPF-induced AMPK pathway 
activation. Although Compound C can effectively inhibit AMPK, the 
effective dose may be toxic to cells [46]. BAI is a natural AMPK inhibitor 
with the advantages of low toxicity and few side effects. In summary, 
BAI mitigates CPF toxicity by binding to AMPK and preventing its 
interaction with ULK1.

The link between cell cycle and cell death patterns controls funda
mental processes of growth and development throughout life [47]. Cell 
cycle arrest is closely related to the mode of cell death, with the S phase 
playing a crucial role [48]. AMPK activation induces cell cycle arrest in 
the S phase, and this arrest depends on p53 inhibition [49]. In this study, 
it was found that an AMPK activator effectively shifted the cell cycle 
from the G1 to S phase. RNA-seq results showed that CPF-induced in
testinal toxicity was associated with cell cycle disruption. CPF exposure 
activated the AMPK pathway, suppressed the p53/p21 pathway, and 
caused cell cycle arrest in the S phase in carp midgut. Ventura et al. 
found that CPF exposure induced EPC cell cycle arrest in the S phase, 
consistent with the results of this study [50]. We have demonstrated that 
BAI can inhibit the cell cycle–blocking effects induced by CPF and the 
AMPK activator. Sulistyowati et al. showed that BAI can prevent cell 
cycle arrest and protect blood vessels in mice [51]. In addition, network 
pharmacological analysis reaffirmed that BAI regulates the cell cycle 
through its close link to the AMPK pathway.

Autophagy, described as a double-edged sword, can protect cells 
from injury and act as a cell death mechanism when activated by toxic 
substances [52,53]. The conversion of LC3B-I to LC3B-II is a crucial step 
in autophagy, and p62 serves as a substrate that is degraded during this 
process. ATG5 and ATG12 form a complex involved in autophagosome 
expansion [54]. As the core of autophagy, lysosomes provide the 
degradation capacity and play a crucial role in its regulation [18]. The 
AMPK–ULK1 complex enhances the recruitment of other key autophagy 
proteins, such as Beclin1 [55]. In addition, AMPK enhances the fusion of 
autophagosomes with lysosomes [56]. We found that the AMPK acti
vator induces excessive autophagy, indicating that the AMPK–ULK1 
pathway regulates this process. CPF induced autophagy in SH-SY5Y 
cells, accompanied by increased LC3-II and decreased p62 expression 
in a concentration-dependent manner [57]. In this study, CPF exposure 
caused lysosomal damage and abnormal expression of LC3B, p62, ATG5, 
and ATG12, indicating that CPF drives autophagy both in in vivo and in 
vitro models, which was further confirmed by experiments using the 
autophagy inhibitor CQ. Wu et al. reported that BAI suppressed auto
phagosome assembly in carp kidneys [20]. We confirmed that BAI 
counteracts the activation of autophagy by AMPK activators and CPF. 
Combined with the findings on the interaction between BAI and AMPK, 
this study indicates that BAI alleviates CPF-induced autophagy by 
inhibiting the AMPK–ULK1 pathway, thereby reducing tissue damage.

Ferroptosis is a recently discovered iron-dependent form of cell 
death. Several key pathways are involved, including disruptions in iron 
ion transport and lipid metabolism [15]. Lipid peroxides generated in 
cell cycle arrest contribute to the execution of ferroptosis [58]. More
over, excessive autophagy may promote ferroptosis [19]. Iron is taken 

Fig. 7. Network pharmacology analysis of BAI and autophagy. (A) BAI target genes network. (B) Venn diagram. (C) PPI network diagram of key genes of BAI 
regulating autophagy and cell cycle. (D) GO enrichment analysis diagram. (E) KEGG pathway enrichment analysis diagram.
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Fig. 8. BAI resists the effects of AMPK regulation on CPF-exposed carp intestine and EPC cells. (A) Molecular dynamics simulation results. (B) CETSA analysis results. 
(C) EPC cells were treated with DMSO or BAI and then exposed to MG132 (10 mM) for the specified time points. (D-E) Molecular docking of three-dimensional 
structure and protein structure. (F) WB of Co-IP results of AMPK and ULK1. (G) The representative images of immunofluorescence co-localization of AMPK and 
ULK1. All data were shown as mean ± SD (n = 3).
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up via transferrin and stored in ferritin, composed of ferritin heavy chain 
(FTH) and ferritin light chain [59,60]. Normally, iron is stored in lyso
somes which helps maintain iron homeostasis. However, when lyso
somes are damaged, large amounts of iron are released [61]. 
Simultaneously, FTH degradation releases Fe2+ and GPX4 inactivation 
leads to lipid metabolism disorders after autophagy initiation [62,63]. In 
this study, RNA-seq showed that the intestinal toxicity of CPF was 
mediated by ferroptosis, fatty acid metabolism, steroid biosynthesis, and 
fatty acid biosynthesis. We observed that CPF induced iron overload and 
GPX4 inactivation–mediated ferroptosis. Transcriptomics analysis 
revealed that ACSL4 is not activated by CPF, supporting the findings of 
Lee and Gan [64] who reported that ACSL4 is required for ferroptosis 
only in certain cases. He et al. reported that CQ can inhibit ferroptosis by 
blocking autophagic flux in mice liver [65]. Interestingly, we discovered 
that CQ inhibited ferroptosis, and that Fer-1 additionally affected 

autophagy after CPF exposure, demonstrating that autophagy and fer
roptosis are mutually reinforcing. In addition, AMPK activation triggers 
iron overload. However, BAI effectively antagonized ferroptosis induced 
by both CPF and AMPK activators. Additionally, the specific amino acid 
binding sites and pharmacokinetic properties of BAI need to be further 
verified in various animal models to support its potential clinical 
application.

5. Conclusion

In summary, this study reveals a novel mechanism by which BAI 
alleviates the intestinal toxicity of CPF. BAI targets AMPK and disrupts 
its binding to ULK1, thereby inhibiting CPF-induced autophagy, fer
roptosis, and cell cycle arrest. As a result, BAI mitigates damage to in
testinal tissue and mitochondria. These findings highlight the functional 

Fig. 9. Effects of AMPK activation on cell cycle, autophagy and ferroptosis. (A-B) Gene expression of AMPK pathway markers in carp midgut and EPC cells. (C) 
Results of cell cycle flow cytometry. (D) Cell cycle related mRNA expression levels. (E-F) Immunofluorescence double staining. (G) AMPK, LC3B, p62, GPX4 and FTH 
protein expression levels. #Represents the statistical difference between the group and the Control group. *Represents the statistical difference between the group and 
the CPF group. All data were shown as mean ± SD (n = 3). *P < 0.05, #P < 0.05.
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and mechanistic aspects of the protective effects of BAI against CPF in 
aquatic environments and may provide new insights into strategies for 
protecting aquatic animals from environmental pollution.
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