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A B S T R A C T

Objective: The fruit of Melia toosendan Sieb. et Zucc. (MT) is known for its efficacy in relieving pain and treating 
roundworms. Toosendanin (TO) has been identified as a bioactive marker of MT, with hepatotoxic properties. 
This study offers a comprehensive investigation into the toxic mechanisms, involving TO-induced remaining 
DNA damage, cell cycle arrest, and the synergistic effect of autophagy flow disruption. It provides new insights 
into the clinical applications of MT and TO.
Methods: TO was prepared at 50, 100, and 200 μM for a 48 h treatment of HepG2 cells, while zebrafish were 
administered at 50, 75, and 100 μM for 72 h. Transcriptomics and computational molecular simulations, 
including network pharmacology, molecular docking, and molecular dynamics simulation, were used for target 
prediction. Fluorescent probes, flow cytometry, quantitative real-time polymerase chain reaction, and western 
blotting were employed for mechanism verification.
Results: TO disrupted the balance between reactive oxygen species and cellular antioxidant defense, resulting in 
mitochondrial damage and repression of DNA-dependent protein kinase catalytic subunit. This led to the 
inability to repair DNA damage and caused cell cycle arrest in the G1/S phase. As shown in computational 
molecular simulations and transcriptomics analysis, the repression of damaged organelle removal through 
autophagy flow disruption resulted in excessive injury and hepatocyte death.
Conclusion: By impairing DNA damage responses (DDRs) and autophagy, TO causes unrepaired DNA damage, 
which disrupts cell cycle progression through complex interactions with cyclin proteins and tumour suppressor 
genes, ultimately contributing to hepatotoxicity.
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GSEA gene set enrichment analysis
GSH glutathione
hpf post-fertilization
HPLC high-performance liquid chromatography
HR homologous recombination
IACUC institutional animal protection and use committee
KEGG kyoto encyclopedia of genes and genomes
MD molecular dynamics
MDA malondialdehyde
MF molecular function
MT fructus of Melia toosendan Sieb. et Zucc.
NHEJ non-homologous end joining
OB oral bioavailability
PHE phenylalanine
PPI protein-protein interaction
Rg radius of gyration
RMSD root-mean-square deviation
RMSF root-mean-square deviation
ROS reactive oxygen species
RT-qPCR quantitative real-time polymerase chain reaction
SEM standard error
SOD superoxide dismutase
SPONGE Simulation Package tOward Next GEneration
SSBs single-strand breaks
TCM traditional Chinese medicine
TO toosendanin
γ-H2AX phosphorylated H2AX

Introduction

Natural products are crucial sources of lead compounds for drug 
discovery (Atanasov et al., 2021). Melia toosendan Sieb. et Zucc., a 
traditional Chinese medicine (TCM) found in Hubei, Sichuan, and 
Guizhou provinces (Shao et al., 2020), is known for its efficacy in 
relieving pain and expelling roundworms (Chinese Pharmacopoeia 
Committee, 2020). In a clinical trial, toosendan tablets were adminis-
tered to 1327 patients as ascaricides, achieving a 60.7 % elimination 
rate within 24 h (Chongqing Traditional Chinese Medicine Hospital, 
1957). Toosendanin (TO, C30H38O11, Mw =574.62) extracted from the 
bark and fruit of Melia toosendan Sieb. et Zucc. (MT) has been identified 
as a key bioactive marker component (Fan et al., 2021; Zhang et al., 
2010). However, its clinical application is significantly limited by its 
hepatotoxicity, owing to the easy accumulation in the liver and higher 
concentrations compared with other tissues (Qi et al., 2008). Previous 
study has showed the toxic effect in metabolism and mitochondrial 
dysfunction, as evidenced by integrated proteomic, metabolomic, and 
biological analyses (Yan et al., 2019). Nonetheless, the specific molec-
ular mechanisms underlying TO-induced hepatotoxicity remain unclear.

The activities of TO, including induction of autophagy or apoptosis 
(Zhang et al., 2022), enhancement of sensitivity to anti-cancer drugs 
(Wang et al., 2023), and inhibition of migration (Yang et al., 2021), have 
been well studied. However, the cell cycle arrest (Wang et al., 2015) was 
studied with unclear causation and target cyclins. Checkpoint-mediated 
cell cycle arrest, regulated by ataxia telangiectasia and Rad3-related 
(ATR) and ataxia relangiectasia-mutated (ATM) proteins, is essential 
for single-strand breaks (SSBs) and double-strand breaks (DSBs) to 
maintain genetic stability (Niida and Nakanishi, 2006). When DNA 
damage cannot be repaired, autophagy is activated to restore cellular 
balance by removing dysfunctional components (Juretschke and Beli, 
2021). Previous studies have found that TO treatment can cause lyso-
somal dysfunction and irreparable damage, which is potentially linked 
to the downregulation of transcription factor EB (Luo et al., 2022). 
However, the effects of TO on upstream factors that regulate autophagy 
remain unknown.

Lu et al. (2016) showed that the physiological impact of TO could be 
linked to epigenetic modifications of RNA. The effects on miRNA and 

mRNA expression profiles were dose-dependent with exposure to 40 and 
80 mg/kg TO. N6-methyladenosine (m6A), one of the most common 
modifications in eukaryotic mRNAs (Kadumuri and Janga, 2018; Tang 
et al., 2021), has been reported to occur at 0.1–1.79 % per major base in 
mammals (Jones et al., 2020). Furthermore, low levels of m6A can 
impair DNA damage responses (DDRs), leading to instability of DNA 
repair factors such as Rad51 and Xrcc (Fu et al., 2023). In this study, the 
potential mechanisms underlying TO-associated liver damage were 
explored, focusing on DNA damage, autophagy, and their relationship 
with m6A modifications.

Materials and methods

Reagents and instruments

The chemical structure of TO (Must Bio-Technology Co., Ltd., 
Chengdu, China) was determined using NMR (Fig. 1B and C) and was 
depicted in Fig. 1A. The purity of TO, found to be 98.31 % using high- 
performance liquid chromatography (HPLC) (Fig. 1D). Primary anti-
bodies, including mTOR, p-mTOR, LC3, p62, GAPDH,DNA-PKcs, ATR, 
ATM, CHEK2, p53, p21, CDK2, cyclin E1, β-catenin, cyclin D1, and 
secondary antibodies were purchased from Proteintech (Wuhan, China). 
While the p15 was purchased from ABclonal (Wuhan, China). Primers 
were provided by Sangon Biotech (Shanghai, China). MTT was from 
MACKLIN (Shanghai, China). LDH assay kit, DNA gamage assay kit, 
calcein AM probe, mito-tracker red CMXRos probe, RIPA buffer con-
taining phosphatase and protease inhibitors, and cell cycle and 
apoptosis analysis kit were provided by Beyotime (Shanghai, China). 
TRIzol reagent from Invitrogen (Carlsbad, CA, USA) was used. fluo-4 AM 
probe, JC-10 probe, DCFH-DA probe, and superoxide dismutase (SOD) 
activity assay kit were from Solarbio (Beijing, China). Glutathione (GSH) 
assay kit was provided using Abbkine Scientific (Wuhan, China). Cell 
malondialdehyde (MDA), alanine transaminase (ALT) and aspartate 
transaminase (AST) assay kit were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). SYBR Green I was obtained 
from Accurate Biology (Hunan, China). Epizyme Biotech (Shanghai, 
China) provided BCA reagents. A microplate reader (BioTek, Santa 
Clara, CA, USA), a fluorescence microscope (Zeiss, Oberkochen, BW, 
Germany), an Amersham Imager 680 System (Cytiva, Marlborough, MA, 
USA), a stereo-microscope (SMZ1270, Nikon, Tokyo, Japan), and a 
FACSCanto II system (Becton, Dickinson and Company, Franklin Lakes, 
NJ, USA) were utilized in this article.

Cell culture

The human hepatic epithelial-like cells HepG2, which were pur-
chased from the American Type Culture Collection (Manassas, VA, 
USA), were cultured in DMEM with 10 % fetal bovine serum. The culture 
conditions were maintained at 5 % CO2 and 37 ◦C. TO at concentrations 
of 50, 100, and 200 μM was used to treat HepG2 cells for 48 h for further 
detection when the cell confluency reached 80 %.

Zebrafish treatment

Zebrafish larvae were used as an in vivo model due to their genomic 
similarity to humans, making them valuable for drug toxicology studies 
(Howe et al., 2013). Moreover, the low breeding costs, short reproduc-
tive cycles, high fecundity, and transparent embryos, which allow direct 
observation. The zebrafish were maintained under 14 h light and 10 h 
darkness at a controlled temperature of 28.5 ◦C. Both zebrafish Tg 
(fabp10a: DsRed) and wild type AB strains were purchased from the 
China Zebrafish Resources Center (Wuhan, China). Healthy and sexually 
mature female and male fish were placed in mating tanks, and zebrafish 
embryos were obtained the next morning and transferred to Danieaus’ 
buffer (0.592 g MgSO4•7H2O, 0.313 g KCl, 20.34 g NaCl, 7.12 g HEPES, 
20 L H2O, 0.850 g Ca(NO3)2•4H2O) for culture at 28 ◦C. Healthy 
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zebrafish larvae at 72 h post-fertilization (hpf) were selected and 
transferred to 6-well plates, with 0, 50, 75, 100 μM of TO, respectively. 
The zebrafish larvae were cultured at 28.5 ◦C for 72 h. All operations 
adhered to the regulations of Institutional Animal Protection and Use 
Committee (IACUC) of Fujian Medical University (IACUC FJMU 
2023-Y-0824, Mar 3, 2023).

Network pharmacology construction

Active components in MT
The active components of MT were screened using the TCM systems 

pharmacology database and analysis platform (TCMSP, https://old.tcms 
p-e.com/) (Ru et al., 2014), with drug-likeness (DL) ≥0.18 and oral 
bioavailability (OB) ≥10 %. The SMILES strings of the potentially active 
components were obtained from PubChem (Li et al., 2010) and pro-
ceeded with the Swiss Target Prediction (Zoete et al., 2016).

Hepatotoxicity targets in MT
The keyword "liver toxicity" was entered into the GeneCards data-

base, and genes with a relevance score above 10 were used. The overlap 
of MT active ingredient targets and liver toxicity genes was established 
using the VENNY2.1.0 website (http://www.liuxiaoyuyuan.cn/). 
DAVID database (Huang da et al., 2009) was used to analyse the kyoto 
encyclopedia of genes and genomes (KEGG) and gene ontology (GO) 
pathways of intersecting targets. The results were visualized and map-
ped using an online platform (https://www.bioinformatics.com.cn/).

Protein-protein interaction (PPI) network was constructed by 
uploading MT targets related to liver toxicity to the STRING database 
(Szklarczyk et al., 2023). Cytoscape 3.9.1 software (National Human 
Genome Research Institute, Bethesda, MD, USA) (Lopes et al., 2010) was 

used with the CytoNCA plug-in to screen the targets. Targets with a 
degree value ≥29 and their corresponding active ingredients were 
screened to construct the active ingredient-core target network (Li, 
2021).

Molecular docking
The 3D structures of TO and the target proteins were downloaded 

from the PubChem (Lin et al., 2024) and PDB database (https://www. 
rcsb.org/) (Joosten et al., 2014), respectively. Compound molecules 
were pre-treated using SYBYL 2.0 software for energy minimisation, as 
well as hydrogenation and de-charging of target proteins, followed using 
semi-flexible docking of compounds to target proteins using a 
high-precision mode (Gao et al., 2020). The 3D structure of the complex 
was visualised using PyMol (Schrödinger, New York, NY, USA) (Lill and 
Danielson, 2011), and the protein-ligand complex was displayed using 
the 2D interaction mapping software LigPlot+ (European Molecular 
Biology Laboratory, Hinxton, Cambridgeshire, UK). Heatmaps of the 
docking scores for the compound-protein interactions were produced 
using the Hiplot website (https://hiplot.com.cn/).

Molecular dynamics (MD) simulations
MD simulations were employed to analyse affinity between the 

protein targets and TO. It was performed using Simulation Package 
tOward Next GEneration molecular modelling 1.3 software (SPONGE, 
Beijing, China) (Wu et al., 2024) with FF14SB Joint Atomic Force Field 
(Maier et al., 2015). The complex system was solved using the SPC/E 
water model (Linse and Hub, 2021) with the addition of K+ and Cl− to 
neutralise the charges. Energy minimisation was performed via the 
steepest descent algorithm with a 5.0 kJ/mol tolerance. The system 
backbone atomic root-mean-square deviation (RMSD), 

Fig. 1. Chemical structure. (A) Chemical construction of TO. (B) 1H and (C) 13C NMR spectra of TO. (D) HPLC analysis revealed that the purity of TO was 98.31 %, 
with retention times at 11.493 and 14.361 min.
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root-mean-square deviation (RMSF), and radius of gyration (Rg), and 
binding free energy were analysed and then visualised using Origin 2021 
(OriginLab, Northampton, MA, USA).

Detection of cell viability and LDH leakage
HepG2 cells were incubated with 0, 50, 100, 200, 400, 600, 800, and 

1000 µM TO for 48 h in 96-well plates. A 10 μl MTT (MACKLIN) solution 
that dissolve in PBS was added to medium at 37 ◦C for 2 h. After aspi-
rating the supernatant, DMSO was added to dissolve crystals for 10 min. 
Cell viability was quantified at 490 nm.

LDH leakage from cells was detected in 96-well plates after being 
exposed to 0, 50, 100, 200 µM TO for 48 h. Cell-free group, the untreated 
cell group, and the untreated cell group for subsequent lysis were set for 
calculation of LDH leakage as described in the manufacturer’s in-
structions. Absorbance at 600 nm was measured after 30 min of incu-
bation in the dark with reagent.

The m6A MeRIP-seq and mRNA-seq
HepG2 cells were co-cultured with 100 μM TO for 48 h and lysed 

using Trizol for total RNA extraction. To obtain 100–200 nt RNA frag-
ments for m6A MeRIP-seq and mRNA-seq, 20mM ZnCl2 was added. 
Sequencing procedures were performed by Seqhealth (Wuhan, China), 
using three separate samples per group. The stranded RNA sequencing 
library was constructed by incorporating unique molecular identifiers to 
mitigate duplication bias (Yu et al.,2024). Sequencing data were filtered 
by |log2(fold change)| >0.263, and p <0.05, then uploaded to deepTools 
2.4.1 (Ramírez et al., 2016), Homer 4.1 (Heinz et al., 2010), and David 
for analyses including m6A peak distribution, motif enrichment, GO, 
and KEGG enrichment.

Measurement of oxidative stress and calcium staining
ROS, GSH, SOD, and MDA level were used to assess oxidative stress 

in HepG2 cells treated with 0, 50, 100, and 200 μM TO for 48 h. ROS and 
GSH level were also evaluated in vivo at 50, 75, 100 μM for 72 h. 
Fluorescence microscope (Zeiss) was utilized for the purpose of 
observing and acquiring fluorescence micrographs of ROS. The levels of 
GSH, SOD, and MDA were measured at wavelengths of 412, 450, and 
532 nm, respectively.

Additionally, calcium accumulation in HepG2 cells was detected 
using a fluo-4 AM probe. After adding 4 μM fluo-4 AM and incubating for 
30 min, fluorescence was observed under a Zeiss microscope.

Quantification of DNA damage using γ-H2AX
γ-H2AX was used to quantify DNA damage in HepG2 cells incubated 

with 0, 50, 100, and 200 µM TO for 48 h in 24-well plates. The 0.03 % 
H2O2 was used as a positive control. The cells were incubated with 
γ-H2AX rabbit monoclonal antibody followed by a secondary antibody, 
and were subsequently examined under a Zeiss fluorescence microscope.

Detection of mPTP
The cells treated with 0, 50, 100, and 200 μM TO were exposed to 

calcein AM probe for 40 min to detect mitochondrial permeability 
transition pore (mPTP). Afterwards, the medium was replaced with the 
dye and incubated at 37 ◦C. The fluorescence microscope (Zeiss) was 
utilized for the purpose of observing and acquiring fluorescence 
micrographs.

Assessment of mitochondrial membrane potential (MMP)
HepG2 cells were processed as previously described and then incu-

bated with JC-10 probe. Carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP), an inhibitor of mitochondrial electron transport chain, acted 
as a positive control. Subsequently, the microscope (Zeiss) was utilized 
for the purpose of observing and acquiring fluorescence micrographs.

Assessing mitochondrial activity
HepG2 cells were processed accordingly and then incubated with 20 

nM mito-tracker red CMXRos probe for 20 min. 0.03 % H2O2 was used as 
a positive control. Subsequently, the microscope (Zeiss) was utilized for 
the purpose of observing and acquiring fluorescence micrographs.

Real time quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR)

RNA extraction was described as before, followed by reverse tran-
scription into cDNA, which was quantified to 1 μg/μl. A 20 μl reaction 
volume containing SYBR Green I was used for RT-qPCR on an IQ5 real- 
time PCR cycler. The relative gene expression under TO treatment with 
0, 50, 100, 200 μM in HepG2 cells and 0, 50, 75, 100 μM in zebrafish 
larvae was quantified using the 2− ΔΔCt method (Preston et al., 2020), 
with fold changes normalized against the control group. The GAPDH 
gene was employed as the internal control for mRNA. Table 1 provide 
the detailed primer sequences.

Western blotting
Following treatment with 0, 50, 100, 200 μM in HepG2 cells. The cell 

with RIPA lysate was subjected to ultrasonication, and then quantified to 
1 μg/μl protein using BCA reagents (Epizyme Biotech). Equal quantities 
of proteins were separated and subsequently transferred to PVDF 
membranes at 300 mA. The membranes were incubated at room tem-
perature with 5 % skimmed milk before being exposed to primary an-
tibodies overnight. Afterward, the relative secondary antibody was 
applied. Images were visualized and quantified through Amersham 
Imager 680 System (Cytiva) and ImageJ software (Bio-Rad, Hercules, 
CA, USA), respectively.

Flow cytometry
The cell cycle and apoptosis analysis kit (Beyotime) was utilized for 

flow cytometry analysis after treating HepG2 cells with the 100 μM TO 
for 48 h. Samples were trypsinized without EDTA, washed with 1 ml 
PBS, and fixed in 70 % ethanol for 12 h. Finally, a 500 μl mixture of 
propidium iodide and RNase A was applied. The samples were analysed 
using FACSCanto II system (Becton) and visualised with FlowJo v10.8.1 
software (Becton, Dickinson and Company).

Effect assessment of zebrafish exposed to TO
The survival rate of zebrafish larvae in each group was recorded by 

judging heartbeat after being subjected to 0, 50, 75, and 100 μM TO for 
72 h. Fish in each group with spinal malformations or delayed yolk 
absorption was counted to obtain the malformation rate. The two ex-
periments were repeated three times. The zebrafish larvae were photo-
graphed by fixing their lateral position. Body length of zebrafish larvae 
was measured using ImageJ software (Bio-Rad), and there were 15 
replicates in each group. The Noldus DanioVision zebrafish tracking 
hardware system and Noldus EthoVision XT video tracking 10.1.856 
software (Noldus Information Technology, Wageningen, Gelderland, 
Netherlands) were used to assess locomotor behavior of zebrafish larvae 
at 12-well plates. After the recording, the analysis examined locomotor 
distance, velocity, and duration over a duration of 5 min.

Fluorescence area of liver of zebrafish
Healthy zebrafish larvae were selected and treated in four concen-

tration gradients as previously described. The zebrafish larvae were 
anesthetized with 0.02 % tricaine solution and photographed by fixing 
their lateral position. The fluorescence area of the liver of zebrafish 
larvae was observed using stereo-microscope (Nikon). Each group had 
15 replicates.

Evaluation of ALT and AST of zebrafish
Zebrafish larvae after treatment were homogenized with physiolog-

ical saline and centrifuged at 2500 × g for 10 min. The supernatant was 
retained to detect the activities of ALT and AST follow the manufac-
turer’s instructions (Jiancheng Bioengineering Institute). The enzyme 
activities were calculated using absorbance at 510 or 505 nm.
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Statistics

Using GraphPad Prism 9.0 software (GraphPad Software, San Diego, 
CA, USA), statistical analysis was conducted. Each experiment was 
carried out independently at least three times (n ≥ 3). Results are 
expressed as mean ± standard error (SEM). Group differences were 
analyzed with one-way analysis of variance (ANOVA). p < 0.05 was 
deemed statistically significant.

Results

Network pharmacology analysis

MT-targets network
33 active ingredients of MT and fourteen active compounds were 

identified in this study (Table 2) with OB ≥10 % and DL ≥0.18. After 
excluding targets with a prediction score of zero from 

SwissTargetPrediction, 851 targets were identified. The top ten targets 
of each active compound were retained to form the MT-target network 
(Fig. 2A).

The MT-core target network of liver toxicity
In the GeneCards database, 9632 related targets were obtained by 

entering the keyword “liver toxicity” and screened 871 targets with a 
relevance score >10. The active ingredients and liver toxicity targets 
were entered into the VENNY2.1.0 website, and 114 intersecting targets 
were identified (Fig. 2B). GO enrichment analysis of the 114 overlapping 
genes included cellular response to cadmium ions, cellular response to 
reactive oxygen species. KEGG pathways included the AMPK, p53, and 
mTOR signalling pathways (Fig. 2C). The 57 core targets of fourteen 
effective active ingredients form the MT active ingredient-core target 
network (Fig. 2D).

Molecular docking analysis of active compounds with target protein
The active compounds and ten core targets with the highest degree 

values were used for molecular docking, and the docking scores are 
presented as a heatmap (Fig. 2E). Negative docking scores, indicating 
unstable compound-target binding, were excluded. A heatmap of the 
docking scores of BCL2, HSP90AA1, MTOR, STAT3, SRC, AKT1, EGFR, 
and JUN with the thirteen compounds was retained. The total score was 
used to evaluate the binding affinity of the compounds to proteins. TO, a 
key bioactive marker component of MT, exhibited the highest docking 
score with mTOR (Fig. 2F). These findings suggested that mTOR is 
crucial for TO-induced liver toxicity.

Binding dynamics of the TO-mTOR complex
We further investigated the TO-mTOR complex using MD simula-

tions. The RMSD curve indicated fluctuations in protein conformation. 
As shown in Fig. 3A and B, the RMSD values had a mean value of 4.4 Å, 
and the Rg values fluctuated within 1 Å. The average RMSF was 1.6 Å, 
and no amino acid residues showed conformational changes beyond 4 Å 
throughout the simulation. These results demonstrated the significant 
stability of the system (Fig. 3C). The phenylalanine (PHE) at position 

Table 1 
The sequences of RT-qPCR primers used for HepG2 cells and zebrafish larvae in this research.

Organism Gene Forward primer (5′→3′) Reverse primer (5′→3′)

Homo sapiens mTOR GAGATACGCTGTCATCCCTTTA CTGTATTATTGACGGCATGCTC
LC3 GCCTTCTTCCTGCTGGTGAACC TCCTCGTCTTTCTCCTGCTCGTAG
p62 TGATTGAGTCCCTCTCCCAGATGC CCGCTCCGATGTCATAGTTCTTGG
DNA-PKcs AGTGAGCCAGCCTGCCTTG ACACCTTCTCTGAATCCTCTGAACTG
ATM GCTGTGGTGGAGGGAAGATGTTAC CCTGCCTGGCGTGTTGATGAG
ATR CACCACCAGACAGCCTACAATGC CCAGAGCCACTTTGCCCTTTCC
CHEK1 CTGCCACATGATCGGACCATCG GAGAATCGCTTGAACCCAGGAGAC
CHEK2 CCAGCCAGTCCTCTCACTCCAG GGTTCTTGGTCCTCAGGTTCTTGG
p53 GCCCATCCTCACCATCATCACAC GCACAAACACGCACCTCAAAGC
p21 TCCAGCGACCTTCCTCATCCAC TCCATAGCCTCTACTGCCACCATC
CDK2 AGGATGTGACCAAGCCAGTACCC CCACCTGAGTCCAAATAGCCCAAG
cyclin E1 GATGGCATCAAACAGGGCAAAGTG TGTCTGGAGGTGGCTGGTGTAC
p15 GACTGGACCTGGTGGCTACG AGACATTGGAGTGAACGCATCG
β-catenin ATAGAGGCTCTTGTGCGTACTGTC TTGGTGTCGGCTGGTCAGATG
cyclin D1 CGCCCTCGGTGTCCTACTTC GACCTCCTCCTCGCACTTCTG
GAPDH TGACATCAAGAAGGTGGTGAAGCAG GTGTCGCTGTTGAAGTCAGAGGAG

Danio rerio mtor ACTGCTGATGTGTCGTGATTTGG AATGGACTGGATGCGTATGATTGAC
lc3 CACAGTTATGCCATCCGACAGACC GCTCTCGTATCTGCTGCACTTCC
p62 CTAGGCTGGTGGAGTCTCTGTCTC CTTGGTGTGGAGCAGTCTGGTTAG
dna-pkcs GGCTGCTGATACTTCCACTGTTG ATTCGTGCTCACTGTGTCTTCAAG
atm GCCATCCTGTCCAAGACTCCAATG CATCATCAGTATGCGGTGCCTCTC
atr GCAGGTGGACATGAAGAGCAGAAG TGAACCGCACTCACGCATTGG
chek1 AACCGCTTCACATGGGACAACG ACCAGCAGTCGCACCTCTCC
chek2 CAGGCGTCTGTGGTGAAGTGAAG CGTGTGGCTGTCCCTATTGATGG
p21 TCTCGTAGCAGCGTTATTGACAG TCTCTGGAAGACTGAGGAATGGATC
cdk2 CAGAATCTCCTCATCAACGCTCAG TCCGCACAGGTACACCGAAC
p15 TCTAACGGAGTGAATGCCAATGTG CAGCAGCACAAGAGCCAAAGG
β-catenin CGGAGGATGACGATGTGGATAATC CGATGTCTGCTACTTGCTCTTGG
cyclin d1 GAGGAAAGGTTGATGGAGCAGGTC GCTGTACTATACCGCAGGCTTACG
gapdh GACGCTGGTGCTGGTATTGC CCATCAGGTCACATACACGGTTG

Table 2 
Effective active ingredients of MT.

Mol ID Molecule name OB 
(%)

DL

MOL002045 Stigmasterol 43.4 0.8
MOL002047 Melianone 40.7 0.8
MOL002054 Thujopsadiene 10.7 0.7
MOL002058 Medioresinol 57.2 0.6
MOL002043 Nimbolidin C 28.8 0.6
MOL002048 Nimbolidin D 30.4 0.5
MOL000515 Melissic acid 13.2 0.5
MOL000983 n-Triacontanol 10.5 0.5
MOL002044 Toosendanin 10.1 0.4
MOL002056 (E)-3-[(2S,3R)-2-(4-hydroxy-3-methoxy-phenyl)-7- 

methoxy-3-methylol-2,3-dihydrobenzofuran-5-yl] 
acrolein

54.7 0.4

MOL000098 Quercetin 46.4 0.3
MOL002053 Nimbolin A 32.1 0.3
MOL001495 Ethyl linolenate 46.1 0.2
MOL002056 Mandenol 42.0 0.2
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Fig. 2. TO network pharmacological results and validation. (A) MT-target network show the active ingredients of MT screened using TCMSP and predicted targets. 
(B) Venn diagram show the overlap of 114 targets genes of pharmacologically active compounds and liver toxicity relative genes. (C) GO and KEGG enrichment 
bubble plots. (D) PPI network diagrams of active ingredients and core targets of drugs. (E) Heatmap of the scores of key targets and active compounds of drugs. (F) 
Visualization of the docking results of the molecular interaction between TO and mTOR.
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108 displayed the maximum hydrogen bond occupancy of 25 % at 50 ns 
(Fig. 3D and E). The binding free energy of TO-mTOR complex steadily 
declined throughout the simulation, indicating that TO formed a stable 
bond with mTOR (Fig. 3F).

Impact of TO on autophagy
Network pharmacology and simulation analyses verified that TO 

may bind to mTOR and contribute to liver damage. Furthermore, sub-
sequent high-throughput sequencing results exhibited a notable 

difference in p62 and LC3 after treatment, with p values of 5.83 × 10-195 

and 2.09 × 10-76, respectively, and log2(fold change) of 1.46 and 1.44 
(Fig. 10C). Additionally, as shown in Fig. 4A–C, the reduction in p- 
mTOR and upregulation of LC3-II/LC3I indicated activated autophagy. 
However, the increased expression of p62 at both transcriptional and 
translational levels suggests that TO inhibits autophagy flow.

The cell viability and LDH leakage influenced by TO
The cytotoxicity of TO on HepG2 cells was assessed. Fig. 5A indicates 

Fig. 3. MD simulation of TO-mTOR complex. (A) RMSD analyses demonstrated the stability of mTOR protein and its binding structures with TO. (B) The Rg of 
complex varies with time. (C) RMSF analyses indicate the binding stability of mTOR protein residues with TO. (D) H-bond occupancy of amino acids within the 
complexes. (E) Number of hydrogen bonds per ns. (F) Energy changes in the TO-mTOR complex over 50 ns during MD simulations.
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that the reduction in cell viability following TO exposure is dose 
dependent. Specifically, at concentration of 50, 100, and 200 µM, the 
survival rate of HepG2 cells after 48 h were 81.4 %, 75.8 %, and 47.2 %, 
respectively. Additionally, the release of LDH in these three concentra-
tions showed an increasing trend (Fig. 5B). These three concentrations 
were chosen for further experiments, with 100 µM as the sequencing 
concentration.

Transcriptome-wide analysis of m6A modifications
To investigate the mechanism of TO on liver injury, cells treated with 

100 µM TO were selected for mRNA-seq and MeRIP-seq analysis. The 
principal component analysis (PCA) revealed TO treated group formed a 
distinct cluster from the untreated cells (Fig. 5C). Notably, 217 m6A- 
modified genes were unique to the TO-treated cells (Fig. 5D), where 
the R package exomePeak2 (Suzhou, China) (Meng et al., 2013; Wu 
et al., 2022) identified 34,943 m6A peaks across 7919 genes, compared 
to 43,674 in 9211 genes in the control group (Fig. 5E). The m6A 
consensus motif for RRACH showed the classical motif in both CON and 
TO groups (Fig. 5F). Furthermore, most genes exhibited fewer than three 
or more than eight m6A methylation peaks (Fig. 5G), with the distri-
bution of m6A methylation mainly located within the coding sequences 
(CDS) as depicted in Fig. 5H. Among these, 44 % of the m6A-modified 
genes and 12 % of the m6A peaks were associated with disease (Fig. 5I).

Differentially methylated genes
Using the criteria of p < 0.05 and |log2(fold change)| >0.263, 1488 

overlapping genes between 5472 differentially expressed genes and 
3955 differentially m6A-modified genes (Fig. 6A) were identified. 
Among these, 780 genes were activated, and 708 were suppressed 
(Fig. 6B). The KEGG and GO enrichment analysis of the mentioned 
overlapping genes, conducted using the DAVID database, revealed as-
sociations with lysosome, cellular senescence, DNA replication, MAPK 
signaling pathway, and cell cycle (Fig. 6C). The GO enrichment analysis 
corresponded to cellular responses to DNA damage stimulus (biological 

process, BP), mitochondrion (cell component, CC), and protein binding 
(molecular function, MF), etc. (Fig. 6D). As shown in heat map (Fig. 6E), 
TO treatment resulted in either significantly lower or higher gene 
expression levels in the KEGG pathways. To explore the specific trends, 
the gene set enrichment analysis (GSEA) analysis revealed a downward 
trend in DNA replication and cell cycle pathways, while the lysosome 
pathway which indicated the autophagy exhibited an upward trend 
(Fig. 6F–H).

Regulatory analysis of RNA m6A methylation following TO treatment
The expression of m6A demethylases (erasers), recognition proteins 

(readers), and methyltransferases (writers) were assessed following 48 h 
treatment with 100 μM TO. The significant down-regulation of the 
readers HNRNPC, HNRNPA2B1, and FMR1, as well as the writers 
VIRMA, ZC3H13, METTL3, METTL5, and RBM15B1 (p < 0.05) was 
observed, with HNRNPC exhibiting the most pronounced decrease 
(Fig. 7A, B). This suggests that TO may reduce the level of m6A 
methylation.

Using CLIP-seq datasets, further investigation was conducted on the 
potential substrates of these regulators. As show in Fig. 7C–F, HNRNPC 
significantly regulates most genes involved in cell cycle, DNA replica-
tion, cellular senescence, and lysosome. Regulatory relationships among 
these genes are illustrated in a PPI network analysis using STRING 
(Fig. 7G). Additionally, m6A methylation of cell cycle genes, including 
cyclin-dependent kinase 2 (CDK2) and p15, was found to be reduced 
(Fig. 7H).

TO induced oxidative stress and calcium overload in HepG2 cells
ROS refers to a group of highly reactive molecules (Cheung and 

Vousden, 2022), that are more likely to cause DNA damage (Kong and 
Chandel, 2018; Winterbourn, 2020). As shown in Fig. 8A, 100 μM TO 
treatment showed increased ROS accumulation in comparison to the 
control, and the effect was exacerbated with 200 μM TO (p < 0.01). 
Furthermore, MDA level was increased(Fig. 8B), with decreased 

Fig. 4. Impact of TO on autophagy after 48 h in HepG2 cells. (A) The autophagy-related genes were analyzed using RT-qPCR. (B) Proteins involved in autophagy 
were evaluated using western blot analysis. (C) The gray values were quantified using ImageJ (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. Transcriptome-wide analysis of m6A modifications following 48 h TO exposure in HepG2 cells. (A) MTT assay results demonstrate the relative cell viability 
following 48 h of TO treatment. (B) Cell LDH leakage levels after TO treatment for 48 h, n = 3, ***p < 0.001. (C) PCA analysis was conducted to demonstrate 
differentiation between the CON and TO groups. (D) The overlap of m6A genes among CON, TO and L-02 cell groups. (E) The m6A peaks in CON and TO groups. (F) 
The m6A consensus motif for RRACH. (G) The number of m6A methylation peaks, and (H) the m6A modification peaks’ density within mRNA transcripts. (I) The 
effect of m6A peaks and m6A genes on disease after treatment with TO.
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Fig. 6. Differentially methylated genes following 48 h TO exposure in HepG2 cells. (A) A total of 1488 overlapping differentially methylated genes were found with p 
< 0.05 and |log2(fold change)| >0.263. (B) Volcano plot analysis, (C) KEGG enrichment, and (D) GO enrichment were performed on the differentially methylated 
genes between the CON and TO groups. (E) The heat map shows the differentially methylated genes related to DNA replication, cell cycle, lysosome, cellular 
senescence, and metabolic pathway in the CON and TO groups. GSEA analysis highlights specific trends in (F) DNA replication, (G) cell cycle, and (H) lysosome 
following TO treatment.
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Fig. 7. Regulatory analysis of RNA m6A methylation following 48 h TO exposure in HepG2 cells. (A) The p value and log2(fold change) of m6A regulators are 
presented, along with (B) western blot analysis of HNRNPC. Potential substrates of these regulators including genes related to (C) DNA replication, (D) cell cycle, (E) 
lysosome, and (F) cellular senescence. (G) A PPI network illustrates the regulatory relationships among these genes. (H) IGV analysis demonstrates a reduction in 
m6A methylation in CDK2 and p15 (n = 3), ***p < 0.001.
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antioxidant factors, such as GSH and SOD (Fig. 8C and D). These indicate 
TO induces oxidative stress in HepG2 cells. In Fig. 8E, fluo-4 AM levels 
were quantified as 19.21 ± 0.12, 23.32 ± 0.81, 32.54 ± 0.72, and 35.12 
± 1.32 in 0, 50, 100, and 200 μM TO treatments, respectively. It indi-
cated that TO treatment led to high levels of calcium accumulation.

TO induced mitochondrial damage
mRNA-seq analysis revealed that TO impacted mitochondrial func-

tion, which was assessed via mPTP, MMP, and mitochondrial activity. 
Calcein fluorescence intensity were 95.01 ± 1.16, 60.14 ± 2.63, 42.86 
± 1.43, and 35.33 ± 0.89 in the 0, 50, 100, and 200 μM TO treatment, 

Fig. 8. Oxidative stress and calcium overload after 48 h TO exposure in HepG2 cells. (A) Fluorescence images and quantitative results of ROS detected using DCFH- 
DA probe. Intracellular (B) MDA, (C) GSH, (D) SOD detected using assay kits. (E) Fluorescence images and quantitative results of Ca2+ detected using Fluo-4 AM. n =
3, *p < 0.05, **p < 0.01, ***p < 0.001.
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which means increased mPTP opening in HepG2 cells (Fig. 9A). At the 
same time, the ratio of JC-10 multimer to monomer in each treatment 
group decreased with the increase of TO dose, showing a significant 
dose-dependent effect (Fig. 9B). Consistent with these findings, the 
quantification of mito-tracker red CMXRos was weakened after TO 
treatment (p < 0.001), suggesting that mitochondrial activity of HepG2 
cells was impaired after TO treatment (Fig. 9C).

Impact of TO on DDRs
Hoechst 33342 could attache to double-stranded DNA, emitting blue 

fluorescence when excited using blue light. As show in Fig. 10A, nuclear 
fragments indicating DNA damage are evident following TO treatment. 
In response to DSBs, γ-H2AX rapidly accumulates at the damage sites, 
which is essential for restructuring chromatin and facilitating the 
recruitment of factors involved for DNA repair (Song et al., 2024). In 
Fig. 10B, the fluorescence intensities of γ-H2AX increased, with values of 
79.34 ± 2.93 and 96.36 ± 3.39 for the 100 μM and 200 μM groups, 
respectively. However, the expression of DNA-PKcs, ATM, ATR, check-
point kinase 2 (CHEK2), p53, and p21 showed significant reductions at 
both the mRNA, as identified using mRNA-seq and RT-qPCR, and 
western blot (Fig. 10C–E). These indicating a repression of the DDRs 
which may hinder the repair of mutated genes.

TO induces G1/S phase arrest in HeG2 cells
To ensure the repair of substantial DNA damage, cell cycle check-

points and DNA repair pathways has evolved. As shown in Fig. 11A, 
treatment with 100 μM TO leaded to an obvious increase in S phase, 
rising from 22.2 ± 1.19 % to 39.5 ± 2.34 % (Fig. 11B). This indicates TO 
effectively triggered arrest of cell cycle at G1/S phase. The expression of 
G1/S phase-related protein CDK2, along with G1 phase-related proteins 
cyclin E1, p15, β-catenin, and cyclin D1, were acessed using qPCR and 
western blot analysis (Fig. 11C–E). The findings revealed a reduction in 
the protein levels of CDK2, cyclin E1, β-catenin, and cyclin D1, while 
there was a significant increase in the expression of p15. It follows that 
TO inhibited the proliferation of HepG2 cells and causes to arrest in the 
G1/S phase.

Hepatotoxicity induced by TO in vivo
Zebrafish larvae were used to clarify the in vivo toxic effects of TO. 

Fig. 12A and B reveal a significant rise in malformation rate alongside a 
reduction in survival rate. The surviving zebrafish larvae showed a 
significantly decreased body length (Fig. 12C). Behavioral tests were 
conducted after TO treatment to investigate the abnormal behavioral 
change, including movement distance, velocity, and duration 
(Fig. 12D–G). As show in the Fig. 12H and I, TO-treated groups showed a 
significant reduction in liver area and GSH, and increased ROS, AST, and 
ALT levels (Fig. 12I–M). In addition, TO changed the expression of genes 
associated with DDRs, cell cycle, and autophagy, including a decrease in 
mtor, dna-pkcs, atm, atr, checkpoint kinase 1 (chek1), chek2, p21, cdk2, 
β-catenin, and cyclin d1, while an increase in the autophagy-related genes 
p62, lc3, and p15 (Fig. 12N).

Discussion

MT is commonly used as an insecticide for the treatment of gastro-
intestinal parasites. However, it has been documented it can cause se-
vere liver injury, which limits its application (Zheng et al., 2015). 
Network pharmacological analyses revealed that TO, thujopsadiene, 
acrolein, quercetin, mandenol, and melianone are the main compounds 
responsible for liver toxicity. This study focuses on TO, a key bioactive 
marker compound in MT present at concentrations between 0.04 % and 
0.20 % (Chinese Pharmacopoeia Committee, 2020), and its role in 
MT-induced liver toxicity. It is the first to comprehensively link impact 
of TO on oxidative stress, DDRs inhibition, cell cycle arrest, and auto-
phagy flow disruption (Fig. 13).

Network pharmacology analysis showed that cellular response to 

ROS was significantly enriched, which could trigger mitochondrial 
damage (van Hameren et al., 2019; Zorov et al., 2014). HepG2 cells 
treated with TO exhibited this imbalance along with a simultaneous 
mitochondrial permeability transition. This suggests that TO damages 
cells by elevating ROS levels, which leads to Ca2+ overload and mito-
chondrial dysfunction. Such damage can act as a catalyst for autophagy 
activation, leading to function in eliminating dysfunctional components. 
In the present study, mTOR was enriched in network pharmacological 
analysis and exhibited the highest docking score with TO. Inactivation of 
mTOR disrupts autophagy inhibition (Ganley et al., 2009), leading to 
significant upregulation of LC3-II/LC3-I. However, the accumulation of 
p62, a marker of autophagic flux, results from defective autophagy 
(Kumar et al., 2022). This suggests that activated autophagy is disrupted 
after TO treatment, which lead to excessive damage and hepatocyte 
death (Allaire et al., 2019; Ke, 2019).

To examine the molecular processes underlying TO-induced hepa-
tocyte injury, the mRNA transcriptional profiles and RNA m6A epige-
netic alterations were analyzed. Notably, 44 % of m6A-modified genes 
induced by TO were associated with disease. Consequently, 1488 
differentially expressed genes with m6A modifications were screened 
and performed KEGG and GO enrichment analyses. These analyses 
revealed significant enrichment in cell cycle, DNA replication, and 
lysosome pathways. To further understand the molecular effects of m6A 
modifications, the roles of readers and writers (Zhao et al., 2020) were 
investigated, and these were found to be significantly downregulated 
following treatment. It suggested that the reduced m6A modification 
induced by TO may destabilise the mRNA of genes involved in cell cycle, 
DNA replication, and lysosome (König et al., 2010; Fan et al., 2021).

Differentially methylated gene enrichment analysis revealed the 
downregulation of cell cycle and DNA replication pathways. The frag-
mented remnants of HepG2 cell nuclei and accumulation of γ-H2AX 
further confirmed DNA damage following treatment, potentially caused 
by increased levels of ROS (Yahata et al., 2011). For repair, DNA-PKcs 
functions as an active protein kinase, forming an association with 
Artemis, the only vertebrate nuclease capable of opening DNA hairpins. 
This interaction enhances the nuclease activity of Artemis (Chang and 
Lieber, 2016). The repression of DNA-PKcs suppresses ATM and ATR at 
the transcriptional level (Chang and Lieber, 2016), resulting in the 
inactivation of CHEK1 and CHEK2, which in turn affects the activation 
of p53 (Lanz et al., 2019). Tumour suppressor protein p53 has been 
shown to target p21 to arrest the cell cycle (Smith et al., 1994). Inhi-
bition of these proteins may lead to failure of DNA repair, and the 
accumulation of mutations or chromosome loss.

The retaining the effect of cell cycle arrest may be linked to changes 
in cyclin protein accumulation dynamics. In eukaryotic cells, cell cycle 
regulation is primarily governed by CDK activity. CDK2 is activated by 
cyclin E binding and is essential for facilitating DNA synthesis from the 
late G1 phase to S phase (Dietrich et al., 2024; Hu et al., 2014). Reduced 
CDK activity can lead to genomic instability, potentially resulting in cell 
death. Additionally, TO activates p15, a tumour suppressor gene typi-
cally silenced by methylation, and encoded by CDKN2B genes. p15 
competes with cyclin D1 for binding to CDK4 and CDK6, inhibiting the 
phosphorylation of Rb products, thereby blocking progression through 
the G1/S phase (Otsuji et al., 2024). Furthermore, β-catenin, which, 
upon accumulation and translocation to the nucleus, activates cell 
proliferation genes (Yang et al., 2024). Low β-catenin levels may influ-
ence cyclin D1 transcription. Overall, TO influences cell cycle progres-
sion through intricate interactions involving cyclin proteins and tumour 
suppressor genes, resulting in G1/S phase arrest.

Conclusion

Collectively, our study offers a comprehensive analysis of TO in 
hepatotoxicity induction. TO reduced ATM and ATR levels by repressing 
DNA-PKcs, leading to irreparable damage and cell cycle disruption, 
particularly blocking the G1/S phase. Additionally, autophagy 
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Fig. 9. TO induced mitochondrial damage after 48 h TO exposure in HepG2 cells. (A) Fluorescence images and quantitative results of (A) mPTP and (B) MMP 
detected using JC-10 probe. (C) Fluorescence images and quantitative results of mitochondrial activity detected using mito-tracker red CMXRos probe. Data are 
expressed as mean ± SEM for each group, n = 3, ***p < 0.001, scale bar =5 μm.
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Fig. 10. Impact of TO on DDRs in HepG2 cells following 48 h exposure. (A) Hoechst 33342 staining was performed to visualize nuclear fragments. (B) Fluorescence 
images and intensity of γ-H2AX. Relative mRNA expression level was assessed using (C) mRNA-seq and (D) RT-qPCR. (E) Relative proteins expression and the gray 
values quantified using ImageJ. Data are presented as mean ± SEM for each group, n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001, scale bar =5 μm.
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Fig. 11. TO induces G1/S phase arrest in HepG2 cells after 48 h treatment. (A) Cell cycle progression was detected using flow cytometry, and (B) calculated using 
Flowjo and ImageJ. (C) The mRNA level of cell cycle-relative genes in HepG2 cells were detected using RT-qPCR. (D) The protein levels were evaluated using western 
blot analysis, and (E) the blot density was quantified with ImageJ. Data are expressed as mean ± SEM for each group, n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 12. Hepatotoxicity induced by TO following 72 h in vivo. (A) Survival rate, (B) malformation rate of zebrafish larvae. (C) Body length of zebrafish larvae, n = 15. 
(D) The locomotor behavior of zebrafish larvae was assessed. Statistical findings for (E) locomotor distance, (F) velocity, and (G) movement duration, n = 6. (H) 
Fluorescence images and quantitative results of zebrafish larvae liver, n = 13. (I) Fluorescence images and (J) quantitative results of ROS level, n = 15. (K) GSH, (L) 
AST and (M) ALT levels after 72 h. (N) Relative genes expression in zebrafish larvae, n = 3. Data are expressed as mean ± SEM for each group *p < 0.05, **p < 0.01, 
***p < 0.001, scale bar =5 μm.
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dysfunction exacerbates cellular component damage, further contrib-
uting to hepatotoxicity.
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