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A B S T R A C T   

Background: Hepatic fibrosis is caused by various liver diseases and eventually develops into liver 
cancer. There is no specific drug approved for the treatment of hepatic fibrosis in the world. 
Acacetin (AC), a natural flavonoid, is widely present in nature in various plants, such as black 
locust, Damiana, Silver birch. It has been reported that acacetin can inhibit the proliferation of 
cancer cells and induce apoptosis. 
Purpose: In this study, we investigated the effect of acacetin on hepatic stellate cell apoptosis, 
thereby improving hepatic fibrosis, and combined experimental validation and molecular docking 
to reveal the underlying mechanism. 
Result: First, we discovered that acacetin inhibited hepatic stellate cell proliferation as well as the 
expression of fibrosis-related proteins α-smooth muscle actin (α-SMA) and collagen type I 1 gene 
(COL1A1) in LX2 cells. Acacetin was then found to promote apoptosis of hepatic stellate cells 
through the caspase cascade pathway. Network pharmacology screening showed that TP53, 
CASP3, CASP8, BCL2, PARP1, and BAX were the most important targets related to apoptosis in 
the PPI network. GO and KEGG analyses of these six important targets were performed, and the 
top 10 enriched biological processes and related signaling pathways were revealed. Further 
network pharmacology analysis proved that apoptosis was involved in the biological process of 
acacetin’s action against hepatic stellate cells. Finally, molecular docking revealed that acacetin 
binds to the active sites of six apoptotic targets. In vitro experiments further confirmed that 
acacetin could promote the apoptosis of LX2 cells by inducing the activation of P53, thereby 
improving hepatic fibrosis. 
Conclusion: acacetin induces P53 activation and promotes apoptosis of hepatic stellate cells 
thereby ameliorating hepatic fibrosis.   

1. Introduction 

Hepatic fibrosis is an intermediate process in the transformation of various liver diseases into hepatocellular carcinoma [1]. The 
activation of hepatic stellate cells (HSCs) into myofibroblasts is the main cause of hepatic fibrosis [2]. HSCs are highly activated after 
liver injury, leading to the proliferation and overexpression of the extracellular matrix (ECM) [3], moreover, a large number of 
phenotypic proteins α-SMA and COL1A1 of liver fibrosis are released, which promote the formation of collagen fibers and lead to liver 
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fibrosis and liver cancer [4], α-SMA and COL1A1 as marker proteins of liver fibrosis, they are often used to detect the degree of liver 
fibrosis. Therefore, in this study, we mainly examined the expression of these two fibrosis marker proteins in LX-2 cells. In China, the 
incidence of hepatic fibrosis is increasing year by year, and the age of onset also tends to be younger [5]. While early hepatic fibrosis is 
reversible, as long as it is not in the late stage, there is still the possibility of reversal [6]. However, there is no specific drug for the 
treatment of hepatic fibrosis [7]. Therefore, new pharmacological molecules or strategies for the treatment of hepatic fibrosis are 
urgently needed to improve patient survival. 

Traditional hepatoprotective drugs have complex components and low specificity, but TCM monomer has low side effects and high 
specificity. Acacetin (5,7-dihydroxy-4′-methoxyflavone, AC) is a natural flavonoid TCM monomer that is widely found in various 
plants [8], such as black locust, Damiana, Silver birch [9]. Acacetin has a variety of biological functions, including anti-inflammation 
and anti-oxidation, and can inhibit the growth of most cancer cells and promote their apoptosis [9]. Several studies have demonstrated 
the pro-apoptotic activity of acacetin in vitro and in vivo. For example, acacetin was shown to inhibit cell proliferation and induce 
apoptosis in human HCC cell lines by inhibiting STAT3 activation [10], and M3R-associated calcium signaling and caspase-3 activation 
to induce apoptosis in HNSCC cells [11]. Moreover, acacetin has been shown to activate the mitochondrial caspase cascade to induce 
apoptosis [12]. These results suggest that acacetin has the biological function of promoting apoptosis. Apoptosis plays a necessary role 
in the removal of abnormal cells. Apoptosis can be triggered by both exogenous and endogenous pathways [13]. During the proap-
optotic process, proapoptotic proteins CASP3, CASP8, CASP9, PARP1, and BAX are highly expressed, while anti-apoptotic protein 
BCL2 is low expressed. And P53 is an intracellular transcription factor, an important tumor suppressor gene, and a pro-apoptotic factor 
[14]. The most prominent result of p53 activation is apoptosis. Under normal conditions, a small amount of apoptosis protein is 
expressed in hepatic stellate cells. Therefore, promote the expression of apoptosis protein in activated hepatic stellate cells can 
improving liver fibrosis. However, it is still unclear whether acacetin can induce apoptosis of hepatic stellate cells by regulating P53. 

Network pharmacology is an effective method to screen drug disease targets and predict possible underlying mechanisms through 
bioinformatics analysis [15]. For example, based on network pharmacology and experimental validation analysis, acacetin can fight 
sepsis through multiple targets and pathways [16]. Acacetin was shown to be a key component in Weishu decoction and could alleviate 
gastrointestinal motility disorders by inhibiting the activation of the PI3K-AKT signaling pathway by network pharmacology analysis 
[17]. In this study, we used network pharmacology combined with molecular docking and experimental validation (The measurement 
parameters including α-SMA, COL1A1, CASPASE-3, -8, -9, BAX, BCL2, PARP1 and TP53) to investigate the potential targets of acacetin 
in hepatic fibrosis and to verify the regulatory mechanism by which acacetin improves hepatic fibrosis. 

2. Materials and methods 

2.1. Reagent 

Acacetin was purchased from MedChemExpress (No: HY-N0451), and Platelet-derived growth factor-BB (PDGF-BB) (MedChe-
mExpress, No: HY-P7055) was purchased from Novus PDGF-BB, as the activator of HSCs, mimics the liver fibrosis microenvironment 
and maintains the activation state of HSCs [18]. 

2.2. Culture and treatment of hepatic stellate cells 

LX-2 cells (Wuhan Prosay Co.) were cultured in Dulbecco’s modified Eagle’s medium-high (DMEM) (MedChemExpress, No: HY- 
K3001) medium containing 10% fetal bovine serum (MedChemExpress, No: HY-P2352), and cultured in a cell culture dish in a 5% 
CO2 incubator at 37 ◦C. Cell growth status and density were observed every day, and the cells were timely passed and replaced with 
new medium [18]. Then, according to the experimental requirements, AC (0, 20, 40, 60, 80 μM) and 40 ng/mL of PDGF-BB were added 
in each well according to the set concentration. After 24–72 h of intervention, the corresponding experimental operation was carried 
out. 

2.2.1. Cell viability assay 
Cell viability was measured according to the Cell Counting Kit-8 (CCK-8) specification protocol [19] (Bryotime, No: C0038). Cells 

were seeded at a density of 1 × 103 in 96-well plates and incubated at 37 ◦C with AC (0, 20, 40, 60, 80 μM) for 24–72 h. Subsequently, 
the absorbance at 450 nm wavelength was measured using a microplate reader (Thermo, MA, USA). The IC50 value (50% inhibitory 
concentration) was calculated, and the experimental concentration gradient of drugs was set before and after IC50. 

2.2.2. Colony formation assay 
Colony formation assays were performed to assess the antiproliferative activity of acacetin in hepatic fibrosis [20]. Cells were 

seeded in six-well plates at a density of 1000 cells per well and cultured with PDGF-BB and different concentrations of acacetin for 
about 10–14 days until cells grew into visible colonies. Colonies consisting of at least 50 cells are stained with 0.1% crystal violet 
(Beijing Solaibao Technology, No: C8470) and after the photo is taken, image J is used to count cells containing more than 50 cells 
[21]. 

2.2.3. Western blot 
Cells were seeded in six-well plates at a density of 5 × 105, after 24h of acacetin treatment, the cells were lysed with RIPA (radio 

Immunoprecipitation Assay) (Beijing Solaibao Technology, No: R0010) containing a mixture of protease and phosphatase inhibitors 
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[22]. Protein concentrations were quantified using the BCA (bicinchoninic acid) protein assay (Beijing Solaibao Technology, No: 
PC0020) according to the manufacturer’s instructions. COL1A1 and α-SMA etc. antibodies used in the Western blot assay were all 
sourced from Cell Signaling Technology, USA. The cells were then probed for 1 h at room temperature with horseradish peroxidase 
labeled anti-rabbit (1:2000) or anti-mouse (1:2000). The bound immune complexes were assayed using ChemiDoc XRS (BioRad, USA). 

2.2.4. Immunofluorescence (IF) 
Using the method used to measure immunofluorescence [23], the samples were purified with Cleaved-Caspase-3 (1:100; Cell 

Signaling Technology, No: #9661), a-smooth muscle actin (a-SMA; 1:200; Cell Signaling Technology, No: #19245), and collagen type 
1-A1 (COL1A1; 1:100; Cell Signaling Technology, No: #72026) antibodies. The cell slides were then placed under an Olympus BX63 
fluorescence microscope for observation. 

2.2.5. Flow cytometry apoptosis analysis 
In order to measure the apoptosis induced by acacetin, apoptotic cells were measured using an Annexin V-FITC apoptosis detection 

kit [24] (Beyotime, No: #C1062 M). LX-2 cells were cultured at a density of 1 × 105 in six-well plates and treated with different 
concentrations of acacetin for 24 h according to the experimental grouping. The results of cell staining were analyzed by flow 
cytometry (ACEA Biosciences) after staining cells according to the product instructions. 

2.2.6. ROS detection 
ROS production was analyzed by DCFH-DA staining by flow cytometry [25] (Solarbio, No: #CA1410). Cells were seeded at a 

density of 5 × 104 in six-well plates and treated with acacetin in a dose-dependent manner. According to the manufacturer’s protocol, 
after treating cells with acacetin, the fluorescence signal intensity of ROS is analyzed by flow cytometry. 

2.3. MMP measurement 

Check for changes in MMP (mitochondrial membrane potential) with the JC-1 Assay Kit [26] (Solarbio, No: #M8650) according to 
the manufacturer’s instructions, A total of 5 × 104 cells were seeded in 6-well plates, and LX-2 cells were treated with acacetin at 
various concentrations for 24 h. Then, after incubation according to the manufacturer’s instructions, the samples were analyzed by 
flow cytometry. 

2.4. Tunel staining 

Slides were placed in 24-well plates and seeded at a density of 5 × 103 cells. After 24h treatment with different concentrations of 
acacetin, cells were stained according to the instructions provided by the TUNEL apoptosis detection kit [27] (Beyotime, No: #C1086). 
The cell slides were then placed under an Olympus BX63 fluorescence microscope for observation. 

2.4.1. Quantitative RT-PCR 
Total RNA was extracted using a total RNA extraction kit (Solarbio, No: R1200), and cDNA was synthesized from total RNA using an 

iScript cDNA synthesis kit [28] (Bio-Rad, Hercules, CA, USA), The Reaction system was 20 μL: Total RNA 1 μg, Iscript Reaction 
Transcription 1 μL, 5 × mix 4 μL, Free nucledase dH2O for constant volume. Gene primer sequences were synthesized by QinKe 
(Chengdu, China) and qPCR was performed using SYBR Green Supermix (Bio-Rad). The reaction system was 10 μL: SSoAdvanced SYBR 
Green Supermix 5 μL, upstream and downstream primer 0.5 + 0.5 μL, cDNA 1 μL, Nuclease-freeH2O 3 μL. The reaction conditions were 

Table 1 
Gene primer sequence.  

Gene Sequence 

Human ACTA2 Fw 5′-CTATCCAGGCGGTGCTGTCTCT-3′ 
Rv 5′-GCCACGCTCAGTCAGGATCTTC-3′ 

Human BAX Fw 5′-CCTCAGGATGCGTCCACCAAGA-3′ 
Rv 5′-TGTGTCCACGGCGGCAATCA-3′ 

Human BCL-2 Fw 5′-TTCGCCGAGATGTCCAGCCA-3′ 
Rv 5′-GCATCCCAGCCTCCGTTATCCT-3′ 

Human COL1A1 Fw 5′-TTTGGATGGTGCCAAGGGAG-3′ 
Rv 5′-CACCATCATTTCCACGAGCA-3′ 

Human CASP3 Fw 5′-GCCGTGGTACAGAACTGGACTG-3′ 
Rv 5′-AACCAGGTGCTGTGGAGTATGC-3′ 

Human CASP8 Fw 5′-CCTGAGCCTGGACTACATTCCG-3′ 
Rv 5′-CCTGCCTGGTGTCTGAAGTTCC-3′ 

Human CASP9 Fw 5′-CGAACTAACAGGCAAGCAGCAA-3′ 
Rv 5′-TCAAGAGCACCGACATCACCAA-3′ 

Human GAPDH Fw 5′-GGAGCGAGATCCCTCCAAAAT-3′ 
Rv 5′- GGCTGTTGTCATACTTCTCATGG-3′ 

Human TP53 Fw 5′-GGCTCTGACTGTACCACCATCC-3′ 
Rv 5′-GGCACAAACACGCACCTCAAAG-3′  
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95 ◦C for 30 s. 95 ◦C, 15 s; 60 ◦C, 30 s; 40 cycles. The length of the primer is between 100 and 300 bp, and the Tm value is between 55 
and 65 ◦C. GAPDH was used as the internal control to normalize for differences in the amount of total RNA in each sample. The 
sequence of relevant primers in this experiment is shown in Table 1. 

2.4.2. Network pharmacology approach 
Various websites were searched for the targets of action of the active ingredients in acacetin, and potential targets of liver fibrosis 

were screened [29]. Subsequently, a visualized acacetin-target network was established using Cytoscape v3.9.1. The common targets 
of acacetin and liver fibrosis were collected, and the protein-protein interaction (PPI) network was constructed using the String 
database as the main components of the treatment of HF. The key biological targets were obtained by counting the number of con-
nections at each node. Use the DAVID Database website to understand the biological significance behind the large list of genes and 
high-throughput transcriptome and genome data that were used to identify these potential mechanisms. The common targets of 
acacetin and liver fibrosis were input into the DAVID database for GO analysis and KEGG pathway analysis. According to the KEGG 
analysis results, Cytoscpae v3.9.1 was applied to construct the acacetin-target-pathway network. The network construction revealed 
the characteristics of multiple targets and multiple pathways of acacetin against liver fibrosis. 

2.4.3. Molecular docking 
TP53 (PDB code: 1GZH), CASP3 (PDB code: 1GFW), CASP8 (PDB code: 1F9E), and BCL2 (PDB code: 1) were obtained from the 

Protein PDB database (https://www.rcsb.org/) under the code 1G5M, and the 3D crystal structures of PARP1 (PDB code: 3OD8) and 
BAX (PDB code: 6WH0) were obtained from the Protein PDB [30]. Obtain the acacia 3D structure from the TCMSP database (https:// 
old.tcmsp-e.com/index.php). Open-source PyMOL v2.5.0 software was used to remove all non-acceptor atoms, including water, ions, 
and heterozygous compounds, to prepare pure protein structures. Docking experiments were subsequently performed using Auto-
DockTool v1.5.7 with receptor-ligand interactions to determine the site where the lowest-energy hydrogen bond binds to the residue. 
The binding results were visualized as 3D and pocket structure diagrams using open-source PyMOL v2.5.0. 

2.5. Statistical analysis 

Statistical evaluations were performed using the GraphPad Prism 8 package (GraphPad Software Inc., San Diego, CA, United 
States). Multiple comparisons were performed by one-way ANOVA followed by Tukey’s post hoc significant difference test P values 
less than 0.05 indicate statistical significance. 

3. Results 

Acacetin can inhibit the proliferation of LX-2 cells and the expression of fibrosis-related proteins α-SMA and COL1A1. 
To investigate the anti-proliferative effect of acacetin on LX-2 cells, CCK-8 was used to measure cell viability. Compared with the 

control group, the viability of LX-2 cells was significantly inhibited with the increase in drug concentration in a dose- and time- 
dependent manner (Fig. 1A). Platelet-derived growth factor BB is a drug that promotes the division and differentiation of fibro-
blasts. PDGF-BB was used to model LX-2 cells. A colony formation assay confirmed that under the combined action of PDGF-BB and 
acacetin, PDGF-BB could promote the proliferation and division of LX-2 cells. Compared with the model group, the number of colonies 
in the acacetin group was significantly reduced in a dose-dependent manner(P＜0.05) (Fig. 1B). The fibrosis-related proteins α-SMA 
and COL1A1 were detected using Western blot, real-time PCR, and immunofluorescence. The model group could promote the 
expression of fibrosis-related proteins, while the acacetin group was lower than the model group (P < 0.05) (Fig. 1C–F). 

Acacetin induces apoptosis of LX-2 cells through a caspase-dependent pathway. 
To confirm whether mitochondria are involved in acacetin-induced apoptosis, the fluorescent mitochondrial probe JC-1 was used 

to measure mitochondrial membrane potential. The fluorescence signal in the acacetin group increased sharply in a concentration- 
dependent manner compared to the model group (P < 0.05) (Fig. 2A). Flow cytometry using annexin V-FITC staining showed that 
the proportion of LX-2 cells undergoing early and late apoptosis in the acacetin group was increased in a dose-dependent manner 
compared with the model group (P < 0.05) (Fig. 2B). Western blotting and real-time PCR were then used to detect the expression of 
related apoptotic proteins and genes in LX-2 cells treated with acacetin. At the protein level, we found that the expression of cleaved 
caspase-3, -8, -9, and Bax was significantly increased, while the expression of the anti-apoptotic protein Bcl-2 was decreased. The 
results of real-time PCR were consistent with those of a Western blot (P < 0.05) (Fig. 2C–D). The results of the Cleaved-Caspase3 
immunofluorescence assay showed that the number of apoptotic cells in the acacetin group was significantly higher than that in 
the model group in a dose-dependent manner (P < 0.05) (Fig. 2E). These data suggest that acacetin induces mitochondrial depolar-
ization and promotes caspase cascade activation to induce apoptosis in LX-2 cells. 

Fig. 1. Acacetin inhibits the expression of hepatic fibrotic protein. (A)The effect of AC on the viability of LX-2 cells was determined by CCK-8. (B) A 
colony formation assay was used to determine the anti-proliferative effect of AC on LX-2. (C) The expression levels of the hepatic fibrosis phenotypes 
COL1A1 and -SMA were determined using Western blotting. (D) The COL1A1 and α-SMA gene expression levels were determined using QPCR. 
Immunofluorescence was used to determine the intracellular expression of COL1A1 and α-SMA in (E) and (F). The data is presented as mean SEM (n 
= 3). The PDGF-BB stimulation group was compared with the control NC group, and the acacetin drug group was compared with the PDGF-BB 
stimulation group. Results to *P < 0.05, **P < 0.01, ***P < 0.001, ****P＜0.0001. 
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Acacetin induces apoptosis in LX-2 cells through a caspase-independent pathway, accompanied by ROS generation and P53 
activation. 

ROS are highly bioactive, and excessive amounts of ROS can cause oxidative damage to lipids, proteins, and DNA [31]. Analysis of 
ROS production in the cells by DCFH-DA staining of flow cytometry demonstrated that the cell fluorescence signal in the acacetin 
group increased sharply in a concentration-dependent manner, suggesting that the induction of ROS may activate DNA damage and 
lead to apoptosis in LX-2 cells (P < 0.05) (Fig. 3A). TUNEL staining (green fluorescence) showed that the number of nuclear apoptotic 
cells in LX-2 cells treated with acacetin increased in a dose-dependent manner (P < 0.05) (Fig. 3B). Western blot and real-time PCR 
showed that the expression of the DNA repair enzymes PARP1 and P53 was increased in the acacetin group (P < 0.05) (Fig. 3C–D). 
These experimental data suggest that acacetin can induce apoptosis in LX-2 cells through a caspase-independent pathway, accom-
panied by ROS generation and P53 activation. 

Network pharmacology was used to screen the relationship and mechanism between acacetin and the common core targets of 
hepatic fibrosis. 

After entering the standard string of acacetin into the CTD database, ETCM database, HERB database, HIT database, and TCMSP 
database, the targets of acacetin were determined, and 164 potential drug targets were found. A total of 1398 potential targets of 
hepatic fibrosis were screened by the DisGeNET database and the GeneCards database (Fig. 4A). Acacetin - hepatic fibrosis target The 
Venn diagram contains 70 common targets (Fig. 4A). Based on the minimum interaction score screening, a PPI network of 70 common 
targets between acacetin and hepatic fibrosis was constructed, and the apoptosis-related targets TP53 (TP53 gene, also known as P53, 
is a tumor suppressor gene. Simply put, TP53 and P53 are the same), CASP3, CASP8, BCL2, PARP1, and BAX were identified as the core 
targets (Fig. 4B). GO and KEGG analyses were performed, and the core targets TP53, CASP3, CASP8, BCL2, PARP1, and BAX were 
entered into the DAVID database to clarify the possible mechanism of acacetin affecting hepatic fibrosis. GO analysis of BP terms 
revealed that six core targets were mainly related to pro-apoptotic processes, response to LPS, etc (Fig. 4C). GO analysis of the CC terms 
revealed that six core targets were found to be mainly related to double-strand break sites, pore complexes, nuclear plasma, and other 
cellular components (Fig. 4D). GO analysis of MF terms showed that the six core targets were mainly related to molecular functions 
such as ubiquitin protein lipase binding, protein phosphatase 2a protein binding, and protein homodimerization activity (Fig. 4E). 
KEGG analysis showed that six core targets were closely related to small cell lung cancer, platinum resistance, the p53 signaling 
pathway, apoptosis, and other pathways (Fig. 4F). Then the Acacetin-hepatic Fibrosis-Core Target-KEGG network was made (Fig. 4G). 

Network pharmacology predicted apoptosis targets and then verified them by molecular docking and signaling pathway 
experiments. 

Potential binding modes and interactions of acacetin with six core targets were investigated by molecular docking. Acacetin binds 
to the TP53 protein, and the least energetic residue involved in the formation of hydrogen bonds is LEU-25 (− 1.56 kcal/mol) (Fig. 5A). 
According to the CASP3 docking results, the key residue involved in hydrogen bond binding with the lowest energy (− 4.54 kcal/mol) 
was GLY-122 (Fig. 5B). For CASP8 and acacetin binding, SER-402 was the key residue involved in hydrogen bond binding with the 
lowest energy (− 2.47 kcal/mol) (Fig. 5C). For the binding of BCL2 to acacetin, the key residues involved in the hydrogen bond with the 
lowest energy were GLU-50 and LYS-17 (− 2.6 and − 2.06 kcal/mol) (Fig. 5D). For PARP1 and acacetin binding, the three key residues 
with the lowest energies were found to be ALA-219, LYS-232, and LEU-280 (− 2.81, − 3.58 and − 2.79 kcal/mol) (Fig. 5E). For the 
binding of BAX to acacetin, two key residues with the lowest energy were found to be VAL-316 and ARG-215 (− 4.48 and − 3.91 kcal/ 
mol), which were involved in hydrogen bonding (Fig. 5F). Molecular docking results showed that acacetin could interact with TP53, 
CASP3, CASP8, BCL2, PARP1, and BAX to form a tight complex. 

4. Discussion 

Previous reports have shown that acacetin has a pro-apoptotic effect. For example, acacetin induced mitochondrial ROS-mediated 
cell death in SW480 and HCT-116 colon cancer cells in a caspase-independent manner [32]. And acacetin induced apoptosis in SJSA 
and HOS cells by activating the ROS/JNK signaling pathway [33]. It has also been demonstrated that activation of the caspase cascade 
and the generation of reactive oxygen species can induce apoptosis in human gastric cancer cells [34]. These results suggest that 
acacetin can promote cell apoptosis, but the potential targets and molecular mechanisms of acacetin in hepatic fibrosis remain unclear. 
Here, we further investigated the potential mechanisms underlying the improvement of hepatic fibrosis by acacetin using network 
pharmacological analysis combined with experimental validation and molecular docking. 

Our results showed that acacetin ameliorated hepatic fibrosis by inhibiting the proliferation of LX-2 cells and promoting the 
apoptosis of LX-2 cells through caspase-dependent (both extrinsic and intrinsic) and caspase-independent apoptotic pathways. And 
acacetin promotes the initiation and expression of p53 and causes the expression of the downstream caspase family of p53 pathway, 
which eventually leads to apoptosis. The potential targets of acacetin and hepatic fibrosis were obtained through network pharma-
cology. Among the common targets of acacetin and hepatic fibrosis, TP53, CASP3, CASP8, BCL2, PARP1, and BAX were the most 

Fig. 2. Acacetin induces apoptosis of LX-2 cells through a caspase-dependent pathway. (A) The level of mitochondrial membrane potential loss was 
determined by JC-1. (B) The level of apoptosis was determined by FTIC. (C) Western blotting was used to detect the expression of apoptosis-related 
proteins. Cleved-caspase-8, -9, -3, Bcl-2, and Bax. (D)QPCR was used to measure the gene expression levels of caspase8, -9, -3, Bax, and Bcl-2. (E) An 
immunofluorescence assay was used to detect the expression of Cleved-caspase 3. The data is presented as mean SEM (n = 3). The PDGF-BB 
stimulation group was compared with the control NC group, and the acacetin drug group was compared with the PDGF-BB stimulation group. 
Results to * P < 0.05, **P < 0.01, ***P < 0.001, ****P＜0.0001. 
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Fig. 3. Acacetin induces apoptosis in LX-2 cells through a caspase-independent pathway, accompanied by ROS generation and P53 activation.(A) 
ROS production in the cells was analyzed by DCFH-DA staining by flow cytometry. (B) The level of apoptosis was detected by TUNEL apoptosis 
staining. (C) The protein expression levels of Parp1 and p53 were detected by Western blotting. (D) The gene expression level of p53 was determined 
by QPCR. The data is presented as mean SEM (n = 3). The PDGF-BB stimulation group was compared with the control NC group, and the acacetin 
drug group was compared with the PDGF-BB stimulation group. Results to * P < 0.05, **P < 0.01, ***P < 0.001, ****P＜0.0001. 
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important targets related to apoptosis in the PPI network. In the above network pharmacological results, we found that there are 
common targets of P53 and apoptosis-related proteins in acacetin and liver fibrosis, which further confirmed that acacetin may 
promote apoptosis in liver fibrosis through P53 pathway. Based on this research, we used molecular docking experiments to simulate 
the binding between acacetin and P53 and apoptosis-related targets. The amino acid residues binding between acacetin and these 
targets were verified, and the binding process between acacetin and these targets was visually analyzed. Our results identify LEU-25 as 
the key TP53 residue in the binding pocket. The tumor protein p53 is a key regulator of several cellular pathways, including DNA 
repair, cell cycle, and angiogenesis [35]. Our Western blot and real-time quantitative PCR results indicate that P53 activation plays an 
important role in acacetin promoting apoptosis in LX-2 cells. 

GO and KEGG analyses were used to analyze the interactions between multiple targets and pathways. The important targets were 
subjected to GO and KEGG analysis, and the top 10 enriched biological processes and related signaling pathways were presented. 
CASP3, CASP8, BCL2, PARP1, and BAX are related to the apoptosis of LX-2 cells mediated by acacetin. In previous studies, apoptosis 
was an important mechanism by which many drugs achieved anti-tumor effects. It mainly includes caspase-dependent pathways 
(extrinsic and intrinsic) and caspase-independent pathways [36]. Apoptosis mainly consists of two pathways, one is a Caspase cascade 
mediated by specific caspase enzymes, such as caspase3. These caspase enzymes play a role in a cascade of reactions, the other being 
the mitochondrial pathway, which is primarily regulated by members of the Bcl-2 family, including the pro-apoptotic family Bax and 
the anti-apoptotic family Bcl-2 [37]. Our experiments demonstrated that acacetin induced apoptosis in LX-2 cells by promoting the 

Fig. 4. Network pharmacology was used to screen the relationship and mechanism between acacetin and the common core targets of hepatic 
fibrosis. (A) The Venn diagram and PPI network were used to identify all acacetin and hepatic fibrosis targets, as well as 70 cross-targets. (B) The 
protein-protein interaction (PPI) network was constructed by Cytoscape v3.9.1 software and arranged according to the number of nodes and edges 
of the target sites. (C-E) GO analysis of the core targets related to apoptosis showed that the top 10 items related to acacetin, an anti-hepatic fibrosis 
drug. (F) A KEGG pathway analysis of the core targets showed that the top 10 items related to acacetin’s anti-hepatic fibrosis activity. (G) The 
network constructed by bioinformatics analysis highlighted the interaction between acacetin and hepatic fibrosis, the core target of the KEGG 
network. Acacetin is shown in purple hexagons, hepatic fibrosis in red V-shapes, core targets in yellow circles, and KEGG pathways in green di-
amonds. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Network pharmacology predicted apoptosis targets and then verified them by molecular docking and signaling pathway experiments. (A-F) 
The 3D docking of core targets TP53, CASP3, CASP8, BCL2, PARP1, and BAX with acacetin is shown, as are the binding sites and the names of their 
binding residues, and the 3D docking of the pocket structures of each target with acacetin. The position of acacetin in the figure is indicated by a red 
arrow; acacetin structure is shown as a red rod; the structure of the target site is shown as a green band; interacting residues are shown as purple 
rods; connected hydrogen bonds are shown as a yellow short rod target pocket structure (Hydrogen bond is the most stable molecular binding force); 
and the target mosaic model is shown in gray. (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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activation of the caspase cascade. In addition, ROS has a high biological activity, and excessive ROS can cause oxidative damage to 
lipids, proteins, and DNA, thereby causing cell apoptosis [31]. Therefore, we investigated the ability of acacetin to induce apoptosis in 
LX-2 cells through a caspase-independent pathway, accompanied by ROS generation. 

In our study, we found that acacetin induced apoptosis in LX-2 cells through multiple ways and pathways, accompanied by ROS 
generation and activation of the P53 signaling pathway. Most importantly, we verified the binding sites of acacetin to the above targets 
by network analysis, and acacetin showed good affinity for all the above apoptosis targets. The pathogenesis of liver fibrosis is dynamic 
and reversible, and if it is not controlled in the early stages, it will develop into cirrhosis. The pathogenesis of liver cirrhosis causes 
damage to the basic structure of the liver and is considered irreversible in the advanced stage [38]. Therefore, in this study, we only 
investigated the possibility of promoting apoptosis of hepatic stellate cells in the state of liver fibrosis to achieve the reversal of liver 
fibrosis. Taken together, these results suggest that acacetin induces apoptosis in LX-2 cells through multiple ways and pathways and 
that activation of the P53 signaling pathway is involved in this biological process, which is expected to improve hepatic fibrosis. 
However, our study only verified the possible mechanism of acacetin on liver fibrosis in vitro, and no in vivo drug intervention 
experiment was performed. We are fully aware that there are still shortcomings, and we will improve them in the follow-up study. 

5. Conclusions 

Our results indicate that acacetin induces P53 activation and promotes apoptosis of hepatic stellate cells through the caspase 
cascade and caspase-independent pathway, accompanied by ROS generation, thereby achieving the purpose of ameliorating hepatic 
fibrosis. 
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