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ARTICLE INFO ABSTRACT
Keywords: Background: Liver cancer had become the sixth most common cancer. Nitidine chloride (NC) has
Nitidine chloride demonstrated promising anti-HCC properties; however, further elucidation of its mechanism of

Hepatocellular carcinoma
Network pharmacology

Cell cycle

p53/14-3-3 Sigma/CDK1 axis

action is necessary.

Methods: The anti-HCC targets of NC were identified through the utilization of multiple databases
and ChIPs data analysis. The GO and KEGG analyses to determine the specific pathway affected
by NC. The Huh 7 and Hep G2 cells were subjected to a 24-h treatment with NC, followed by
evaluating the impact of NC on cell proliferation and cell cycle. The involvement of the p53/14-3-
3 Sigma/CDK1 axis in HCC cells was confirmed by qPCR and WB analysis of the corresponding
genes and proteins.

Results: The GO and KEGG analysis showed the targets were related to cell cycle and p53 signaling
pathways. In vitro experiments showed that NC significantly inhibited the proliferation of HCC
cells and induced G2/M phase arrest. In addition, qPCR and WB experiments showed that the
expression of p53 in HCC cells increased after NC intervention, while the expression of 14-3-3
Sigma and CDK1 decreased.

Conclusion: NC can inhibit the proliferation of HCC cells and induce G2/M cell cycle arrest,
potentially by regulating the p53/14-3-3 Sigma/CDK1 axis.

1. Introduction

Worldwide, an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred in 2020. Among them, liver
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cancer (4.7 %) had become the sixth most common cancer after female breast cancer (11.7 %), lung (11.4 %), colorectal (10.0 %),
prostate, (7.3 %) and stomach (5.6 %) cancers. At the same time, liver cancer (8.3 %) was also the third leading cause of death after
lung (18 %) and colorectal (9.4 %) cancers. It is worth mentioning that hepatocellular carcinoma (HCC) accounted for 75%-85 % of
liver cancer cases [1]. These data indicate that liver cancer had a significant negative impact on the health and lives of people.

As was well known, the onset of liver cancer is often not caused by a single factor. The common inducing factors of liver cancer
mainly include virus infection, exposure to toxic chemicals, liver injury, etc [2]. A study demonstrated an exceedingly strong asso-
ciation between infection with Hepatitis B virus (HBV) or Hepatitis C virus (HCV) and the development of liver cancer [3]. Chronic
HBYV infection is involved in the progression of HCC through various mechanisms, including integration of HBV DNA, induction of
cellular stress response, deactivation of HCC pathways, and support of HDV replication [4]. HCV is able to induce oxidative stress
damage in the liver, resulting in hepatic inflammation and cell apoptosis, ultimately progressing to liver cancer [5]. Aflatoxin is one of
the most potent natural carcinogens discovered to date [6]. Epidemiological studies consistently demonstrate a significant increase in
the risk of HCC associated with exposure to aflatoxin, which could even act synergistically with chronic HBV infection to augment the
risk [7]. In addition, end-stage liver damage caused by alcohol-related fatty liver disease or non-alcoholic steatohepatitis (NASH)
induce by overnutrition could also trigger the development of liver cancer [8]. Unfortunately, despite a relatively thorough under-
standing of the occurrence of liver cancer, its treatment methods remained unsatisfactory. Currently, in clinical practice, the main
treatment options for liver cancer include surgical resection, as well as radiation and chemotherapy [9]. However, drug resistance
often posed a daunting challenge to chemotherapy in the treatment of liver cancer patients. Consequently, the search for novel and
potent anti-cancer agents for liver cancer had become an urgent research priority. Interestingly, numerous studies increasingly
demonstrate that the progression of liver cancer can be effectively impeded by arresting the cell cycle of liver cancer cells [10-12].
Consequently, the quest for compounds capable of arresting the cell cycle in liver cancer and uncovering their mechanisms of action
holds paramount importance in advancing the development of novel anti-liver cancer medications.

Zanthoxylum nitidum (Roxb.) DC., which was included in quality standard of Zhuang medicinal material in Guangxi Zhuang
Autonomous Region (Volume I), was used to treat neuralgia, toothache, rheumatism, traumatic injury, venomous snake bites and
various types of cancer [13,14]. Numerous studies have demonstrated that various chemical constituents of Zanthoxylum nitidum
(Roxb.) DC exhibit significant inhibitory activity against different types of cancer [15,16]. Nitidine chloride (NC) was one of the
primary active components of Zanthoxylum nitidum and possessed a broad spectrum of anti-cancer activity. Studies demonstrated that
NC inhibited various types of cancer cells, including ovarian cancer, breast cancer, gastric cancer, liver cancer, glioblastoma, and
osteosarcoma, among others. The mechanism underlying NC’s anti-cancer activity may have involved inducing apoptosis of tumor
cells, inhibiting tumor cell migration and invasion, and regulating multiple signaling pathways [17-21]. In the treatment of HCC, NC
was reported to inhibit the growth and induce apoptosis of HCC cells by regulating multiple signaling pathways such as JAK1/STAT3,
JNK/c-Jun, ERK, and SHH [22-24]. Moreover, NC could induce HCC cells apoptosis by upregulating p53, p21, and Bax and down-
regulating Bcl-2 [25]. However, in order to facilitate the clinical application of NC, further research is needed to investigate its
mechanisms of action in HCC.

In this study, we will utilize network pharmacology to further investigate the mechanism of NC’s anti-HCC effects. To ensure the
specificity of HCC targets, we employed a rigorous methodology. Initially, we meticulously selected the chip that had been confirmed
as HCC in the GEO database. Subsequently, we utilized the differential genes present within the chip, which distinguished between
normal and tumor tissues, as our HCC targets for further research. Our research aims to deepen our understanding of the mechanism of
action of NC in the treatment of HCC. By doing so, we aim to establish a solid foundation for the clinical development of NC.

2. Methods
2.1. Acquisition of NC targets

After obtaining the three-dimensional structure of NC from the NCBI database (https://www.ncbi.nlm.nih.gov/pccompound/), it
was uploaded to PharmMapper database [26] (http://www.lilab-ecust.cn/pharmmapper/) for further analysis. Utilizing the reverse
pharmacophore matching method, the pharmacophore model of the drug was selected. Subsequently, the final 300 protein confor-
mations were meticulously analyzed to obtain the target name, gene name, UniProt ID, and other relevant results pertaining to NC.
Simultaneously, the Canonical SMILES of NC was uploaded to the SwissTargetPrediction database (http://www.swisstargetprediction.
ch/). Behind, we imported the targets of NC obtained from the two databases into the UniProt database (https://www.Uniprot.org/),
with selection of “Homo sapiens” as the appropriate species. To ensure the accuracy and reliability of our data, non-human targets and
duplicated targets were subsequently removed. The resulting set of targets represented the relevant targets of NC for further analysis.

2.2. Acquisition of HCC targets

To ensure the specificity and relevance of the targets we obtained, we chose to obtain the corresponding targets from datasets in the
GEOQ database that were previously confirmed to be specifically associated with HCC. This approach allowed us to focus specifically on
the targets that were most relevant to our study of HCC, and ensured the validity of our subsequent analyses. We searched the GEO
database to find relevant ChIP data using “hepatocellular carcinoma” as the search phrase. In the study, the following criteria were
applied to select the appropriate datasets for analysis: (1) the species was limited to Homo sapiens; (2) the sample type was restricted to
“tissue”; (3) the liver cancer type was HCC; (4) both normal (including normal or adjacent tissue) and tumor groups were included; (5)
the sample size was greater than 30. The raw data were subjected to analysis using GEO2R to identify differentially expressed genes.
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Specifically, HCC-related targets were identified by selecting genes with log2(foldchange) greater than 1 and P-value less than 0.05 in
the normal and tumor groups.

2.3. Construction of protein-protein interaction network

The intersection of NC and HCC-related targets was utilized to identify potential targets for the treatment of HCC using NC. These
potential targets were then inputted into the STRING database (http://string-db.org/), with the species limited to humans, to obtain a
protein interaction network file for the identified targets. Cytoscape 3.8.2 was employed to visualize the protein-protein interaction
(PPI) network.

2.4. Bioinformatics analysis of NC anti-HCC targets

The DAVID database(https://david.ncifcrf.gov/) was utilized for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analysis of NC anti-HCC targets. Upon downloading the analysis results, Microsoft Excel was employed for
data cleaning, followed by the utilization of the ggplot2 package in the R software for visualization purposes. Furthermore, the relative
mRNA expression levels of the target genes studied were analyzed online using the GEPIA website(http://gepia.cancer-pku.cn/).

2.5. In vitro experimental verification

2.5.1. Reagents

NC was purchased from Chengdu Herbpurify co.,LTD. Dulbecco’s modified Eagle’s medium(DMEM), RPMI 1640 and fetal bovine
serum were purchased from Gibco (USA). Cell Counting Kit-8(CCK-8) was purchased from the MedChemExpress (USA). Cell Cycle and
Apoptosis Analysis Kit and TRIzol reagent were purchased from Beyotime Biotechnology (China). TB Green® Fast qPCR Mix was
purchased from TaKaRa (Japan). The PCR primers were purchased from Sangon Biotech Co., Ltd. (China). p53, 14-3-3 Sigma, CDK1
and GAPDH primary antibodies were purchased from Proteintech Group, Inc(China).

2.5.2. Cell viability assay

Hep G2 and LO2 cells were cultured in DMEM, while Huh 7 cells were cultured in RPMI 1640. The culture medium for all cell lines
consisted of 10 % fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. The cells were maintained at 37 °C with 5 %
CO2. Each cell line was divided into four groups, and each group had five parallel replicates. Huh 7, Hep G2, and LO2 cells in the
logarithmic growth phase were seeded into 96-well plates at a density of 0.8 x 104 cells/well (100 pL). After 24 h, the cells were
exposed to media containing different concentrations of NC (0, 5, 10, or 20 pM). Following 24 h of continued cultivation, 10 pL of CCK-
8 solution was added to each well, and the plates were incubated in the incubator for 2 h before testing.

2.5.3. Cell cycle phases assay

Huh 7 and Hep G2 cells were cultured in 6-well trays and treated with a solution containing 20 pM NC. After 24 h of treatment, the
cells were harvested and washed with phosphate-buffered saline (PBS). Subsequently, the cells were fixed using a fixation solution (70
% ethanol). The rate of cell cycle phases (G1, S, and G2/M) was measured using a Cell Cycle and Apoptosis Analysis Kit, following the
manufacturer’s instructions. The stained cells were sorted, and data were acquired using a BD FACSCanto Plus flow cytometer (BD
Biosciences, USA).

2.5.4. Real-time gPCR

Huh 7 and Hep G2 cells were treated with a solution containing 20 pM NC for 24 h. Total RNA was extracted from each group using
the TRIzol reagent. Complementary DNA (cDNA) was synthesized using random hexamer primers and a SuperScript III reverse
transcriptase kit. Following reverse transcription, a 20-uL aliquot was used for quantitative polymerase chain reaction (qPCR) to
analyze the relative mRNA expression. The results were analyzed using the 2722% method. The primer sequences are provided in
Table 1.

2.5.5. Western blot

Huh 7 and Hep G2 cells were treated with a solution containing 20 pM NC for 24 h. Total protein was extracted from the Huh 7 and
Hep G2 cells, respectively. The bicinchoninic acid (BCA) protein assay kit was used to analyze the concentrations of total protein,
following the manufacturer’s protocol. Protein from Huh 7 and Hep G2 cells was isolated using SDS-PAGE with a 10 % separating gel.

Table 1

Primer sequences.
Target Gene Forward primer (5- 3) Reverse primer (5- 3')
p53 TCTACAAGCAGTCACAGCACAT CAACCTCAGGCGGCTCATAG
14-3-3 Sigma CTGGACTCGCACCTCATCAA GGCTGTTGGCTATCTCGTAGT
CDK1 CAGGTCAAGTGGTAGCCATGA CAGGTCAAGTGGTAGCCATGA

Actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA
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After electrophoresis, the proteins were transferred onto a PVDF membrane. Subsequently, the primary antibodies p53, 14-3-3 Sigma,
CDK1, and GAPDH were incubated overnight at 4 °C. The next day, the membranes were incubated for 1 h with the secondary antibody
in a dark environment. Finally, the relative expressions of various proteins were quantified using Image-J. The grey densities of the
protein bands were normalized using GAPDH density as an internal control.

2.5.6. Statistical analysis
SPSS 20.0 was utilized for statistical analysis, and differences between the groups were evaluated using a Student’s t-test. The data
are presented as mean + SD, and comparisons with a p-value of less than 0.05 were considered statistically significant.

3. Results
3.1. Anti-HCC targets of NC

A total of 176 human NC targets were collected from the PharmMapper and SwissTargetPrediction databases. In order to fulfill the
inclusion criteria for the ChIP analysis, four datasets (GSE135631, GSE105130, GSE124535, and GSE169289) were screened, and their
gene expression differences were analyzed (Fig. 1A-D). The overlapping genes between normal tissue and tumor tissue in these chips

were identified as HCC targets, resulting in a total of 1293 genes(Fig. 2A). Subsequently, the intersection of NC targets and HCC targets
yielded a total of 24 NC anti-HCC targets (Fig. 2B).
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Fig. 1. Gene difference analysis of chip GSE135631, GSE105130, GSE124535, and GSE169289.
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Fig. 2. Venn diagram for shared differentially expressed genes on the chips and NC anti-HCC targets. Notes: (A) Venn diagram for shared differ-
entially expressed genes on the chips; (B) Venn diagram for NC anti-HCC targets.

3.2. PPI network

The STRING database was utilized to generate data for a network of 24 target-related PPI network (Fig. 3A). Subsequently, the
interaction relationships of these 24 targets were imported into Cytoscape to construct a functional-related protein interaction network
(Fig. 3B).

3.3. Biological function and pathway enrichment analyses

The anti-HCC targets of NC were subjected to GO and KEGG enrichment analyses using the David database. The results demon-
strated that the 24 targets were associated with 38 biological processes (BP), 19 cell components (CC), and 20 molecular functions
(MF). These processes encompassed a wide range of functions such as G2/M transition of the mitotic cell cycle, organic acid metabolic
process, protein phosphorylation, spindle microtubule, centrosome, aromatase activity, heme binding, and protein serine/threonine
kinase activity. To visualize the top 10 gene functions, a bar graph was generated using R 4.2.3 software (Fig. 4). Additionally, the
KEGG pathway enrichment analysis unveiled the involvement of the 24 targets in regulating 10 signaling pathways, which were
depicted in bubble maps using R 4.2.3 software (Fig. 5). These results suggested that the mechanism of NC treatment for HCC may be
associated with the cell cycle (specifically the G2/M phase) and the p53 signaling pathway. Additionally, the relevant genes were
labeled in Fig. 3B.

3.4. NC inhibits Huh 7 and Hep G2 cells proliferation and inducts of G2/M cell cycle arrest

In order to prove that NC can inhibit the proliferation of HCC cells and has no effect on normal hepatocytes, Huh 7, Hep G2 and LO2
cells were given NC solutions of different concentrations (0 pM, 5 pM, 10 pM, 20 pM). The results showed that NC had little inhibitory
effect on LO2 cells, but had significant inhibitory effect on Huh 7 and Hep G2 cells (Fig. 6).
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To verify the predicted results of network pharmacology, we examined the cell cycle intervention of NC on HCC cells by flow

cytometry. As shown in Fig. 7, G2/M-phase cell accumulation was observed in the NC-added Huh 7(Fig. 7A) and Hep G2 cells(Fig. 7B).
It suggested that NC could exert its inhibitory effect on HCC cells by regulating G2/M-phase.
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3.5. The mRNA and protein expression of p53, 14-3-3 Sigma and CDK1 in Huh 7 and Hep G2 cells

GO and KEGG enrichment analyses indicated that NC treatment of HCC was potentially related to the cell cycle and p53 signaling
pathways. Furthermore, our in vitro experiments confirmed that NC increased the number of cells in the G2/M phase. Upon analyzing
the p53 signaling pathway, it was observed that p53 regulated 14-3-3 Sigma and then interfered with CDK1, thereby impacting the G2/
M phase of cells.

Therefore, we conducted an analysis of the relative expression of p53, 14-3-3 Sigma, and CDK1 mRNA in normal tissues and tumor
tissues using the GEPIA website. The results showed that there was no significant difference in p53 mRNA expression in tumor tissues
compared with normal tissues; Meanwhile, the relative expression levels of 14-3-3 Sigma and CDK1 mRNA were significantly higher in
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Fig. 7. NC induces cell cycle arrest of Huh 7 and Hep G2 cells. Notes: (A) NC induces cell cycle arrest of Huh 7 cells. (B) NC induces cell cycle arrest
of Hep G2 cells. n = 3. Data are presented as means + SD, *P < 0.05.
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tumor tissues compared to normal tissues (Fig. 8). In addition, our results showed that after NC treatment, the expression of p53 mRNA
in Huh 7 and Hep G2 cells was significantly increased, while the expression of 14-3-3 Sigma and CDK1 mRNA was significantly
decreased (Fig. 9A-F). Finally, Western blot results showed that NC significantly promoted the expression of p53 protein in Huh 7 and
Hep G2 cells, while inhibited the expression of 14-3-3 Sigma and CDK1 proteins (Fig. 10A-C). These results suggest that NC may have a
role in the treatment of HCC by modulating the p53/14-3-3 Sigma/CDK1 axis.

4. Discussion

This study investigates the mechanism of NC in treating HCC through network pharmacology and in vitro experimentation.
Multiple database analyses identified 24 NC anti-HCC targets. Subsequent GO and KEGG enrichment analyses of these targets sug-
gested that NC treatment of HCC may be associated with the cell cycle, specifically the G2/M phase, and the p53 signaling pathways.
Our in vitro results provide additional support for these findings. Additionally, we discovered that the p53/14-3-3 Sigma/CDK1 axis
within the p53 signaling pathway plays a crucial role in the effectiveness of NC treatment for HCC.

Cancer is invariably linked to abnormal regulation of the cell cycle process [27]. Numerous studies have reported that active in-
gredients found in traditional Chinese medicine can impede the proliferation of cancer cells by disrupting the cell cycle. Echinacoside,
the principal active ingredient of Cistanches Herba, is known for its therapeutic effects on metastatic tumors. Li Wen et al. discovered
that echinacoside inhibited the proliferation of Huh7 and HepG2 cells by arresting the cells in the S phase [28]. Pu Zhongjian et al.
treated HepG2 cell lines with various concentrations of matrine, and the results suggested that matrine could inhibit HepG2 cell
proliferation by arresting the cells in the G2/M phase [29]. Curcumin, a yellow pigment extracted from the rhizome of turmeric,
exhibits a wide range of pharmacological activities [30]. Bai Chunhua et al. observed that curcumin, at different concentrations, could
arrest HepG2 and SK-Hep-1 cells in the GO/G1 phase [31]. Signaling pathways monitor the successful completion of preceding events
before progressing to the subsequent phase at crucial transitions during eukaryotic cell cycle progression. These regulatory pathways
are commonly referred to as cell cycle checkpoints [32]. In cancer, these cell checkpoints are often deactivated due to genetic mu-
tations [31]. Our network pharmacological results suggest that the mechanism underlying the treatment of HCC with NC may be
associated with the cell cycle, particularly the G2/M phase. Therefore, we employed flow cytometry to detect changes in the cell cycle
of Huh7 and G2 cell lines following NC treatment. The results demonstrated that NC could arrest HCC cells in the G2/M phase. In
addition, KEGG analysis indicated that NC treatment of HCC may be related to p53 signaling pathway.

The p53 signaling pathway represents a complex network within the cell that responds to various stress signals and contributes to
its role as a tumor suppressor pathway [33]. Numerous studies have demonstrated the involvement of p53 in crucial biological
processes such as cell cycle arrest and apoptosis in HCC [34,35]. CDKN1A, which encodes the p21 protein, is a major inducer of
p53-mediated cell cycle arrest [36]. It has been observed that p21 interacts with cyclin E/CDK2 and cyclin D/CDK4, facilitating the
binding of Rb to E2F, consequently leading to G1 arrest [37]. Moreover, p53 exerts control over the cell cycle by regulating the
transcription of 14-3-3 Sigma, resulting in G2/M arrest [38]. Mechanistically, this process involves the inhibition of the cyclin B and
CDK1 complex by 14-3-3 Sigma, ultimately causing G2/M phase arrest [38]. Interestingly, our analysis of the TCGA database revealed
elevated expressions of 14-3-3 Sigma, and CDK1 genes in cancer tissues compared to normal tissues. Notably, CDK1 is also one of the
targets for NC therapy in HCC.

The 14-3-3 Sigma protein, initially identified as a cell cycle inhibitor regulated by p53, responds to DNA damage caused by y
irradiation and other DNA-damaging agents. Its activation is facilitated by a p53-responsive element located 1.8 kb upstream of its
transcription start site [39]. The 14-3-3 family members possess the ability to interact with more than 100 functionally diverse cellular
proteins, playing critical roles in various cellular processes such as signal transduction, cell cycle regulation, apoptosis, cytoskeletal
organization, and malignant transformation [40]. The 14-3-3 family members possess the ability to interact with more than 100
functionally diverse cellular proteins, playing critical roles in various cellular processes such as signal transduction, cell cycle regu-
lation, apoptosis, cytoskeletal organization, and malignant transformation [41]. Dysregulation of CDK1 activity disrupts precise ge-
netic material delivery, thereby affecting normal cell cycle function [42]. As the loss of cell cycle control is a key factor in tumor growth
[43], maintaining proper CDK1 expression is crucial.

In our study, in vitro experiments showed that NC treatment resulted in increased p53 mRNA and protein expression and decreased
14-3-3 Sigma and CDK1 mRNA and protein expression in Huh 7 and G2 cell lines. These findings suggest that the anti-HCC effect of NC
may be mediated through the regulation of the p53/14-3-3 Sigma/CDK1 axis, inducing G2/M arrest in HCC cells. Compared with
previous studies on the treatment of HCC with NC, we further elucidated the possible mechanism of NC blocking cell cycle, and further
expanded the target of NC anti-HCC. Therefore, our study contributes to the development of NC as a prototype drug or precursor drug
against HCC, and provides further theoretical basis for its clinical development.

5. Conclusion

In summary, NC can inhibit the proliferation of HCC cells and induce G2/M cell cycle arrest, potentially by regulating the p53/14-3-
3 Sigma/CDK1 axis.
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Fig. 9. The mRNA expression of p53, 14-3-3 Sigma and CDK1 in Huh 7 and Hep G2 cells. Notes: (A) The expression levels of p53 mRNA in Huh 7
cells; (B) The expression levels of 14-3-3 Sigma mRNA in Huh 7 cells; (C) The expression levels of CDK1 mRNA in Huh 7 cells; (D) The expression
levels of p53 mRNA in Hep G2 cells; (E) The expression levels of 14-3-3 Sigma mRNA in Hep G2 cells; (F) The expression levels of CDK1 mRNA in
Hep G2 cells. n = 3. Data are presented as means + SD. *P < 0.05, compared with Huh 7(Hep G2) group.
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