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Abstract

BACKGROUND

Modern pharmacological studies have confirmed that plant-derived compounds
from Puerariae flos (PF) has significant biological activities against liver damage,
tumors and inflammation. Kakkatin is an isoflavone polyphenolic compound
isolated from PF flower. However, the effect of kakkatin and its derivatives on
anti-tumor has not been well explored.

AIM

To design and synthesize a kakkatin derivative [6-(hept-6-yn-1-yloxy)-3-(4-
hydroxyphenyl)-7-methoxy-4H-chromen-4-one (HK)] to explore its anti-tumor
biological activity.

METHODS
Hept-6-yn-1-yl ethanesulfonate was introduced to replace hydrogen at the hy-
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droxyl position of kakkatin phenol, and the derivative of kakkatin was prepared; the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide was used to detect cell viability, a clone formation assay was adopted to detect
cell proliferation, apoptosis, necrosis, and cell cycles were analyzed by Annexin V/propidium iodide staining and
flow cytometry. Cell migration and invasion ability were evaluated by cell scratch assay and transwell assay. The
potential mechanism of HK on hepatocellular carcinoma (HCC) SMMC-7721 cells was explored through network
pharmacology and molecular docking, and finally real-time PCR assays was used to verify the potential targets and
evaluate the biological activity of HK.

RESULTS

Compared with kakkatin, the modified HK did not significantly increase the inhibitory activity of gastric cancer
MGC803 cells, but the inhibitory activity of HCC SMMC-7721 cells was increased by about 30 times, with an ICy,
value of 2.5 pM, and the tumor inhibition effect was better than cisplatin, which could significantly inhibit the
cloning, invasion and metastasis of HCC SMMC-7721 cells, and induce apoptosis and G2/M cycle arrest. Its
mechanism of action is mainly related to the upregulation of PDE3B and NFKBI1 target proteins in the cAMP
pathway.

CONCLUSION
HK have a significant inhibitory effect on HCC SMMC-7721 cells, and the targets of their action may be PDE3B and
NFKBI1 proteins in the cAMP pathway, making it a good lead drug for the treatment of HCC.

Key Words: Kakkatin; Derivative; Hepatocellular carcinoma; Anti-tumor; Biological activity

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We synthesized a new kakkatin derivative [6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-
one (HK)] and explored its anti-tumor activity against liver cancer, gastric cancer and its potential mechanism of action. It
was found that the synthesized HK increased the anti-hepatoma activity by nearly 30 times compared with kakkatin, but the
inhibitory effect on gastric cancer MGC803 cells was not much different from that of kakkatin, indicating that the anti-tumor
activity of HK may be more specific. PDE3B and NFKBI1 proteins in the cAMP pathway are the targets of the HK on HCC
SMMC-7721 cells.

Citation: Jiang Y'Y, Dong HH, Zhou WT, Luo JZ, Wei X, Huang YQ. Preparation of kakkatin derivatives and their anti-tumor activity.
World J Clin Oncol 2024; 15(8): 1078-1091

URL: https://www.wjgnet.com/2218-4333/full/v15/i8/1078 htm

DOI: https://dx.doi.org/10.5306/wjco.v15.i8.1078

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary liver cancer, and as the sixth leading cause of cancer
worldwide, HCC has a high mortality rate and an increasing incidence year-on-year, with an estimated incidence of more
than 1 million cases arising by 2025[1,2]. In the past decade, hepatic arterial perfusion chemoembolization has been the
preferred first-line treatment for patients with advanced HCC, and the multi-kinase inhibitor sorafenib has become the
mainstay of treatment[3]. However, studies have found that sorafenib only has a therapeutic effect on about 30% of HCC
patients, and targeted drug resistance usually occurs within six months, and it can also cause toxic side effects in the
body. If the disease is severe, sorafenib can also cause high blood pressure and abdominal pain, which can interrupt
treatment, greatly reducing the effectiveness of sorafenib and limiting treatment options available to patients[4]. At
present, the commonly used treatment methods for HCC give rise to problems such as toxic side effects, poor efficacy,
ease of recurrence and metastasis after surgery, and a high drug resistance rate, which greatly reduce the quality of life of
patients and adversely affects subsequent further treatment, making it necessary to develop new, effective anti-cancer
treatment drugs.

In recent years, chemotherapy and prophylaxis using plant-derived compounds have achieved satisfactory results due
to their high efficiency, effectiveness, and few side effects, and have become an attractive therapeutic strategy[5]. As a
traditional Chinese medicine in China, Puerariae flos (PF) has been used for thousands of years to strengthen the spleen,
clear the lungs, and relieve hangover; modern pharmacological studies have also confirmed that it has significant
biological activities in ameliorating hangover, liver damage, tumors, inflammation, oxidation, etc., providing theoretical
support for traditional medicine[6]. At the same time, Gehua Jiecheng decoction, which is based on PF flowers, has been
found to inhibit the proliferation, invasion, migration, apoptosis, and epithelial-mesenchymal transformation of hepato-
cellular cancer cells, thereby exerting anti-tumor effects[7]. Kakkatin is an isoflavone isolated from PF flower and it is also
a polyphenolic compound. Polyphenolic compounds exhibit different activities when they have different substituents on
the same parent nucleus[8]. Therefore, we synthesized a new kakkatin derivative (6-(hept-6-yn-1-yloxy)-3-(4-hydro-
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xyphenyl)-7-methoxy-4H-chromen-4-one, HK) by introducing the competing group hept-6-yn-1-yl ethanesulphonate on
the phenolic hydroxyl group of the kakkatin structure to explore the anti-tumor activity and potential mechanism of HK
on HCC and gastric cancer.

MATERIALS AND METHODS

Cell culture

In the present study, SMMC-7721, a human HCC cell line purchased from the Shanghai Cell Bank of the Chinese
Academy of Sciences, was used as the research object, and RPMI 1640 complete medium (KeyGEN BioTECH, Shanghai)
containing 100 mL/L fetal bovine serum (KeyGEN BioTECH, Shanghai) and 10 mL/L penicillin-streptomycin bispecific
antibody mixed solution (KeyGEN BioTECH, Shanghai) was placed in a humidified incubator at 37 °C and 50 mL/L CO,
at constant temperature. The cells in the logarithmic growth phase were used for subsequent experiments.

Preparation of HK

Firstly, kakkatin was dissolved in N, N-dimethylformamide, and K,CO, was added with a molar ratio of potassium
carbonate and kakkatin of 1.2:1, and stirred at room temperature for 15 minutes. Then, the substitution reaction was
conducted, and the hept-6-yn-1-yl ethanesulphonate competing group was introduced into the phenolic hydroxyl group
at the No. 6 position on the kakkatin structure [the molar ratio of the hept-6-yn-1-yl ethanesulphonate ester to kakkatin
was 1:1, the components were stirred overnight at 50 °C, and the reaction was monitored by thin-layer chromatography
and liquid chromatography-mass spectrometry (LCMS) until complete]. Finally, the specimen was purified, filtered, and
passed through a reverse flash column to obtain a novel HK.

Determination of the inhibitory effect of HK on tumor cell viability by the MTT method

HCC SMMC-7721 cells and gastric cancer MGC803 cells (2 x 10* cells/well) were seeded in 96-well plates, and HK were
added at working concentrations of 0.25 pM, 0.5 pM, 1 pM, 2 uM, 4 pM, 20 pM, 32 pM, and 64 pM, kakkatin, cisplatin
(CDDP) and phosphate buffer saline (PBS) were set as control groups at the same concentration. After 24 hours of
treatment, 10 pL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/mL, BioFroxx,
Guangzhou) reagent was added to each well, mixed well and continued to incubate at 37 °C for 4 hours in the dark, the
medium was removed, 100 pL of dimethyl sulfoxide solution (MACKLIN, Shanghai) was added to each well, and after
shaking and mixing for 10 minutes, the absorbance at 490 nm was measured by microplate reader, and the cell viability
and semi-inhibitory concentration of the drug (IC,)) were calculated. The cell viability rate was given by [(A, - A,)]/[(A. -
A,)] x 100 %, where A, is a cell culture medium with drug wells, A_is a cell culture medium without drug wells, and A, is
a medium with neither cells nor drugs. The experiment was repeated three times.

Detection of the effect of HK on the proliferation of HCC SMMC-7721 cells using cloning assay

SMMC-7721 cells were seeded at a density of 700 cells per well in six-well cell plates, cultured for 24 hours, then treated
with different concentrations of HK: The positive drug CDDP was used as a control and the specimens were incubated at
37 °C, at 50 mL/L CO, and saturated humidity for 14 days. During this period, the corresponding drug-containing
medium of each group was changed every two to three days, and the cell status observed; the specimens were finally
fixed with 40 mL/L paraformaldehyde solution (Biosharp, Anhui), then subjected to 1 mL/L crystal violet staining
(Macklin, Shanghai), PBS washing and drying, before the colony of the cells was cloned and counted the stained cells
with Image] software.

Apoptosis detection using annexin V-fluorescein isothiocyanate or propidium iodide double-staining flow cytometry
After treating SMMC-7721 cells with different concentrations of HK for 24 hours and 48 hours, the cell culture medium
was aspirated into a centrifuge tube for later use, the adherent cells were re-digested with trypsin, and then the collected
cell culture medium was re-added, centrifuged at 1000 g for 5 minutes, the supernatant was discarded, PBS was washed
three times and the cells were resuspended and counted, and the cell density was prepared to 1 x 10° cells/mL,
centrifuged again at 1000 g for 5 minutes, and 195 pL of Annexin was added after discarding the supernatant. The cells
were gently resuspended with Annexin V-fluorescein isothiocyanate (FITC) conjugate solution, mixed with 5 pL of
Annexin V-FITC and 10 pL of propidium iodide (PI) staining solution, and incubated for 10-20 minutes at room
temperature in the dark, followed by immediate detection of the rate of apoptosis of the cells using a flow cytometer.

Detection of the cell cycle distribution using flow cytometry

SMMC-7721 cells were treated with different concentrations of HK for 24 hours, then trypsinized: The digested cells and
culture medium were collected, centrifuged at 1000g for 3-5 minutes, the supernatant was discarded, the cells resu-
spended with 1 mL of pre-chilled PBS solution, centrifuged again, and the supernatant was aspirated and fixed in 1 mL of
700 mL/L ethanol pre-chilled in an ice bath at 4 °C. Some 0.5 mL of PI staining solution (Beyotime Biotechnology, Shang-
hai) was added to resuspend the cells slowly and thoroughly; the specimens were then bathed at 37 °C in the dark for 30
minutes, and subjected to assay by flow cytometry within 24 hours.

Detection of the migration ability of HK on HCC SMMC-7721 cells using cell scratch assay
SMMC-7721 cells in the logarithmic growth phase were seeded in a six-well plate (5 x 10° cells per well), incubated for 24
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hours, and after the cells were full, they were evenly scratched in a vertical orientation in the wells with a sterile pipette
from top to bottom, the cells were gently rinsed with PBS, and the serum-free medium containing different concentrations
of HK was added, with CDDP used as the positive control group. The cells were incubated in a constant temperature
incubator for 0 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours, and the cell migration was recorded under an
inverted microscope. The cell migration area at different times was calculated to assess the inhibitory effect of HK on the
lateral migration of SMMC-7721 cells.

Detection of the migration and invasion ability of HCC SMMC-7721 cells using transwell assay

First, we removed the serum from the medium, starved SMMC-7721 cells for 12-24 hours, trypsinized, resuspended the
cells with serum-free medium, and adjusted the cell density to 5 x 10° cells per well after counting. After sterilization, we
placed the transwell insert in a 24-well plate with 600 pL of serum-containing medium per well in the lower insert and
200 pL of cell suspension per well in the upper insert. After 24 hours of treatment using different concentrations of HK, 40
mL/L paraformaldehyde and 1 mL/L crystal violet were used for fixed staining, and those purple transmembrane cells
were observed and counted under an inverted microscope, and the specimens photographed.

Network pharmacology analysis of HK on the target of HCC SMMC-7721 cells

First, the compound structure was mapped using the Swisstarget prediction platform (http://www.swisstargetpre-
diction.ch/)[9] and the SMILES number was obtained; the target of action of the HK was predicted on the Super-pred
website (https://prediction.charite.de/subpages/target_prediction.php). The GeneCards database (www.genecards.-
org/)[10] was used to search for disease targets with “HCC” as the keyword. The potential targets of GFTIN derivatives
in HCC cells SMMC-7721 were obtained by intersecting the targets of HK and disease targets. Finally, we performed
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of genes using the DAVID
Bioinformatics Resources database (https:/ /david.ncifcrf.gov/)[11].

Molecular docking

ADRBI1, PDE3B, PRKACB, and NFKB1 were selected as the receptor proteins, and HK was selected as the ligand small
molecule. The receptor proteins were imported into PyMOL 2.6.0 software for dehydration, deliganding, and then
hydrogenated and non-polar hydrogen binding using AutoDockTools 1.5.7 software and converted to pdbqt format. The
Grid function of the AutoDockTools 1.5.7 software was used to identify regions of the protein receptor that bind to the
ligand, i.e., the active pocket. The protein data bank format ligand small molecule was imported into AutoDockTools
1.5.7, hydrogenated, calculated, and set the twist key. According to the docking pockets obtained in the previous step and
the processed receptors and ligands, the molecular docking was performed using Autodock Vinal.1.2 software, and the
affinity energy and hydrogen bonding of amino acid residues were analyzed by PyMOL.

Real-time PCR assays

The number of cells of HCC SMMC-7721 was adjusted to 1 x 10° and the cells were cultured for 12 hours. HK with a
concentration of 10 times IC,, was added, and the cells were collected by centrifugation for 12 hours, the RNA was
extracted with SevenFast Total RNA Extraction Kit for Cells reagent (SEVEN, China) after lysis, and the RNA was reverse
transcribed into complementary DNA with a reverse transcription kit (MONPURE, China). Real-time PCR assays (RT-
qPCR) was performed using LightCycler according to the kit (MONPURE, China) with pre-denaturation at 95 °C for 30
seconds, denaturation at 95 °C for 10 seconds, annealing and extension at 60 °C for 30 seconds (40 cycles). The 165
ribosomal RNA amplicon was used as an internal control for data normalization by applying a relative quantitative
method to determine the corresponding level changes.

Statistical analysis

All obtained data were presented as mean + SD, and statistical analyses were processed using GraphPad Prism 10.1.2
software, and statistical analyses were conducted using either a t test for two groups of comparisons or an analysis of
variance for multiple group comparisons. P < 0.05 indicates a statistically significant difference. The smaller the P value,
the greater the difference between the groups being compared.

RESULTS

Preparation of HK

HK with a structural formula is shown in Figure 1A, where R1 and R2 are H, CH,, CH,F, CHF,, CF,, t-Bu, MOM, EE, THP,
linear or branched alkanes with a carbon atomic number of 1-5, ester group [Ac, t-BuCO, PhCO, Ts, Ms, Tf, PO(OR') 2: R’
= Alkyl or Ar, etc.], silicon ether (TMS, TES, TBS, TIPS, TBDPS, etc.), trifluoroalkanes or polyfluoroalkanes with carbon
niches of 1-5, straight-chain terminal alkynes with carbon electron-counts of 1-6, n =1, 2,3,4,0r 5, m=1,2,3,4,5, or 6,
when one group is a terminal alkyne, the other two groups are alkanes or fluoroalkanes. Finally, we synthesized a white
solid HK 3.22 mg in 12.09% yield, which was linked with hept-6-yn-1-yl ethanesulfonate at the phenolic hydroxyl
position of kakkatin (Figure 1B).

Characterization of HK
The structure of the HK was then characterized by liquid chromatography-mass spectrometry (LCMS, Figure 2A) and
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Figure 1 Molecular structure and preparation process of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one. A:
Molecular structure of the kakkatin derivative; B: Process preparation diagram of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one.
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Figure 2 Characterization of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one. A: Liquid chromatography-mass
spectrometry of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one (HK); B: Nuclear magnetic hydrogen spectroscopy of HK.

nuclear magnetic resonance (NMR) hydrogen spectroscopy (Figure 2B). "H NMR (500 MHz, D app-region: None; font-
family: 'Times New Roman'; line-height: 32px; text-align: Justify;" >) 8 9.55 (s, 1H), 8.37 (s, 1H), 7.37-7.45 (m, 3H), 7.21 (s,
1H), 6.77-6.83 (m, 2H), 4.06 (t, ] = 6.5 Hz, 2H), 3.92 (s, 3H), 2.76 (t, ] = 2.6 Hz, 1H), 2.16-2.23 (m, 2H), 1.74-1.83 (m, 2H),
1.49-1.57 (m, 4H). MS (ESI) C,,H,,0;, calculated thus: [M + H] + 379.1540; found: 378.9.

Anti-tumor activities of kakkatin and HK

The anti-tumor activities of kakkatin and HK against HCC SMMC-7721 cells and gastric cancer MGC803 cells were
evaluated (Table 1). As shown in Table 1, the IC;, value of the modified HK on SMMC-7721 cells decreased from 76.93 pM
to 2.5 pM (c. 30-fold decrease), and the effect was superior to that of CDDP, with a decrease of about 7-fold compared
with that of CDDP; the results indicated that the derivatives of kakkatin had a good inhibitory effect on SMMC-7721 cells,
but the IC;, value of gastric cancer MGC803 cells was similar to that of kakkatin, suggesting that the anti-tumor activity of
HK may be specific.

HK inhibits the proliferation, invasion and metastasis of HCC SMMC-7721 cells

Plate cloning experiments showed that the colony formation of SMMC-7721 cells decreased significantly with the increase
of the concentration of HK and the effect of HK in inhibiting cell proliferation was better than that of the positive control
CDDP group (Figure 3A and B). The results of the transwell assay indicated that after 24 hurs of treatment of SMMC-7721
cells with different concentrations of HK, the number of cells in the lower compartment decreased with the increase of the
concentration of HK and the cell migration and invasion ability were significantly inhibited (Figure 3C and D). The cell
scratch assay showed that, compared with the CDDP group, the migration of SMMC-7721 cells was inhibited after 6
hours and the wound-healing rate was significantly reduced in a time and dose-dependent manner at 24 hours, 48 hours,
and 72 hours. (Figure 3E and F).

HK induced apoptosis and cycle arrest in HCC SMMC-7721 cells

The further to investigate the inhibitory effect of HK on cell growth, apoptosis and changes in cell cycle stages were
analyzed using flow cytometry. After treating SMMC-7721 cells with 0.25 uM, 1 pM, and 4 pM HK for 24 hours and 48
hours, respectively, early and late apoptotic and necrotic cells increased with increasing concentration compared to
control and these concentrations of HK promoted apoptosis in a dose and time-dependent manner (Figure 4A and B).
After 24 hours of treatment of HCC SMMC-7721 cells, the proportion of cells in the G2/M phase and the distribution of
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Table 1 IC, value of kakkatin and 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one on tumor Cells (uM)

Drug SMMC-7721 cells MGC803 cells
Cisplatin 17.54 20.83
Kakkatin 76.93 38.24
The 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one 2.50 39.51
A Control 0.25 uM B mm CDDP = HK
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Figure 3 The 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one inhibited the proliferation, invasion and metastasis
of hepatocellular carcinoma SMMC-7721 cells. A: Cloning assay evaluated the effect of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-
4-one (HK) on the proliferation of SMMC-7721 cells; B: Colony formation assay to quantify cell proliferation; C: Transwell assay to detect the inhibitory effect of HK on
the invasion of SMMC-7721 cells; D: Transwell assay to quantify SMMC-7721 cells; E: Scratch assay to detect the inhibitory effect of HK on the lateral migration of
SMMC-7721 cells; F: Scratch assay to quantify SMMC-7721 cells. 2P < 0.05; °P < 0.01; °P < 0.05; %P < 0.01; ®P < 0.05; P < 0.01; 9P < 0.05; "P < 0.01. CDDP:
Cisplatin; HK: 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one.

cells in the G0/ G1 phase were significantly increased. It was concluded that the HK inhibited the growth of HCC SMMC-
7721 cells by inducing partial G2/M cell cycle arrest in a dose-dependent manner to achieve an anti-tumor effect (Figures
4C and D).

Mechanism of apoptosis induced by HK in HCC SMMC-7721 cells

Network pharmacology analysis of the targets of HK: By searching the SwissTargetPrediction database, a total of 62
targets of HK were obtained. A total of 9950 relevant targets of known HCC SMMC-7721 cells were screened in the
GeneCards database, of which 49 targets were shared, as shown in Figure 5A. Enrichment analysis was performed on
these 49 targets and the results of GO analysis showed that HK may bind metal ions, while providing positive regulation
of calcium ion transport and cellular response to hydrogen peroxide. It is related to the positive regulation of MAP kinase
activity and other functions, as shown in Figure 5B. The results of KEGG analysis implied that HK may be related to the
cAMP signaling pathway and neutrophil extracellular trap formation, as shown in Figure 5C. At the same time, the
network diagram shows 49 potential targets for SMMC-7721, as illustrated in Figure 5D. NFKBI, as one of the strongly
associated targets, has been studied to confirm the inhibitory effect on liver cancer and points to the cAMP pathway, as
shown in Figure 5E, so we selected NFKB1, ADRB1, and PDE family PDE3B in the cAMP pathway, and the well-known
PRKACB in the PKA family downstream of the cAMP pathway as affected thereby for subsequent validation.

Molecular docking mimics the target protein of HK: To characterize the interaction between the protein of interest and
HK, AutoDock Tools software was used to perform molecular docking of some core targets and target-related active
components in the protein network. In practice, binding energies are often used to assess the degree of receptor-ligand
affinity. It is generally believed that the binding energy is less than -4.25 kcal /mol, -5.0 kcal /mol, or -7.0 kcal /mol (1 kcal
= 4.2 kJ), indicating that there is a certain, good, or strong binding activity between the receptor and the ligand,
respectively. The lower the binding energy, the higher the affinity of the receptor to the ligand, and the more stable the
conformation. The results of this study are displayed in Table 2, and the results of molecular docking of HK are less than -
5.0 kcal/moL, indicating that these four target genes have good binding activity with HK, and the binding energies of
ADRBI and PDE3B are -9.6 kcal/mol and -9.5 kcal/mol, respectively, indicating that these two target genes can form a
relatively stable conformation with HK (Figure 6) and thus play a role, therefore, RT-qPCR experiments were conducted
to verify the presence and effect of these four genes.

Verification of the target genes of HK using RT-qPCR

In the RT-qPCR validation results (Figure 7), PDE3B and NFKB1 were significantly upregulated in the drug group.
Concetti et al[12] stated that NFKBI is an inhibitor of HCC. The experimental results of Feng et al[13] found that PDE3B,
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Table 2 The docking energy of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one and genes

Complex Gene Affinity (kcal/mol)
7bvg-moleculel-1 ADRB1 -9.6
1s02-moleculel-1 PDE3B -9.5
P22694-moleculel-1 PRKACB -74
7 Lfc-moleculel-1 NFKB1 -5.9

as a cuproptosis-related gene, can reduce cancer invasion and migration.

DISCUSSION

Aiming at the various pharmacological activities of isoflavones in PF, HK was designed and synthesized on the basis of
the structure of kakkatin. The molecular structure of HK was confirmed through the corresponding LCMS and "H NMR
characterization, which laid a foundation for further exploration of its biological activity. In the present study, the
inhibitory activity of kakkatin and HK on gastric cancer MGC803 cells and HCC SMMC-7721 cells was screened by the
MTT method. The results showed that the IC,; values of kakkatin and HK on gastric cancer MGC803 cells were similar,
but the IC;, value of HK on HCC SMMC-7721 cells was reduced by nearly 30 times compared with kakkatin, and was less
than the IC,; of the positive drug CDDP, which significantly improved the inhibitory activity of HCC SMMC-7721 cells.
Therefore, in response to this result, the effects of HK on the proliferation, invasion and migration ability, apoptosis and
cycle arrest of HCC SMMC-7721 cells were further analyzed.

The literature states that the spread and metastasis of cancer cells remains the leading cause of cancer-related deaths
worldwide and our inability to identify tumor cells that have metastasized and colonized distant sites hinders the
development of anti-metastatic therapies, so inhibition of cancer cell proliferation and metastasis is important for cancer
treatment[14]. Cell cloning experiments indicated that the HK inhibited the colony formation of HCC SMMC-7721 cells in
a dose-dependent manner at 0.25 pg/mL, 1 pg/mL, and 4 pg/mL, thereby suppressing the proliferation and growth of
cancer cells. Cell scratch assay and transwell assay showed that different concentrations of HK could reduce the lateral
and longitudinal migration ability of cells, and the inhibition effect was better than CDDP. Traditionally, apoptosis has
been thought to be a spontaneous process, but recent studies at the animal level have found that apoptotic cells play an
important role in the growth, phagocytosis, proliferation and mechanical stimulation of surrounding cells[15]. HCC
SMMC-7721 cells were treated with different concentrations of HK for 24 hours and 48 hours, respectively, and the
number of early and late apoptotic and necrotic cells gradually increased in a time and concentration-dependent manner.
An abnormal cell cycle is prevalent in cancer and plays an important role in the development of cancer metabolism,
immunity, and metastasis[16]. Flow cytometry results implied that the process of the cell cycle could be changed after 24
hours of treatment and the cell cycle was arrested at the G2/M phase.

The further to understand the functions and pathways of the core targets, GO function enrichment and pathway
analysis were conducted on 49 core targets. The results of GO analysis suggested that HK mainly regulated metal ion
binding, positive regulation of calcium ion transport, cellular response to hydrogen peroxide and positive regulation of
MAP kinase activity. The results of KEGG pathway enrichment analysis showed that the effect of HK on HCC SMMC-
7721 cells mainly involved the cAMP signaling pathway and the formation of neutrophil extracellular traps. These results
indicated that HK inhibited the activity of HCC SMMC-7721 cells by regulating multiple channels.

Network pharmacology showed that NFKB1 was a strongly associated target and pointed to the cAMP pathway,
indicating that HK mainly exerted tumor suppressive activity against HCC SMMC-7721 cells through targets related to
the cAMP pathway, such as PDE3B, ARBD1, NFKB1 and PRKACB[17]. Therefore, the molecular docking of HK with the
four targets showed that their binding energies were less than -5 kcal/ mol, indicating that the binding energy of HK was
stable with the core target proteins. Finally, RT-qPCR results showed that PDE3B and NFKB1 were significantly up-
regulated after HK was applied to HCC SMMC-7721 cells. The role of NFKB1 in liver cancer has been extensively studied
and it has been confirmed to be a suppressor of liver cancer and its upregulation plays an important role in the pre-
vention of liver inflammation and tumorigenesis[12]. The experimental results of Feng et al[13] showed that the upregu-
lation of PDE3B could inhibit the invasion and migration of cancer cells, which was consistent with the experimental
results of RT-qPCR and invasive migration. It was proved that HK inhibited HCC SMMC-7721 cells through multiple
targets. There was no significant change in the level of PRKACB, which may indicate that HK had no effect on the PKA
pathway downstream of the cAMP pathway.

The further to understand the functions and pathways of the core targets, GO function enrichment and pathway
analysis were conducted on 49 core targets. The results of GO analysis suggested that HK mainly regulated metal ion
binding, positive regulation of calcium ion transport, cellular response to hydrogen peroxide and positive regulation of
MAP kinase activity. The results of KEGG pathway enrichment analysis showed that the effect of HK on HCC SMMC-
7721 cells mainly involved the cAMP signaling pathway and the formation of neutrophil extracellular traps. These results
indicated that HK inhibited the activity of HCC SMMC-7721 cells by regulating multiple channels.
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Figure 4 The 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one induces apoptosis and cycle arrest in hepato-
cellular carcinoma SMMC-7721 cells. A: Effect of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one (HK) on apoptosis of SMMC-7721
cells at 24 hours and 48 hours; B: Quantification of cell apoptosis; C: Effect of HK on SMMC-7721 cell cycle arrest at 24 hours; D: Quantification of cell cycle arrest.
P <0.05;°P < 0.01; °P < 0.05; °P < 0.01; °P < 0.05; P < 0.01; $P < 0.05; "P < 0.01.
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Figure 5 Network pharmacological effects of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one and hepatocellular
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carcinoma SMMC-7721 cells. A: Cross-Venn diagram of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one (HK)-related targets and
SMMC-7721 cells; B: Gene Ontology enrichment analysis of 49 potential targets of HK in the treatment of SMMC-7721 cells; C: Kyoto Encyclopedia of Genes and
Genomes enrichment analysis of 49 potential targets of HK in the treatment of SMMC-7721 cells; D: Correlation network analysis of 49 potential targets of HK in the
treatment of SMMC-7721 cells; E: Correlation of 49 targets with HK. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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Figure 6 Molecular docking diagram of 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one and genes. A: Molecular
docking between PDE3B and 6-(hept-6-yn-1-yloxy)-3-(4-hydroxyphenyl)-7-methoxy-4H-chromen-4-one (HK); B: Molecular docking between ARBD1 and HK; C:
Molecular docking between NFKB1 and HK; D: Molecular docking between PRKACB and HK.
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Figure 7 Real-time PCR assays validation. 2P < 0.05; °P < 0.01.

Network pharmacology showed that NFKB1 was a strongly associated target and pointed to the cAMP pathway,
indicating that HK mainly exerted tumor suppressive activity against HCC SMMC-7721 cells through targets related to
the cAMP pathway, such as PDE3B, ARBD1, NFKB1 and PRKACB[17]. Therefore, the molecular docking of HK with the
four targets showed that their binding energies were less than -5 kcal/mol, indicating that the binding energy of HK was
stable with the core target proteins. Finally, RT-qPCR results showed that PDE3B and NFKB1 were significantly up-
regulated after HK was applied to HCC SMMC-7721 cells. The role of NFKB1 in liver cancer has been extensively studied
and it has been confirmed to be a suppressor of liver cancer and its upregulation plays an important role in the pre-
vention of liver inflammation and tumorigenesis[12]. The experimental results of Feng et al[13] showed that the upregu-
lation of PDE3B could inhibit the invasion and migration of cancer cells, which was consistent with the experimental
results of RT-qPCR and invasive migration. It was proved that HK inhibited HCC SMMC-7721 cells through multiple
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targets. There was no significant change in the level of PRKACB, which may indicate that HK had no effect on the PKA
pathway downstream of the cAMP pathway.

CONCLUSION

In summary, a derivative of kakkatin was prepared and it was found that HK could promote apoptosis, induce cell cycle
arrest, and enhance the inhibitory activity of HCC SMMC-7721 cells in a concentration-dependent manner. Network
prediction, molecular docking, and RT-qPCR experiments showed that HK inhibited the proliferation and migration of
HCC SMMC-7721 cells by upregulating PDE3B and NFKB1 targets in the cAMP pathway. In conclusion, the HK had
better inhibitory effects on HCC SMMC-7721 cells and their target was PDE3B and NFKB1 proteins in the cAMP
pathway, which provided a good lead drug for the treatment of liver cancer.
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