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Abstract

:

AD-2 (20(R)-dammarane-3β, 12β, 20, 25-tetrol, 25-OH-PPD) was structurally modified to introduce additional amino groups, which can better exert its anti-tumor effects in MCF-7, A549, LoVo, HCT-116, HT -29, and U-87 cell lines. We investigated the cellular activity of 15 different AD-2 amino acid derivatives on HepG2 cells and the possible mechanism of action of the superior derivative 6b. An MTT assay was used to detect the cytotoxicity of the derivatives. Western blotting was used to study the signaling pathways. Flow cytometry was used to detect cell apoptosis and ghost pen peptide staining was used to identify the changes in the cytoskeleton. The AD-2 amino acid derivatives have a better cytotoxic effect on the HepG2 cells than AD-2, which may be achieved by promoting the apoptosis of HepG2 cells and influencing the cytoskeleton. The derivative 6b shows obvious anti-HepG2 cells activity through affecting the expression of apoptotic proteins such as MDM2, P-p53, Bcl-2, Bax, Caspase 3, Cleaved Caspase 3, Caspase 8, and NSD2. According to the above findings, the amino acid derivatives of AD-2 may be developed as HepG2 cytotoxic therapeutic drugs.
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1. Introduction


Liver cancer is a global concern and a serious public health problem, and it is the fourth greatest cause of cancer-related mortality [1]. More than 90% of all cases of liver cancer are hepatocellular carcinoma (HCC) [2]. The main risk factors for HCC are hepatitis B, hepatitis C virus, metabolism, and non-alcoholic fatty liver disease [3,4,5]. Hepatic arterial chemotherapy is currently the main treatment method for liver cancer. Chemotherapy is frequently used to improve patient survival. However, chemotherapeutics are frequently linked with toxicity and severe side effects that compromise therapeutic efficacy and result in high death rates [6]. Natural products have the advantages of high efficiency and low toxicity and have a bright future. Therefore, it is necessary to develop natural products in anti-tumor drugs.



Ginseng is a traditional Chinese medicinal herb known as the king of herbs. Ginsenosides have been proven to exhibit a variety of biological effects in pharmacological investigations, including anti-inflammation, anti-cancer, anti-diabetic disease, and cardiovascular protection [7,8]. 25-Hydroxylprotopanaxadiol-3β, 12β, 20-triol (AD-2) is a ginsenoside sapogenin with an anti-tumor effect obtained from the acid hydrolysis of ginseng (Figure 1). Previous studies have shown that AD-2 has significant anti-lung cancer and anti-hepatic fibrosis activities in vitro and in vivo, and it is a potential anti-tumor lead molecule. However, its effect on liver cancer is weak. Amino acids are the basic unit of proteins, which have good biocompatibility and affinity. The modification with amino acids can improve the poor solubility and low permeability of the parent drug and its activity [9,10]. Therefore, amino acids are introduced into drug molecules to determine whether they enhance anti-tumor activity and to elucidate its mechanism of anti-tumor action (Figure 1 and Table 1).



Apoptosis is the most common form of cell death in physiological condition, and its main purpose is to remove damaged cells. The disorder of the apoptosis mechanism is related to the pathogenesis of cancer. Most clinical anticancer drug therapies exert their efficacy by inducing apoptosis [11]. Therefore, many efforts and studies have focused on identifying compounds that can reactivate apoptosis, to make use of this cell death process in the clinical treatment of cancer [12].



NSD2 (Nuclear receptor binding SET domain-protein 2), known as MMSET or WHSC1, is a member of the NSD histone methyltransferase family. As an important regulatory mechanism in epigenetics, histone methylation affects transcriptional regulation and chromatin remodeling [13]. The high expression of NSD2 has also been detected in a variety of malignant tumors. p53 is a tumor suppressor gene, which plays a variety of roles in diseases and normal cell life [14]. As a tumor suppressor, the p53 expression level is low and dynamic under physiological conditions. It is the key target of various pathways and functions in vivo. Specific transcription targets and roles in subcellular pathways are important for determining specific p53 responses activated in cells [15]. It has been confirmed that p53 can selectively induce the apoptosis of tumor cells [16]. MDM2 is an E3 ligase, which can carry out ubiquitination reactions against various substrates, and has a positive effect on the proliferation of tumor cells [17]. Among negative feedback regulation mechanisms of p53, the core mechanism is regulated by MDM2. MDM2 can inhibit the transcriptional activity and stability of p53. At the same time, MDM2 is a target gene of p53, and its expression level is regulated by p53. As we all know, the intrinsic apoptosis pathway is initiated by the activation of p53. p53 can directly regulate the expression of a large number of Bcl-2 family proteins, which can be divided into two types of proteins: pro-apoptotic proteins such as Bax, and anti-apoptotic proteins including Bcl-2 [12,18,19].



As an oncogene, Bcl-2 can evidently inhibit cell apoptosis, and the induction of Bcl-2 expression inhibits cell apoptosis [20]. The Bax gene is the most important apoptotic gene in the human body and belongs to the Bcl-2 gene family. The encoded Bax protein can form a heterodimer with Bcl-2 and inhibit the protein expression of Bcl-2. Research showed that the ratio of Bax/Bcl-2 proteins is the key factor in determining the strength of the inhibitory effect on apoptosis [21]. The caspase family are key enzymes that cause apoptosis. Once the signal transduction pathway is activated, caspase is activated, followed by a cascade reaction of caspases. Then, the enzymes in the cell are activated, which can degrade important proteins in the cell, and finally lead to cells irreversibly going towards apoptosis [22].



Beta-actin (ACTB), a highly conserved cytoskeletal structural protein, has been recognized as a common housekeeping gene for many years and is used as a reference gene. However, increasing evidence suggests that ACTB is aberrantly expressed in a variety of cancers, thereby damaging the cytoskeleton and affecting tumor growth [23].



Our previous study performed MTT experiments on MCF-7, A549, LoVo, HCT-116, HT-29, and U-87 cell lines with 20 synthetic amino acid derivatives and discovered that the introduction of additional amino acid groups on AD-2 could increase its tumor cell killing effect [24]. However, the therapeutic effects of drugs containing these amino acids on liver cancer have not been reported. The present study aims to investigate the toxic effect of AD-2 amino acids derivatives on HepG2 cells and to explore the potential mechanism of action by detecting the influence on the cytoskeleton.




2. Results


2.1. Effect of AD-2 Amino Acid Derivatives on the Proliferation of HepG2 Cells


To assess whether AD-2 derivatives affect the growth and viability of HepG2 cells, cells were exposed to different concentrations (0, 10, 20, 40, and 80 μM) of AD-2 derivatives, followed by an MTT assay at different time points to carry out testing. As shown in Table 1, the amino acid derivatives of AD-2 reduced the cell viability of HepG2 cells in vitro, and its effect is significantly better than that of AD-2. The above results suggest that amino acid derivatives of AD-2 could inhibit cell viability and increase cell death.



As can be seen from Table 1, the amino acid derivatives of AD-2 have stronger inhibitory activities on the proliferation of HepG2 cells than AD-2 and 5-FU. Among them, the compounds 3a, 4b, 5b, 6a, and 6b have IC50 values less than 10 μm on HepG2 cells, and their inhibitory intensity is five times that of 5-FU. When AD-2 is substituted with the same substituent, the substitution activity of C3 is slightly better than that of C12, which may be because the free -OH at C3 inhibits its activity (4b, 5b, 6b). For C3 substitution, the substituent contains conjugated groups such as a benzene ring, and the activity of the substituted compound is slightly better than that of the linear group (6b). The presence or absence of the Boc protection group has little effect on the potency of the compound, so the -COOH terminal of amino acids has little effect on the inhibitory activity of the compounds.




2.2. Effect of AD-2 Derivative 6b on Cytotoxicity of Normal Cells


Through an MTT assay, we screened five compounds with good activity, namely 3a, 4b, 5b, 6a, and 6b, the IC50 values of which are less than 10 μM. According to the experimental results, there is little difference in the efficacy of these five drugs, and the yield of 6b is high in the process of drug preparation [25]. Considering the influence of solubility on the efficacy, derivative 6b was selected for the following mechanism study. As shown in Figure 2, we tested the toxicity of derivative 6b in the three normal cells HSC-T6, L929, and BEAS-2B at doses of 0, 10, 20, 40, and 80 μM, and found that the toxicity of derivative 6b in these normal cells was significantly lower than that in HepG2 cells (*** p < 0.001).




2.3. Effect of Amino Acid Derivative 6b of AD-2 on Colony Formation of HepG2 Cells


The colony formation method was used to detect the anti-proliferation and anti-survival ability of the amino acid derivative 6b of AD-2 (0, 10, 20, 40, and 80 μM) on HepG2 cells. The HepG2 cells were treated with different concentrations of 6b for 14 days. As shown in Figure 3, 6b inhibited the colony formation of HepG2 cells in a dose-dependent manner and almost eliminated the colony formation of HepG2 cells at 20 μM.




2.4. Effects of AD-2 Amino Acid Derivative 6b on Apoptosis of HepG2 Cells


The protein expression levels of NSD2, MDM2, P-p53, Bcl-2, Bax, Caspase 3, Cleaved Caspase 3, and Caspase 8 were detected in HepG2 cells treated with derivative 6b. NSD2, a member of the NSD histone methyltransferase family, is highly expressed in a variety of malignant tumors. As shown in Figure 4a,b, the expression of NSD2 was reduced by the administration of derivative 6b, indicating that 6b may exert its cytotoxic effect on HepG2 cells by inhibiting the expression of oncogenes (** p < 0.01, *** p < 0.001). As shown in Figure 4a,c, the decrease in the expression level of MDM2 protein indicated that 6b administration inhibited the proliferation of the HepG2 cells (* p < 0.05, ** p < 0.01, *** p < 0.001). As shown in Figure 4a,d, the increase in the P-p53 expression level after 6b administration indicated that 6b administration inhibited the proliferation of the HepG2 cells (** p < 0.01, *** p < 0.001). As shown in Figure 4a,e, the increase in the p53 expression level after administration of 6b proved that 6b promoted cell apoptosis (* p < 0.05). In the present study, 6b increased the p53/MDM2, indicating that the mechanism of the proapoptotic effect of 6b could possibly be related to the p53/MDM2 pathway. As shown in Figure 4a,f, Bcl-2 showed a decreasing trend after 6b administration, and the ratio between the Bax/Bcl-2 proteins showed an increasing trend, indicating that 6b possesses the effect of promoting apoptosis (*** p < 0.001). Furthermore, as shown in Figure 4a,g,h, compared to the control group, an increase in the Cleaved Caspase 3/Caspase 3 expression and a decrease in the Caspase 8 expression revealed that the administration could promote the apoptosis of the HepG2 cells by regulating the changes in the level of Caspase family proteins (** p < 0.01, *** p < 0.001). To further investigate the apoptosis of the HepG2 cells after 6b administration, we used flow cytometry to detect their apoptosis. As shown in Figure 5, the results showed that compared with the control group, apoptosis (Q2+Q3) increased significantly with the increase in the 6b administration concentration, and the percentage of apoptotic cells was 33.8% after 24 h of treatment with 6b (20 μM).




2.5. Effect of Amino Acid Derivative 6b of AD-2 on Cytoskeleton


Beta-actin (ACTB), a highly conserved cytoskeletal structural protein, has been recognized as a common housekeeping gene for many years and is used as a reference gene. However, there is growing evidence that ACTB is abnormally expressed in many malignancies, changing the cytoskeleton and influencing tumor formation. As shown in Figure 6, the decreased expression level of β-actin/GAPDH indicated that 6b administration might affect the apoptosis of the HepG2 cells by affecting the cytoskeleton (** p < 0.01, *** p < 0.001). In order to determine whether the amino acid derivatives of AD-2 have regular and accurate effects on cytoskeleton, we further selected another compound 3a with a high toxicity to HepG2 cells and 1c, which was found to be effective for colon cancer by our laboratory staff. As shown in Figure 6, the expression level of β-actin/GAPDH decreased after 3a and 6b administration, which indicated that these amino acid derivatives of AD-2 may affect the cytoskeleton of HepG2 (** p < 0.01, *** p < 0.001). As shown in Figure 7, to further verify this speculation, we assessed the major structural changes in the HepG2 cell line after treatment with compound 6b by staining the actin filaments and nuclei with phalloidin/FITC and DAPI, respectively. The qualitative results from treatment with 5, 10, and 20 μM showed that compound 6b promoted nuclear and cytoplasmic changes. By staining the F-actin filaments, the exposure to different concentrations of compound 6b resulted in the disruption of the cytoskeleton, and several stress bundles were observed, which were arranged in a disorganized manner. At the concentrations tested, one of the changes observed in nuclei by DAPI staining was DNA fragmentation. The fragmentation of genetic material is a characteristic of programmed cell death because apoptotic stimuli activate a cascade of caspases that cleaves and activates DNA fragmentation, which splits the DNA molecule into fragments of 180 base pairs. These results suggest that 6b administration damages the cytoskeleton of HepG2 cells and promotes cell apoptosis.





3. Discussion


There are some issues with sorafenib as a first-line drug and multi-target inhibitor for cancer treatment, such as poor solubility, fast metabolism, and low bioavailability, which limit its further clinical application. Our research on amino acid derivatives is not as effective as clinical medication, but it is helpful to research and develop new drugs and has its own advantages [2,26,27]. Ginsenosides are the main active ingredient of ginseng and have a damarane-type basic skeleton. Studies on the structure–activity relationship of ginsenosides show that its anticancer activity is affected by the structure type of dammarane saponin, and the number and type of glycosyl units on the aglycone side chain also play a crucial role in anticancer activity [28,29]. The anticancer activity of ginsenoside has been widely reported. However, the effective methods of producing ginsenoside are limited, and it is difficult to meet the growing demand of human beings, especially for rare types. Due to the lack of ginsenoside, the correlation between its structure and anticancer activity has not been fully clarified [29]. Studies in the past decades have shown that amino acids play a major role in cancer metabolism and inhibits tumor growth [30,31]. Ginsenoside derivatives are a kind of derivative with promising cytotoxicity to HepG2 cells. This research group synthesized and characterized 28 new 25-OCH3 -PPD esters in the early stage, and found that they showed better anti-proliferation effects on A549 cells, Hela cells, HT-29 cells, MCF-7 cells, and IOSE144 cells [32]. Our previous research found that amino acid derivatives of AD-1 can inhibit cell proliferation and induce the apoptosis of activated hepatic stellate cells [33]. Xiao Shengnan et al. synthesized 27 kinds of ginsenoside piperazine derivatives and found that they had effects on PC-3 cells by inducing G1 phase arrest and apoptosis mediated by reactive oxygen species [34]. We modified the amino acid structure of AD-2, which helps develop new anti-tumor drugs, increased the further development and application of ginsenoside, and further studied the structure–activity relationship of ginsenoside against proliferation. AD-2 is introduced with additional amino acid groups to make it polar, and protected amino groups to make it lipophilic. When esterase cleaves ester prodrugs in vivo, amino acid derivatives can also contribute to the solubility index of these compounds, so that they can still be decomposed into desired triterpenoids and harmless amino acids [25].



In the present study, we evaluated the cytotoxic activity of 15 amino acid derivatives of AD-2 by using an MTT assay and found that their anti-toxicity to hepG2 cells was superior to AD-2 itself. In addition, we investigated the cytotoxicity of the AD-2 derivative 6b, which has good HepG2 cytotoxicity, on three types of normal cells, HSC-T6, L929, and BEAS-2B. We found that their cytotoxicity to normal liver cells was weaker than that to HepG2 cells. Accordingly, we selected 6b and carried out a Western blotting analysis to study the potential mechanism. As shown in Figure 8, the expression of NSD2, MDM2/p53, and Caspase 8 were lowered, while P-p53, Bax/Bcl-2, and Cleaved caspase 3/caspase 3 expressions were elevated to perform an anti-tumor effect. It was discovered that 6b lowered NSD2, MDM2/p53, and caspase 8 expression while increasing P-p53, Bax/Bcl-2, and Cleaved caspase 3/caspase 3. These findings showed that 6b may control apoptosis.



As we all know, cytoskeletons can lead to tumors by inducing cell proliferation and activating oncogenes [34]. The structural stability of cells mainly depends on the dynamics and function of the cytoskeleton, and actin filaments (also known as F-actin) are the main components of the cytoskeleton [35,36,37]. Therefore, phalloidin staining of F-actin is used to examine the cytoskeleton. After 6b administration, the expression level of β-actin is decreased, indicating that the amino acid derivatives of AD-2 may exert their apoptosis-promoting effects by affecting the cytoskeleton in HepG2 cells. The main structural changes of the HepG2 cell line treated with compound 6b were evaluated by staining the actin filaments and nuclei with phalloidin/FITC and DAPI, respectively. The qualitative results of the treatment with 5, 10, and 20 μM showed that compound 6b promoted the changes in the nucleus and cytoplasm. After 6b administration, the nuclear structure was destroyed, and it was in an ablation state. Several stress bundles were observed in the cytoskeleton, which were arranged chaotically and the actin was slender [38]. These changes indicated that compound 6b administration could affect the cytoskeleton.




4. Materials and Methods


4.1. Chemical and Reagents


The structure and absolute configuration of AD-2((20)R-AD-2) and its amino acid derivatives have been previously determined and provided by Professor Zhao Yuqing’s laboratory at Yanbian University [25,39]. 5-Fluorouracil (5-FU, F6173) was purchased from McLean Reagent Co., Ltd. (Shanghai, China). Bax (WL64715), Bcl-2 (WL01556), MDM2 (WL01906), and Cleaved Caspase 3/Caspase 3 (WL02117) were purchased from Wanleibio (Shengyang, China). P-p53 (ELA008) was purchased from EnoGene (Nanjing, China). Caspase 8 (13423-L-AP) was purchased from Proteintech (Chicago, IL, USA). NSD2 (abs118224) was purchased from absin (Shanghai, China). β-actin (GB1101) was purchased from Servicebio (Wuhan, China). GAPDH (AP0063) was purchased from Bioworld (Beijing, China).




4.2. Cell Cultures


HepG2 cells (human hepatoma cell line), HSC-T6 (rat hepatic stellate cells), L929 (fibroblast), and BEAS-2B cells (human normal lung epithelial cells) were obtained from the research group of Professor Zhao Yuqing, Yanbian University. All hepatic cancer cell lines and rat normal cell lines were cultured in DMEM medium, containing 10% fetal bovine serum and 1% penicillin-streptomycin at 37 °C in a humid atmosphere (5% CO2–95% air).




4.3. Cell Viability Assay


Cell proliferation inhibition caused by AD-2 derivatives was examined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay. Briefly, HepG2 cells (15,000 cells/well) were seeded into a 96-well microtiter plate in three replicates and allowed to adhere overnight (37 °C, 5% CO2). Thereafter, the cells were incubated (37 °C, 5% CO2) with a range of AD-2 derivative concentrations (0, 10, 20, 40, and 80 μM) for 24 h. The cells were subsequently incubated with 10 μL MTT (5 mg/mL) for 4 h, and then the MTT salt solution was aspirated and DMSO (100 μL/well) was added and incubated for 15 min. The optical density was measured using an ELISA (800TS, BioTek Instruments, Winooski, VT, USA) at 490 nm. Three replicates were performed for each treatment [40].




4.4. Cytotoxicity Assay


Toxicity of a highly potent AD-2 amino acid derivative 6b to normal cells was examined using the MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay. The three normal cell lines HSC-T6, L929, and BEAS-2B were used to determine cytotoxicity in the same way as HepG2 cell viability.




4.5. Colony Formation Analysis


HepG2 cells were seeded in six-well plates with 500 cells per well. After an incubation period of 12 h, 6b (0, 5, 10, and 20 μM) was added to the cells, respectively. The cells were cultured in a cell incubator for 14 days and the culture medium was changed every 3 days. Then, it was fixed with 4% paraformaldehyde for 15 min and dyed with 0.1% crystal violet for 30 min. After cleaning with PBS, photos were taken of the six-well plate [41].




4.6. Western Blotting Analysis


Western blotting was used to determine protein expression of MDM2, p53, P-p53, Bcl-2, Bax, Caspase 3, Cleaved Caspase 3, β-actin, and GAPDH. HepG2 cells were treated with 6b (0, 5, 10, and 20 μM) for 24 h in the six-well plate. The supernatants in the six-well plate were removed, and the cells were washed three times in 0.1 M PBS. RIPA lysis buffer was used to lyse the cells. The cells were placed in a 4 °C refrigerator for 30 min before being mechanically lysed with a cell scraper. Cellular lysates were transferred to 1.5 mL micro-centrifuge tubes and centrifuged (12,000 rpm, 15 min, 4 °C) [42]. The crude protein extract supernatants were aspirated into new 1.5 mL micro-centrifuge tubes and maintained on ice. The bicinchoninic acid (BCA) assay was used to quantify the crude protein [43]. SDS-PAGE was performed in a 10% gel with an equal quantity of protein loaded per lane. Following electrophoresis, the resolved protein bands were transferred to a PVDF membrane and blocked for 1 h with 5% bovine serum albumin (BSA) in TBST buffer. Following blocking, they were incubated at 4 °C overnight with the indicated antibodies (1:1000–1:3000) [44]. The PVDF membrane was then washed with TBST containing 0.1% Tween-20 before being incubated for 1 h at room temperature with a 1:5000 dilution of horseradish peroxidase-conjugated secondary antibody [45]. Positive bands were visualized on an X-ray film using an enhanced chemiluminescence system.




4.7. Flow Cytometry


The human hepatoma cells HepG2 were collected and operated on according to the directions of the Annexin V-FITC kit after being treated with different doses of 6b for 6 h, and early death of the cells was identified by flow cytometry. A duration of 24 h after transfection, the supernatant and washing liquid of each group of cells were collected, the cells were digested with 0.25% trypsin (without EDTA), centrifuged together with the above supernatant and culture medium, and were washed twice with PBS. Pre-prepared 1× Annexin V Binding solution was used to prepare a cell suspension with a final concentration of 1 × 106 cells/mL [46,47]. The apoptosis rate was measured by flow cytometry (FACSVerse, Becton, Dickinson and Company, Franklin Lakes, NJ, USA).




4.8. Phalloidin Staining


Cells were cultivated in six-well plates for 24 h to reach a density of 50% confluence. At 37 °C, the medium was aspirated and the cells were washed twice with pre-warmed 1× PBS (pH 7.4). Cells were fixed with 4% formaldehyde solution in PBS for 10 min at room temperature. At room temperature, cells were washed three times with PBS for 10 min each. The cells were dehydrated with acetone or permeabilized with 0.5% TionX-100 solution for five mins at room temperature [48]. Cells were washed three times with PBS for 10 min each at room temperature. A volume of 200 μL of the prepared FITC-labeled phalloidin working solution was taken, the cells were covered on the six-well plate, and incubated at room temperature for 30 min in the dark [49]. Cells in coverslipped six-well plates were washed three times with PBS for five mins each. Nuclei were counterstained with 200 μL DAPI solution for approximately 30 s, then washed with PBS. For fluorescence observation under a fluorescence microscope (IX73, Olympus Sales Service Co., Ltd., Beijing, China), FITC excitation/emission filters (Ex/Em = 496/516 nm) and DAPI excitation 1 emission filters (Ex/Em = 364/454 nm) were selected.




4.9. Statistical Analysis


Data were obtained by three repeated tests and expressed as mean ± standard deviation. The quantitative data was analyzed using GraphPad Prism 9.0. For multiple group comparisons, a one-way analysis of variance and Tukey’s test were utilized. A value of p < 0.05 was regarded as the statistical significance level.





5. Conclusions


In conclusion, we found that AD-2 derivatives can inhibit the cell viability of HepG2. The mechanism may be related to influencing the cytoskeleton and promoting the apoptosis of cells. These findings suggest that amino acid derivatives of AD-2 might be potential cytotoxic candidates for the treatment of hepatocellular carcinoma.







Author Contributions


Conceptualization: L.L., P.W. and T.L.; writing—original draft preparation: L.L. and Y.C.; figure preparation: X.M., Y.Z. (Yudong Zhang) and Y.L.; writing—review: Y.Z. (Yuqing Zhao) and G.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China #1 under grant number 81703386; People’s Livelihood Plan Project of Department of Science and Technology of Liaoning Province #2 under grant number 2021JH2/10300074; Department of Education of Liaoning Province #3 under grant number LJKMZ20221367; and Career Development Support Plan for Young and Middle-aged Teachers in Shenyang Pharmaceutical University #4 under grant number ZQN2018003.




Institutional Review Board Statement


This article does not contain any studies with human participants or animals performed by any of the authors.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original data of this paper are uploaded to the figshare database (https://figshare.com/account/items/22648129/edit, accessed on accessed on 18 April 2023). https://doi.org/10.6084/m9.figshare.22648129, accessed on 18 April 2023.




Conflicts of Interest


The authors declare no personal relationships or competing financial interests that could have appeared to influence the work reported in this paper.




Abbreviations


HCC—hepatocellular carcinoma, NAFLD—nonalcoholic fatty liver disease, AD-2 25-Hydroxylprotopanaxadiol-3β, 12β, 20-triol, ACTB Beta-actin. Amino acid derivatives of AD-2 exert their antitumor effects by affecting the cytoskeleton in HepG2 cells.




References


	



Zhu, Y.; Li, B.; Xu, G.; Han, C.; Xing, G. lncRNA MIR4435-2HG promotes the progression of liver cancer by upregulating B3GNT5 expression. Mol. Med. Rep. 2022, 25, 38. [Google Scholar] [CrossRef] [PubMed]

	



Anwanwan, D.; Singh, S.K.; Singh, S.; Saikam, V.; Singh, R. Challenges in liver cancer and possible treatment approaches. Biochim. Biophys. Acta Rev. Cancer 2020, 1873, 188314. [Google Scholar] [CrossRef]

	



Gong, X.; Cui, H.T.; Bian, Y.H.; Li, Y.T.; Wang, Y.X.; Peng, Y.F.; Wen, W.B.; Li, K.; Wang, H.W.; Zhang, Z.Y.; et al. Ethanol extract of Ardisiae Japonicae Herba inhibits hepatoma carcinoma cell proliferation in vitro through regulating lipid metabolism. Chin. Herb. Med. 2021, 13, 410–415. [Google Scholar] [CrossRef]

	



Li, S.; Saviano, A.; Erstad, D.J.; Hoshida, Y.; Fuchs, B.C.; Baumert, T.; Tanabe, K.K. Risk Factors, Pathogenesis, and Strategies for Hepatocellular Carcinoma Prevention: Emphasis on Secondary Prevention and Its Translational Challenges. J. Clin. Med. 2020, 9, 3817. [Google Scholar] [CrossRef]

	



Fujiwara, N.; Friedman, S.L.; Goossens, N.; Hoshida, Y. Risk factors and prevention of hepatocellular carcinoma in the era of precision medicine. J. Hepatol. 2018, 68, 526–549. [Google Scholar] [CrossRef] [PubMed]

	



Huang, N.C.; Huang, R.L.; Huang, X.F.; Chang, K.F.; Lee, C.J.; Hsiao, C.Y.; Lee, S.C.; Tsai, N.M. Evaluation of anticancer effects of Juniperus communis extract on hepatocellular carcinoma cells in vitro and in vivo. Biosci. Rep. 2021, 41, BSR20211143. [Google Scholar] [CrossRef]

	



Chen, C.; Lv, Q.; Li, Y.; Jin, Y.H. The Anti-Tumor Effect and Underlying Apoptotic Mechanism of Ginsenoside Rk1 and Rg5 in Human Liver Cancer Cells. Molecules 2021, 26, 3926. [Google Scholar] [CrossRef] [PubMed]

	



Hou, M.; Wang, R.; Zhao, S.; Wang, Z. Ginsenosides in Panax genus and their biosynthesis. Acta Pharm. Sin. B 2021, 11, 1813–1834. [Google Scholar] [CrossRef]

	



Vig, B.S.; Huttunen, K.M.; Laine, K.; Rautio, J. Amino acids as promoieties in prodrug design and development. Adv. Drug Deliv. Rev. 2013, 65, 1370–1385. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, W.; Guo, J.; Wang, X.; Su, G.; Zhao, Y. Non-protein amino acid derivatives of 25-methoxylprotopanaxadiol/25-hydroxyprotopanaxadioland their anti-tumour activity evaluation. Steroids 2018, 129, 1–8. [Google Scholar] [CrossRef]

	



Song, P.; Huang, H.; Ma, Y.; Wu, C.; Yang, X.; Choi, H.Y. Davidone C Induces the Death of Hepatocellular Carcinoma Cells by Promoting Apoptosis and Autophagy. Molecules 2021, 26, 5219. [Google Scholar] [CrossRef]

	



Jannus, F.; Medina-O'Donnell, M.; Rivas, F.; Diaz-Ruiz, L.; Rufino-Palomares, E.E.; Lupianez, J.A.; Parra, A.; Reyes-Zurita, F.J. A Diamine-PEGylated Oleanolic Acid Derivative Induced Efficient Apoptosis through a Death Receptor and Mitochondrial Apoptotic Pathway in HepG2 Human Hepatoma Cells. Biomolecules 2020, 10, 1375. [Google Scholar] [CrossRef]

	



Lyu, P.; Zhai, Z.; Hao, Z.; Zhang, H.; He, J. CircWHSC1 serves as an oncogene to promote hepatocellular carcinoma progression. Eur. J. Clin. Investig. 2021, 51, e13487. [Google Scholar] [CrossRef]

	



Alshatwi, A.A.; Subash-Babu, P.; Antonisamy, P. Violacein induces apoptosis in human breast cancer cells through up regulation of BAX, p53 and down regulation of MDM2. Exp. Toxicol. Pathol. 2016, 68, 89–97. [Google Scholar] [CrossRef]

	



Kim, S.M.; Ha, S.E.; Lee, H.J.; Rampogu, S.; Vetrivel, P.; Kim, H.H.; Venkatarame Gowda Saralamma, V.; Lee, K.W.; Kim, G.S. Sinensetin Induces Autophagic Cell Death through p53-Related AMPK/mTOR Signaling in Hepatocellular Carcinoma HepG2 Cells. Nutrients 2020, 12, 2462. [Google Scholar] [CrossRef]

	



Tawfik, M.M.; Eissa, N.; Althobaiti, F.; Fayad, E.; Abu Almaaty, A.H. Nomad Jellyfish Rhopilema nomadica Venom Induces Apoptotic Cell Death and Cell Cycle Arrest in Human Hepatocellular Carcinoma HepG2 Cells. Molecules 2021, 26, 5185. [Google Scholar] [CrossRef]

	



Haronikova, L.; Bonczek, O.; Zatloukalova, P.; Kokas-Zavadil, F.; Kucerikova, M.; Coates, P.J.; Fahraeus, R.; Vojtesek, B. Resistance mechanisms to inhibitors of p53-MDM2 interactions in cancer therapy: Can we overcome them? Cell Mol. Biol. Lett. 2021, 26, 53. [Google Scholar] [CrossRef]

	



Luan, Y.Y.; Jia, M.; Zhang, H.; Zhu, F.J.; Dong, N.; Feng, Y.W.; Wu, M.; Tong, Y.L.; Yao, Y.M. The potential mechanism of extracellular high mobility group box-1 protein mediated p53 expression in immune dysfunction of T lymphocytes. Oncotarget 2017, 8, 112959–112971. [Google Scholar] [CrossRef]

	



Wei, H.; Wang, H.; Wang, G.; Qu, L.; Jiang, L.; Dai, S.; Chen, X.; Zhang, Y.; Chen, Z.; Li, Y.; et al. Structures of p53/BCL-2 complex suggest a mechanism for p53 to antagonize BCL-2 activity. Nat. Commun. 2023, 14, 4300. [Google Scholar] [CrossRef]

	



Jia, J.Y.; Zang, E.H.; Lv, L.J.; Li, Q.Y.; Zhang, C.H.; Xia, Y.; Zhang, L.; Dang, L.S.; Li, M.H. Flavonoids in myocardial ischemia-reperfusion injury: Therapeutic effects and mechanisms. Chin. Herb. Med. 2021, 13, 49–63. [Google Scholar] [CrossRef]

	



Liu, H.; Li, J.; Yuan, W.; Hao, S.; Wang, M.; Wang, F.; Xuan, H. Bioactive components and mechanisms of poplar propolis in inhibiting proliferation of human hepatocellular carcinoma HepG2 cells. Biomed. Pharmacother. 2021, 144, 112364. [Google Scholar] [CrossRef]

	



Huang, P.J.; Chiu, C.C.; Hsiao, M.H.; Yow, J.L.; Tzang, B.S.; Hsu, T.C. Potential of antiviral drug oseltamivir for the treatment of liver cancer. Int. J. Oncol. 2021, 59, 1–21. [Google Scholar] [CrossRef]

	



Gu, Y.; Tang, S.; Wang, Z.; Cai, L.; Lian, H.; Shen, Y.; Zhou, Y. A pan-cancer analysis of the prognostic and immunological role of β-actin (ACTB) in human cancers. Bioengineered 2021, 12, 6166–6185. [Google Scholar] [CrossRef]

	



Wang, X.D.; Su, G.Y.; Zhao, C.; Qu, F.Z.; Wang, P.; Zhao, Y.Q. Anticancer activity and potential mechanisms of 1C, a ginseng saponin derivative, on prostate cancer cells. J. Ginseng Res. 2018, 42, 133–143. [Google Scholar] [CrossRef]

	



Wang, P.; Bi, X.L.; Xu, J.; Yuan, H.N.; Piao, H.R.; Zhao, Y.Q. Synthesis and anti-tumor evaluation of novel 25-hydroxyprotopanaxadiol analogs incorporating natural amino acids. Steroids 2013, 78, 203–209. [Google Scholar] [CrossRef]

	



He, G.N.; Bao, N.R.; Wang, S.; Xi, M.; Zhang, T.H.; Chen, F.S. Ketamine Induces Ferroptosis of Liver Cancer Cells by Targeting lncRNA PVT1/miR-214-3p/GPX4. Drug Des. Dev. Ther. 2021, 15, 3965–3978. [Google Scholar] [CrossRef]

	



Chen, F.; Fang, Y.; Zhao, R.; Le, J.; Zhang, B.; Huang, R.; Chen, Z.; Shao, J. Evolution in medicinal chemistry of sorafenib derivatives for hepatocellular carcinoma. Eur. J. Med. Chem. 2019, 179, 916–935. [Google Scholar] [CrossRef]

	



Piao, X.; Zhang, H.; Kang, J.P.; Yang, D.U.; Li, Y.; Pang, S.; Jin, Y.; Yang, D.C.; Wang, Y. Advances in Saponin Diversity of Panax ginseng. Molecules 2020, 25, 3452. [Google Scholar] [CrossRef]

	



Quan, K.; Liu, Q.; Wan, J.Y.; Zhao, Y.J.; Guo, R.Z.; Alolga, R.N.; Li, P.; Qi, L.W. Rapid preparation of rare ginsenosides by acid transformation and their structure-activity relationships against cancer cells. Sci. Rep. 2015, 5, 8598. [Google Scholar] [CrossRef]

	



Lieu, E.L.; Nguyen, T.; Rhyne, S.; Kim, J. Amino acids in cancer. Exp. Mol. Med. 2020, 52, 15–30. [Google Scholar] [CrossRef]

	



Mazzoni, A.; Capone, M.; Ramazzotti, M.; Vanni, A.; Locatello, L.G.; Gallo, O.; De Palma, R.; Cosmi, L.; Liotta, F.; Annunziato, F.; et al. IL4I1 Is Expressed by Head-Neck Cancer-Derived Mesenchymal Stromal Cells and Contributes to Suppress T Cell Proliferation. J. Clin. Med. 2021, 10, 2111. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.F.; Yuan, H.N.; Bi, X.L.; Piao, H.R.; Cao, J.Q.; Li, W.; Wang, P.; Zhao, Y.Q. 25-Methoxylprotopanaxadiol derivatives and their anti-proliferative activities. Steroids 2013, 78, 1305–1311. [Google Scholar] [CrossRef]

	



Ma, L.; Wang, X.; Li, W.; Qu, F.; Liu, Y.; Lu, J.; Su, G.; Zhao, Y. Conjugation of Ginsenoside with Dietary Amino Acids: A Promising Strategy to Suppress Cell Proliferation and Induce Apoptosis in Activated Hepatic Stellate Cells. J. Agric. Food Chem. 2019, 67, 10245–10255. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, S.; Wang, X.; Xu, L.; Miao, D.; Li, T.; Su, G.; Zhao, Y. Novel ginsenoside derivatives have shown their effects on PC-3 cells by inducing G1-phase arrest and reactive oxygen species-mediate cell apoptosis. Bioorg. Chem. 2021, 112, 104864. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.; Guo, R.; Chai, J.; Wu, J.; Liu, J.; Chen, X.; Abdel-Rahman, M.A.; Xia, H.; Xu, X. Smp24, a Scorpion-Venom Peptide, Exhibits Potent Antitumor Effects against Hepatoma HepG2 Cells via Multi-Mechanisms In Vivo and In Vitro. Toxins 2022, 14, 717. [Google Scholar] [CrossRef]

	



Guo, R.; Liu, J.; Chai, J.; Gao, Y.; Abdel-Rahman, M.A.; Xu, X. Scorpion Peptide Smp24 Exhibits a Potent Antitumor Effect on Human Lung Cancer Cells by Damaging the Membrane and Cytoskeleton In Vivo and In Vitro. Toxins 2022, 14, 438. [Google Scholar] [CrossRef]

	



Ostuni, A.; Carmosino, M.; Miglionico, R.; Abruzzese, V.; Martinelli, F.; Russo, D.; Laurenzana, I.; Petillo, A.; Bisaccia, F. Inhibition of ABCC6 Transporter Modifies Cytoskeleton and Reduces Motility of HepG2 Cells via Purinergic Pathway. Cells 2020, 9, 1410. [Google Scholar] [CrossRef]

	



de Franca, M.N.F.; Isidorio, R.G.; Bonifacio, J.H.O.; Dos Santos, E.W.P.; Santos, J.F.; Ottoni, F.M.; de Lucca Junior, W.; Scher, R.; Alves, R.J.; Correa, C.B. Anti-proliferative and pro-apoptotic activity of glycosidic derivatives of lawsone in melanoma cancer cell. BMC Cancer 2021, 21, 662. [Google Scholar] [CrossRef]

	



Wang, W.; Rayburn, E.R.; Hao, M.; Zhao, Y.; Hill, D.L.; Zhang, R.; Wang, H. Experimental therapy of prostate cancer with novel natural product anti-cancer ginsenosides. Prostate 2008, 68, 809–819. [Google Scholar] [CrossRef]

	



Liang, W.F.; Gong, Y.X.; Li, H.F.; Sun, F.L.; Li, W.L.; Chen, D.Q.; Xie, D.P.; Ren, C.X.; Guo, X.Y.; Wang, Z.Y.; et al. Curcumin Activates ROS Signaling to Promote Pyroptosis in Hepatocellular Carcinoma HepG2 Cells. In Vivo 2021, 35, 249–257. [Google Scholar] [CrossRef] [PubMed]

	



Kui, X.Y.; Gao, Y.; Liu, X.S.; Zeng, J.; Yang, J.W.; Zhou, L.M.; Liu, X.Y.; Zhang, Y.; Zhang, Y.H.; Pei, Z.J. Comprehensive Analysis of SLC17A9 and Its Prognostic Value in Hepatocellular Carcinoma. Front. Oncol. 2022, 12, 809847. [Google Scholar] [CrossRef]

	



Luo, H.; Yang, Y.; Zhou, Y.; Bai, X.; Hou, Y. 1,4,5,6,7,8-Hexahydropyrido[4,3-d]pyrimidine inhibits HepG2 cell proliferation, migration and invasion, and induces apoptosis through the upregulation of miR-26b-5p by targeting CDK8. Oncol. Lett. 2023, 25, 260. [Google Scholar] [CrossRef]

	



Wang, W.; Dong, X.; Liu, Y.; Ni, B.; Sai, N.; You, L.; Sun, M.; Yao, Y.; Qu, C.; Yin, X.; et al. Itraconazole exerts anti-liver cancer potential through the Wnt, PI3K/AKT/mTOR, and ROS pathways. Biomed. Pharmacother. 2020, 131, 110661. [Google Scholar] [CrossRef]

	



Dou, C.Z.; Liu, Y.F.; Zhang, L.L.; Chen, S.H.; Hu, C.Y.; Liu, Y.; Zhao, Y.T. Polyphenols from Broussonetia papyrifera Induce Apoptosis of HepG2 Cells via Inactivation of ERK and AKT Signaling Pathways. Evid. Based Complement. Altern. Med. 2021, 2021, 8841706. [Google Scholar] [CrossRef]

	



Son, Y.; Shin, N.R.; Kim, S.H.; Park, S.C.; Lee, H.J. Fibrinogen-Like Protein 1 Modulates Sorafenib Resistance in Human Hepatocellular Carcinoma Cells. Int. J. Mol. Sci. 2021, 22, 5330. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.D.; Zhu, A.; Li, L.D.; Zhang, T.; Wang, S.; Shan, D.P.; Li, Y.Z.; Wang, Q. Cytotoxicity and underlying mechanism of evodiamine in HepG2 cells. Beijing Da Xue Xue Bao Yi Xue Ban 2021, 53, 1107–1114. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.H.; Bi, J.H.; Wu, M.R.; Ye, S.J.; Hu, L.; Li, L.J.; Yi, Y.; Wang, H.X.; Wang, L.M. In vitro anti-hepatocellular carcinogenesis of 1,2,3,4,6-Penta-O-galloyl-beta-D-glucose. Food Nutr. Res. 2023, 67, 27. [Google Scholar] [CrossRef] [PubMed]

	



Lintao, R.C.V.; Medina, P.M.B. Screening for Anticancer Activity of Leaf Ethanolic Extract of Alpinia elegans ("tagbak") on Human Cancer Cell Lines. Asian Pac. J. Cancer Prev. 2021, 22, 3781–3787. [Google Scholar] [CrossRef]

	



Jeong, Y.J.; Hwang, S.K.; Magae, J.; Chang, Y.C. Ascofuranone suppresses invasion and F-actin cytoskeleton organization in cancer cells by inhibiting the mTOR complex 1 signaling pathway. Cell Oncol. 2020, 43, 793–805. [Google Scholar] [CrossRef]








[image: Molecules 28 07400 g001] 





Figure 1. Chemical structure of AD-2 and amino acid modification site. 
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Figure 2. Toxicity determination of AD-2 amino acid derivative 6b (IC50 ± SD values, μM, 24 h) on cells of HepG2, HSC-T6, BEAS-2B, and L929. Data are expressed as means ± SDs of triplicate experiments performed independently (*** p < 0.001). 
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Figure 3. AD-2 amino acid derivative 6b inhibited the colony formation of HepG2 cells. HepG2 cells were treated with 6b (0, 5, 10, 20 μM) for 14 days and stained with 0.1% crystal violet. 
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Figure 4. The expression levels of NSD2, MDM2, p53, P-p53, Bcl-2, Bax, Caspase 3, Cleaved Caspase 3, and Caspase 8 proteins were detected by Western blotting. (a) Protein band diagram; (b–h) protein quantification map. The data are expressed as the average standard deviation of three independent experiments. (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 5. Detection of apoptosis of HepG2 cells induced by 6b administration by flow cytometry. The cell apoptosis ratio is calculated based on the sum of the number of Q2 and Q3 phase cells in the figure. (** p < 0.01, *** p < 0.001). 
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Figure 6. Mechanisms of derivative 6b inducing the HepG2 cytoskeleton. (a–f) 3a, 1c, 6b administration promotes the ablation of β-actin in HepG2 cells by Western blotting assay. Data are expressed as means ± SDs of triplicate experiments performed independently (** p < 0.01, *** p < 0.001). 
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Figure 7. Phalloidin staining to detect derivative 6b administration-induced ablation of HepG2 cytoskeleton. HepG2 cells were treated with 6b (0, 5, 10, 20 μM) for 24 h. Actin was observed by phalloidin, and the nucleus was stained by DAPI. These images were captured with a fluorescence microscope at a scale of 100 μm, and the combined images of two kinds of staining were displayed. The arrow in the figure represents the place where morphological changes occur after administration. 
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Figure 8. Proposed mechanism of compound 6b for promoting apoptosis of HepG2 cells. To enhance the anti-hepatoma activity of AD-2, the amino acid derivatives of AD-2 were introduced in the previous work. The amino acid derivative 6b with high efficacy and low toxicity was screened by MTT assay. It has an excellent ability to resist the proliferation of hepatoma cell HepG2. The mechanism study found that 6b could destroy the cytoskeleton, regulate the MDM2/p53 signaling pathway, increase the expression level of Bax/Bcl-2, and activate Caspase3/8 system, thus causing apoptosis, which was also verified by flow cytometry. 






Figure 8. Proposed mechanism of compound 6b for promoting apoptosis of HepG2 cells. To enhance the anti-hepatoma activity of AD-2, the amino acid derivatives of AD-2 were introduced in the previous work. The amino acid derivative 6b with high efficacy and low toxicity was screened by MTT assay. It has an excellent ability to resist the proliferation of hepatoma cell HepG2. The mechanism study found that 6b could destroy the cytoskeleton, regulate the MDM2/p53 signaling pathway, increase the expression level of Bax/Bcl-2, and activate Caspase3/8 system, thus causing apoptosis, which was also verified by flow cytometry.



[image: Molecules 28 07400 g008]







 





Table 1. Antiproliferative activity (IC50 ± SD values, μM, 24 h) of 25-OH-PPD and synthetic derivatives substituted with amino acids in HepG2 cell lines treated with concentrations of 0, 10, 20, 40, and 80 μM.






Table 1. Antiproliferative activity (IC50 ± SD values, μM, 24 h) of 25-OH-PPD and synthetic derivatives substituted with amino acids in HepG2 cell lines treated with concentrations of 0, 10, 20, 40, and 80 μM.





	Number
	Compound
	R1
	R2
	IC50





	1
	1b
	Boc-Ala
	H
	13.44 ± 0.38



	2
	1c
	Ala
	H
	26.84 ± 4.45



	3
	2b
	Boc-Val
	H
	20.68 ± 2.36



	4
	2c
	Val
	H
	13.22 ± 2.52



	5
	3a
	H
	Boc-Gly
	7.05 ± 1.27



	6
	3b
	Boc-Gly
	H
	17.09 ± 4.1



	7
	3c
	Gly
	H
	11.47 ± 1.58



	8
	4b
	Boc-Pro
	H
	6.97 ± 2.71



	9
	4c
	Pro
	H
	15.50 ± 2.70



	10
	5a
	H
	Boc-Met
	11.28 ± 1.99



	11
	5b
	Boc-Met
	H
	9.79 ± 1.92



	12
	5c
	Met
	H
	20.14 ± 4.01



	13
	6a
	H
	Boc-Phe
	8.30 ± 3.86



	14
	6b
	Boc-Phe
	H
	8.25 ± 2.93



	15
	6c
	Phe
	H
	11.23 ± 1.36



	16
	AD-2
	H
	H
	>100



	17
	5-FU
	-
	-
	43.8 ± 1.93
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