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Abstract

:

Fractionation of the stem bark of Enantia chlorantha Oliv yields three alkaloids, palmatine (1), jatrorrhizine (2), columbamine (3), and β-Sitosterol (4). In this investigation, density functional theory (DFT) calculations were carried out to evaluate the electronic structure and properties of 1–4 by DFT-B3LYP/6-31G level of theory using Gaussian 09 software. The highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), HOMO-LUMO energy difference (band gap), hardness (η), softness (S), dipole moment (μ), electronegativity (χ), hydrophobicity (logP), topological surface area (TPSA), and energy gap (Eg) were calculated. The in vitro cytotoxicity of the compounds was investigated against MCF-7 and HCT116 cancer cell lines using Wi-38 cells as a control. The compounds inhibited the proliferation of the MCF-7 and HCT116 cell lines and induced apoptosis via upregulation of caspase-3, Bax, PARP cleavage, and downregulation of Bcl-2. DFT analyses revealed that compounds 1 and 3 have smaller energy gaps, 0.072 and 0.071eV, respectively, with the highest dipole moments; hence, these compounds are more chemically reactive and exhibit better modulation of caspase-3 enzyme and inhibitory activities of the MCF-3 and HCT116 cell lines. The antimicrobial and antiparasitic evaluation of 1–4 showed moderate efficacy against the bacterial strains and moderate antiparasitic activity against Cichlidogyrus tilapia.
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1. Introduction


Cancer has been identified as the major cause of mortality and morbidity worldwide. The American Cancer Society anticipated that there would be 1.9 million new instances of cancer in 2022, resulting in 609,360 deaths in the USA [1]. Most diagnoses are prostate, lung, colorectal, breast, and liver cancer. The World Health Organization (WHO) reported that in 2020, there were 2.3 million women diagnosed with breast cancer and 685,000 deaths globally [2]. Another report also shows 106,180 colon and 108,480 skin cancers, resulting in 11,990 deaths [1]. Surgery, radiation, and chemotherapy are major treatment options for cancers. However, the toxicity problems of radiation and chemotherapy restrict their use and effectiveness due to the associated adverse side effects and reduced quality of life [3]. The development of resistance of certain cancers to chemotherapy, high cost, and limited spectrum of activity of currently used anticancer agents are reasons for the urgent search for new and efficient anticancer agents. Natural products have increasingly become a major source for discovering bioactive and new chemical entities to treat various disease conditions and have also provided starting materials for synthesizing potent and novel pharmacological compounds [4,5,6,7].



Natural products (NPs) are responsible for nearly half of all pharmaceuticals in clinical use. Fifty percent of the small and novel medicinal compounds developed between 1981 and 2006 were of NP origin or their derivatives [8]. And half of the twenty authorized small molecules (novel chemical substances) in 2010 were derived from natural products. The presence of unique and chemically diverse metabolites in plants and microbes enhances the utilization of these products in managing several disease conditions such as cancer, malaria, diabetes, arteriosclerosis, inflammatory diseases, etc. Plants’ secondary metabolites, such as saponins [9], alkaloids [10,11], flavonoids [12,13], diterpenes [14], and sesquiterpenes lactones [15,16], have been implicated as anticancer agents.



In our search for potent phytochemical agents with biological activities against different diseases, we investigated compounds 1–4 (three alkaloids and a sterol; Figure 1) previously isolated by one of the authors [10] from the stem bark of Enantia chlorantha Oliv (Annonaceae), a plant used in Nigerian folk medicine for treating various diseases. This current study evaluated the in vitro anticancer activity of 1–4 against breast cancer (MCF-7) and colon cancer (HCT116), cellular tracing, and molecular docking studies against caspase-3 enzyme targets to predict their possible mechanism of action. Also, the antimicrobial and antiparasitic activities of 1–4 against some pathogenic organisms were evaluated, as well as the electronic properties of the compounds through DFT calculations.




2. Results


2.1. Inhibition of Cell Proliferation and Viability of MCF-7 and HCT-116 Cells


All the tested compounds suppressed the growth of MCF-7 and HCT-116 cancer cells in a dose-dependent manner (Figure 2), with a significant drop in cell viability and an increase in cytotoxicity (Figure 3, Figure 4, Figure 5 and Figure 6). The selectivity indexes of the test compounds and the positive control doxorubicin are compared in Figure 7.




2.2. Induction of Apoptosis via Bax, Caspase-3, and Cleaved PARP Expression Increase, and Bcl-2 Expression Decrease in Cancer Cells


The induction of apoptosis by compounds 1–4 in MCF-7 and HCT-116 cancer cell lines was carried out by upregulation of pro-apoptotic proteins Bax, caspase-3, and cleaved PARP and downregulation of anti-apoptotic protein Bcl-2 (Figure 8 and Figure 9). The possible schematic of the mechanism of cancer cells apoptotic induction by the tested compounds is shown in Figure 10, which suggest up-regulation of caspase-3 and Bax, with cleavage of PARP and downregulation of Bcl-2, all known to be inducers of apoptosis.




2.3. Molecular Docking of Compounds (1–4)


The current investigation explored the in silico molecular pathways by which compounds 1–4 (Figure 1) triggered cell death in human breast cancer MCF-7 and HCT116 cell lines, concentrating on their apoptotic induction through activation of caspase-3. Molecular docking studies were performed to predict possible binding poses of the compounds in the active site of caspase-3 (Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15).



Compounds 1–4 (Figure 16) show a concentration-dependent inhibition of the parasite strains tested. A. hydrophila exhibited the highest sensitivity to all the test compounds compared to others. Palmatine was more potent against all the bacteria strains tested.




2.4. Antiparasitic Activity


The results of the antiparasitic screening of compounds 1–4 against C. tilapiae is shown in Figure 17. The results revealed that the test compounds (1–4) exhibited time-dependent lethal effects against the test organism.




2.5. DFT Calculations


2.5.1. Molecular Electrostatic Potential (MEP)


The results of the DFT calculations of compounds 1–4 are shown in Figure 18. The figure reveals the MEPs generated from the optimized structures at the B3LYP/6–31G (d,p) level of theory for the investigated compounds, 1–4.




2.5.2. In Silico Study of Physicochemical and ADME Characteristics


Computational testing was used to assess the physicochemical and ADME properties of the test compounds. Compounds 1–4 (Figure 1) have acceptable ADME values and significant drug-like qualities and are likely to be orally active, according to Lipinski’s rule of five and Veber’s criterion (Table S2). It has been shown that palmatine, jatrorrhizine, columbamine, and β-sitosterol exhibit rotational bonds arranged between (C4–C6), suggesting molecular stability toward their biological targets. The topological polar surface area (TPSA) ranges from 20.23 Å2 to 51.80Å2 (Table S2). Based on pharmacokinetic and medicinal chemistry features, compounds 1–3 show high gastric absorption and the potential to pass the blood–brain barrier (BBB) (Table 1). A putative non-substrate P-glycoprotein (Pgp) is an effluent transport system, driving medications and other chemicals to leave the cell. Pgp is one of the factors leading to multidrug resistance in cancer chemotherapy and drug pharmacokinetics [17].



Consequently, the test compounds were investigated using the Swiss ADME website. Except for compound 4, it was revealed that most hits are not P-gp protein substrates, hence their potential as antiproliferative agents. The study showed that β-sitosterol (4) has a very low probability of escaping the cell, resulting in a significant impact (as shown in Table 1). Bioavailability, a plasma quantity indicator, is the most critical factor influencing absorption. Notable is that compounds 1–4 have a bioavailability of 0.55, which is quite significant. The compounds have synthetic accessibility scores ranging from 3.05 to 6.30, suggesting they can be synthesized in large amounts (Table 1). Similarly, Table 2 shows the dipole moments of all the compounds investigated, revealing that compounds 1 and 3 have larger dipole moments than 4.






3. Discussion


In this study, the MTT assay was used to evaluate the cytotoxicity of the title compounds (1–4) against the two mammalian cancer cell lines, MCF-7 (human breast cancer cell line) and HCT116 (colorectal cancer cell line) as well as the normal cell line (WI-38).



Several investigations have shown the cytotoxicity of 1–4 isolated from different plants against the MCF-7 cell line [4,18,19] and HCT116 [20,21,22]. This study investigated the molecular mechanism of action of palmatine (1), jatrorrhizine (2), columbamine (3), and β-sitosterol (4) through caspase-3-induced apoptosis in both MCF-7 and HCT116 cell lines, which have not been reported previously in the literature.



As shown in Figure 6, the test compounds suppressed the growth of MCF-7 and HCT-116 cancer cells in a dose-dependent manner, with a significant drop in cell viability and an increase in cytotoxicity (Figure 2, Figure 3, Figure 4 and Figure 5), with p < 0.0001. The IC50 values range between 3.33 and 5.96 µg/mL, with palmatine (1) showing significant inhibition of human colon cancer (HCT116) cells at IC50 = 3. 33 µg/mL and a selectivity index (SI) of 2.66 and jatrorrhizine (2) showing the highest IC50 = 5.96 µg/mL against HCT-116 cells (Figure 6 and Figure 7). The IC50 ranges for all compounds against MCF-7 cancer cells were 3.72–5.47 μg/mL. Compound 3 (columbamine) exhibited the highest antiproliferative activity against the MCF-7 cell line at an IC50 = 3.37 µg/mL (p < 0.0001), while jatrorrhizine (2) was the least effective at the same concentration (Figure 6). Doxorubicin was used as a standard antiproliferative agent (positive control). The IC50 values of all compounds and doxorubicin against WI-38 (human diploid cell line) ranged from 8.41—16.14 µg/mL (Figure 6). Therefore, the cytotoxicity of the compounds against MCF-7 and HCT116 cell lines was significantly higher compared with doxorubicin, which showed an IC50 values range of 7.93–9.86 µg/mL against the two cell lines (Figure 6).



The MCF-7 and HCT-116 cell lines were induced to undergo apoptosis by producing specific regulatory proteins in response to the presence of each drug (Figure 8 and Figure 9). Each drug boosted the pro-apoptotic proteins Bax and caspase-3 and cleaved PARP in the two cell lines while decreasing the anti-apoptotic protein Bcl-2. These values are significant (p < 0.0001) and compared favorably to doxorubicin. The Bax ranges for all compounds against MCF-7 and HCT-116 cancer cells were 222.83–325.25 ng/mL and 199.24–328.66 ng/mL, respectively (Figure 8), with the results showing that the lowest was jatrorrhizine (2) and the highest was palmatine (1) in the HCT-116 cancer cell line. The Bcl-2 values for all compounds range from 1.97 to 3.17 ng/mL. In contrast, against the HCT-116 cancer cell line, palmatine (1) showed the lowest Bcl-2 value, while jatrorrhizine (2) had the highest against the MCF-7 cancer cell line. The Bcl-2 ranges for all compounds on MCF-7 and HCT-116 cancer cells were 2.16–3.17 ng/mL and 1.97–2.69 ng/mL, respectively. The caspase-3 values for all compounds were within the 249.89–381.66 ng/mL range. The lowest was for jatrorrhizine (2) in the HCT-116 cancer cell line, and the highest was for columbamine (3) in the MCF-7 cancer cell line. The caspase-3 ranges for all compounds on MCF-7 and HCT-116 cancer cells were 261.51–381.66 ng/mL and 249.89–374.56 ng/mL, respectively (Figure 8). These findings demonstrated that each compound significantly induced apoptosis and antiproliferative activities in MCF-7 and HCT-116 cancer cells through the mitochondrial mechanism, as proposed in Figure 10. Extracts of plants and compounds have been reported to increase the expression of apoptosis-inducing proteins in treated cells, leading to inhibition of the proliferation of cancer cells [23].



On the other hand, an in silico investigation was conducted to establish the molecular pathways by which the test compounds (1–4) induced cell death in the MCF-7 and HCT116 cell lines, concentrating on their apoptotic induction through activation of the caspase-3 protein. The docking studies were targeted at the active site of the caspase-3 protein to reveal the binding poses of the compounds (Supplementary Materials, Table S1). The docking process was first verified by re-docking the co-crystallized ligand (B92) in the binding pocket of the enzyme with an energy score (S) = −6.38 kcal/mol and RMSD of 2.69, which produced five H-bonds with Arg 207, Cys 163, and Thr 62 (Table S1 and Figure 11). Furthermore, the amino acid residue Phe 256 formed an arene–H interaction with the CH2-cinnoline ring proton, and the residue Asn 208 showed H-arene contact with the phenyl ring (Figure 11). The ligand was removed from the complex, and then docking of compounds (1–4) was performed; the results obtained are recorded in Table S1. As shown in Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15, compounds (1–4) possess a good binding affinity to caspase-3 active sites, with different numbers of H-bonds and H-pi bond interactions. Compound 1 has a docking score energy (S) = −5.71 kcal/mol with three established hydrogen bonds with Ala 254, Arg 207, and Gly 122. Also, Arg 207 revealed H-arene interaction with the phenyl moiety of the isoquinoline ring (Figure 12). Compound 2 exhibited five hydrogen bonds with Cys 163, Met 61, Glu 123, and Gly 122; conversely, His 121-residue showed two H-arene contacts with the phenyl moiety of isoquinoline and dihydro isoquinoline rings (Figure 13). Similarly, compound 3 produced three H-bonds with Ser 120, Glu 123, and Gly 122 and showed H-arene interaction with Tyr 204 residue (Figure 14). Finally, compound 4 had a −6.19 Kcal/mol docking score comparable to that of B92 (−6.38 Kcal/mol), the natural ligand, and revealed four H-bonds, including Cys163 and His 121 amino acids; in addition, the proton of -CH2-cyclopentane ring in compound 4 was oriented in close contact with Phe 256, forming an H–arene interaction (Figure 15).



Molecular electrostatic potential (MEP) is essential for understanding a molecule’s relative polarity and reactivity. MEP is also beneficial for predicting and analyzing molecular interactions like hydrogen bonding, enzyme–substrate interactions, and drug receptors. According to the MEP analysis (Figure 18), compound 4 has a negative electron density around the =CH- proton moiety of the phenanthrene ring. In contrast, compounds (1–3) have negative potential around the N-CH moiety of the isoquinoline ring, which is an attractive site for positively charged species. These areas are thus associated with electrophilic reactivity. On the other hand, a positive potential is found in the protons of some aromatic rings in all derivatives (1–3) connected to nucleophilic reactivity, as illustrated in Figure 19. The dipole moments of all the compounds investigated are shown in Table 2. The results revealed that compounds 1 and 3 have larger dipole moments. Consequently, 1–3 may permit more interaction with high dipole moment species, especially in biological systems [24]. The DFT calculations reveal that compounds 1 and 3 have smaller energy gaps, 0.072 and 0.071eV, respectively (Table S1 and Figure 19), with the highest dipole moments and, as such, are more chemically reactive and exhibited better modulation of caspase-3 enzyme and inhibitory activities of the MCF-3 and HCT116 cell lines (Figure 6).



Frontier molecular orbitals (FMOs) are an effective method for analyzing the molecular interactions inside a molecule. The highest occupied molecular orbitals (HOMOs) function as electron donors, whereas the lowest unoccupied molecular orbitals (LUMOs) function as electron acceptors. The lower the value of E, the more polarized and active the molecule is, and the lower its kinetic bioactivity [25]. On the other hand, Figure 19 shows all isolated compounds’ HOMO-LUMO orbitals and energy values. Compounds 1 and 3 have smaller energy gaps, 0.072 and 0.071eV, respectively, compared with other compounds, as shown in Table 2. It is, therefore, expected that 1 and 3 may exhibit better biological activity. This is also confirmed from the in vitro studies wherein the compounds showed IC50 values of 3.9259 and 3.7202 µg/mL against the MCF-7 cells, 3.3366 and 3.3713 µg/mL, respectively, against the HCT116 cells. The molecular descriptors obtained in this study include the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), HOMO-LUMO energy difference (band gap), softness, chemical hardness, dipole moment, hydrophobicity (log P), and topological polar surface area (TPSA) as shown in Table 1 and Table S1. The HOMO and LUMO are essential in binding the compounds to the target sites of the biomolecule. As a result, the extent of the nonbonding interactions (hydrogen bonding and hydrophilic interactions) between the drug molecules and receptors depends on the magnitude of these parameters. The energy difference between the LUMO and HOMO (band gap) is shown in Table 1. The lower the energy gap, the higher the propensity of the compound to donate electrons to neighboring molecules. This parameter is important in protein–ligand interactions between the bioactivity of the studied compounds. The energy difference (band gap) is ranked in the following order: 2 > 3 > 1 > 4. Similarly, the lipophilicity of the compounds (Table S1), calculated as LogP, i.e., the ability of a compound to penetrate biological membranes, shows that, except for compound 4, the others have very good lipophilicity values and hence good drug-likeness properties. The ranking of LogP values of compounds 2 and 3 (1.78) < 1 (2.01) < 4 (6.73). The Moriguchi octanol–water partition coefficient stipulates that it should be less than 4.15 [26].



The antiparasitic and antimicrobial screening of the test compounds (1–4) are shown in Figure 16 and Figure 17. The compounds caused a lethal effect on the C. tilapia parasite. The parasites initially showed turbulent movements, contracting with violent twitching. This was followed by the parasites separating from the host. The parasites continued to contract, although at a reduced pace, until death. Parasite mortality was concentration- and time-dependent. The percentage of killed parasites in the control group rose from around 6 after 30 min to 35 after 60 min. After treatment with palmatine, about 17% of the parasites died after 10 min (p < 0.001), while at 60 min, the percentage of parasite death was more than 88 % (Figure 17). Palmatine exhibited the highest antiparasitic activity against C. tilapiae (88.28%) compared with the other compounds. In a similar vein, the compounds showed moderate activity against the different strains of pathogenic organisms (Aeromonas hydrophilia, Aeromonas sobria, Streptococcus agalactiae, and Streptococcus iniae) tested (Figure 16). Amongst the four compounds, palmatine exhibited better activity against Aeromonas hydrophilia with a zone of inhibition > 29mm. However, a study reported that palmatine was not effective against Aeromonas hydrophilia, an opportunistic pathogen of aquaculture, showing an MIC value of 256 µg/mL compared with the standard antibiotic Enrofloxacin with an MIC value of 4 µg/mL [27].




4. Materials and Methods


The compounds (1–4) used in this experiment were isolated from the stem bark of Enantia chlorantha, as previously reported [10]. Antiproliferative screening assay was performed on two cancer cell lines (HCT-116 and MCF-7) using MTT (Sigma-Aldrich, Saint Louis, MO, USA) assay and WI-38 human fibroblast cell line to evaluate cytotoxicity.



4.1. Anticancer Assay


4.1.1. Cell Cultures


The cancer cell lines, human colon cancer cells (HCT116) and breast cancer (MCF-7), in addition to normal human lung fibroblast (WI-38) were obtained from VACSERA Co., Cairo, Egypt. All cell lines were grown in an acceptable medium (HCT116: McCoy’s 5a; MCF-7: DMEM-high glucose; WI-38: EMEM) supplemented with 10% FCS, 2 mM of glutamine, 100 units of penicillin and streptomycin, and 5% CO2. The culture media were changed every three to four days. At 85–90 percent confluence, the cultures were passaged using suitable procedures for downstream application using 0.25 percent trypsin/EDTA solution [17].




4.1.2. MTT Assay for Cytotoxicity Evaluation


A cell proliferation kit was used to measure the cytotoxicity of 1–4 against MCF-7, HCT116, and WI-38. Accordingly, 5000 cells per well were grown for 24 h in 96-well culture plates. Individual cells were provided at different conc. of 1–4 (0, 6.25, 12.5, and 25 µg/mL) for 48 h at 37 °C and 5% humidity in a CO2 incubator, and 100 g/mL doxorubicin was employed as a positive control. All cells were treated for 2 h with 10 L of MTT powder at a concentration of 0.5 mg/mL until violet crystals of varying colors developed, indicating metabolic activity. The insoluble crystals of formazan were dissolved in phosphate-buffered saline. The colorimetric absorbance was measured at 620 nm and 570 nm using a SynergyTM 2 Multi-Mode Microplate Reader (BioTek Inc., Winooski, VT, USA). The cell viability was computed using the formula in [28].


  Percentage   of   viability =   A 570 − A 620   o f   c o m p o u n d s   A 570 − A 620   o f   t h e   C o n t r o l    



(1)







The IC50 was computed using the IC50 calculator [19]. The treatments and analytical procedures were carried out at least three times.




4.1.3. Determination of Selectivity Index (SI)


The SI evaluates the extract’s cytotoxic selectivity toward cancer cells compared with normal control cells [18]. The SI is equal to the half-maximal (IC50) concentration of the extract in the normal control cells against that of the test samples (cancer cell lines) [19].




4.1.4. Determination of Caspase-3 Activity


The level of caspase-3 activity was determined using the Invitrogen Caspase-3 assay (active) Human kit (Thermofisher Scientific Co., Waltham, MA, USA). Following a quick PBS wash, the cancer cells were collected and lysed by adding an extraction solution containing 1 mM of PMSF (stock is 0.3 M in DMSO) and a combination of protease inhibitors (Sigma-Aldrich Cat. # P-2714, St. Louis, MO, USA). After that, 500 µL per 5 mL of cell extraction buffer–protease inhibitors (1 mL per 1 × 107 cells) was added. The lysate was diluted just before the experiment. Using a microplate reader AC3000 (Azure Biosystems, Inc, Dublin, CA, USA), the OD of every well was calculated within 30 min set at 450 nm.




4.1.5. Determination of Bax and Bcl-2


Cancer cells were cultured in DMEM supplemented with 5% FBS at 37 °C and treated with the test compounds (1–4) using lysed cell extract. The cell lysate was then diluted with the standard buffer and analyzed with a Bax ELISA (EIA-4487) kit (DRG Instruments, Marburg, Germany) for human active Bax and Bcl-2 and a Zymed Bcl-2 ELISA Kit (Thermofisher Scientific Co., Waltham, MA, USA). Bax and Bcl-2 levels were determined in a suspension of cancer cells.




4.1.6. Western Blotting


The medium was discarded 24 h after MCF-7 and HCT-116 and every compound was administered to cells. The cells were washed with cold PBS (10 mmol/L, pH 7.4) and then incubated in an ice-cold lysis buffer [50 mmol/L Tris–HCl, 150 mmol/L NaCl, 1 mmol/L EGTA, 1 mmol/L EDTA, 20 mmol/L NaF, 100 mmol/L Na3VO4, 0.5% NP40, 1% Triton X-100, and 1 mmol/L PMSF (pH 7.4)] with a recently introduced inhibitor mixture (Inhibitor Cocktail Set III, Calbiochem, La Jolla, CA) thirty minutes above the ice [22]. The cells were scraped, and the cell solution was run through a 21.5-gauge needle in a microfuge tube many times to separate any cell aggregates [23]. The whole cell lysate (supernatant) was kept at −80 °C for subsequent analysis after centrifugation at 14,000 g for 25 min at 4 °C [22]. PARP (catalog# 32563 & 9542), GAPDH (catalog# 2118), β-actin (catalog# 4970), anti-rabbit HRP (catalog# 7074), and anti-mouse HRP secondary (catalog# 7076) antibodies, all diluted 1:1000, were acquired from Cell Signaling Technology (Beverly, MA, USA), while GAPDH (catalog# sc-47724) and β-actin (catalog# sc-8432) antibodies, both diluted 1:1000, were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz Co., Santa Cruz, CA, USA). Mini-protean precast Tris-Glycine gels were manufactured by BioRad (Hercules, CA, USA) and the ECL detection system was manufactured by GE Healthcare (Buckinghamshire, UK). Gentian violet solution 2% w/v was purchased from Ricca Chemical Company (Arlington, TX, USA) and precast Tris-Glycine gels were purchased from Invitrogen Novex (Corning, NY, USA). Approximately 25–40 g of protein was separated on 8–12% polyacrylamide gels and put into a nitrocellulose membrane. Blots were blocked using blocking buffer [7% nonfat dry milk/1% Tween 20; in 20 mmol/L TBS (pH 7.6)] for 1 h at room temperature, followed by incubation with a suitable monoclonal or polyclonal primary antibody in blocking buffer for 2 h at room temperature or overnight at 4 °C, and then incubated with either an ant-rabbit HRP-conjugated antibody (1:1000) or anti-mouse HRP-conjugated antibody (1:1000). The blots were treated to enhanced chemiluminescence (Thermo Scientific Pierce, Rockford, IL, USA) and autoradiography was performed utilizing imaging equipment from BioRad version 1.3.2.0 (Hercules, CA, USA). The digitalized scientific software Quantity One (BioRad) version 1.3.2.0 (Hercules, CA, USA) was utilized to analyze the Western blot to determine the densitometric measurements of the bands. The treatment procedure was repeated thrice, and each protein expression was tested with similar outcomes [18,22].





4.2. Antibacterial Activity


Compounds 1–4 were evaluated for antibacterial activity against Aeromonas hydrophilia, Aeromonas sobria, Streptococcus agalactiae, and Streptococcus iniae acquired from the Department of Microbiology, Science Faculty, Al-Azhar University, Egypt. The antibacterial potency of the test compounds was carried out using the cup plate diffusion method as described in [24].




4.3. Antiparasitic Activity


Contaminated Nile tilapia (Oreochromis niloticus) with parasite Cichlidogyrus tilapia, acquired in May 2022 from Abbassa, Sharkia Governorate, Egypt, was used for this assay. Briefly, the gill arches of the fish were removed into Petri plates containing distilled water. Cut portions of gill filaments carrying parasites were inserted in 12-well plates with 10 mL of distilled water and 10 parasites in each well. The compounds (1–4) were applied against C. Tilapia in three replicates at time zero (0 h). Each treatment contained wells with deionized water without the test chemicals that served as a control. Using a dissecting microscope, parasites were inspected every 10 min and mortalities were reported. Parasites were reported dead if there was no response to touch or reaction when moved to clean wells containing distilled water. Treatment is deemed successful if 100% parasite death is achieved within twenty-four hours [25]. The antiparasitic effectiveness of each treatment and control group was determined by the following:


AE = [B − T] × 100%/B



(2)




where AE represents the antiparasitic effectiveness, B represents the mean number of survivals in the control group, and T represents the mean survival in the treatment group [26].




4.4. Molecular Docking Study


The 2015.10 edition of the Molecular Operating Environment (MOE) 2022.02 Chemical Computing Group ULC, Montreal, Canada, was used to compute the docking study of the investigated compounds. ChemDraw18.0 (PerkinEimer Informatics Inc., MA, US) was used to draw the structures of the compounds (1–4), which were then saved as MDL MOL files. Before molecular docking, the following procedures were carried out: a) conversion of ligands’ 2D structures to their 3D forms; b) polar hydrogen atoms were added or removed; and c) the compound’s energy was minimized with the MMFF94x force field until an RMSD (root-mean-square deviation) of atomic position gradient of 0.01 Kcal mol−1 Å−1 was reached and saved as MOE.



The B92 crystal structure with the caspase-3 active site (PDB: ID 3KJF) was retrieved from the protein data bank. The 3D protonation method, in which hydrogen atoms were added to the usual enzyme structure, was used to prepare it for docking. The compounds (1–4) were docked into caspase-3 through MOE-Dock using the triangle matcher placement approach, the London dG scoring function, and force field refinement on the top 5 postures per compound. B92 was redocked with the 3KJF active site to confirm the docking method.




4.5. DFT Calculations


The structures of compounds 1–4 were drawn in Gauss view 6.0 (Semichem Inc., Shawnee, KS, USA). The DFT methods were used to optimize the ground state of all candidate compounds (1–4) using the Gaussian 09 package of Frisch et al. (2019) as described in [27]. In this study, Becke’s 3-parameter formula Hybrid Lee–Yang–Parr exchange-correlation (B3LYP) functions with a 6–31G (d,p) basis set was used for gas-phase compound optimization [28]. Using the same level of theory, frequency calculations were undertaken to ensure that all structures found were minimal local energy structures. Finally, the optimized structures at the B3LYP/6–31G (d,p) level of theory were utilized to calculate the molecular electrostatic potential (MEP) of all compounds investigated.



In Silico Study of Physicochemical and ADME Characteristics


The structures of compounds (1–4) were converted to SMILE names using the Swiss ADME website (http:/swissadme.ch/index.php, accessed 7 October 2022) to predict physical and chemical properties, pharmacokinetics, and medicinal chemistry parameters. Computational testing was used to evaluate the physicochemical and ADME characteristics of the intended substances.





4.6. Statistical Analysis


All experiments were conducted in triplicate, and the results were analyzed using Microsoft Excel (version 2010, Microsoft Inc., US) and reported as mean ± standard error of the mean (SEM). Statistical significance was determined by one-way ANOVA for multiple groups, followed by Tukey’s test for multiple comparisons. p ˂ 0.05 was considered significant.





5. Conclusions


This study demonstrated the in vitro antiproliferative potentials of palmatine, columbamine, jatrorrhizine, and β-sitosterol (1–4) against MCF-7 and HCT116 cancer cells. The compounds also showed significant antibacterial efficacy against selected Gram-positive and Gram-negative pathogenic bacteria strains and antiparasitic activity against Cichlidogyrus tilapiae, a known parasite of fishes. In silico docking of the compounds against the caspase-3 enzyme receptor site demonstrated that the compounds’ anticancer activities might be related to the modulation of apoptosis. The compounds also showed significant interactions with different amino acids and exhibited high binding affinity to the caspase-3 receptor. DFT analysis revealed that compounds 1 and 3 had the highest dipole moment and lowest energy gap compared with other compounds; hence, they are less stable and chemically more reactive. Based on Lipinski’s rule, in silico investigation revealed that the compounds have ADME values in the acceptable range and many drug-like features and could serve as pharmaceutical leads.
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Figure 1. Chemical structures of compounds 1–4. 
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Figure 2. The IC50 values of compounds 1–4 and doxorubicin against MCF-7, HCT-116, and WI-38 (control) cell lines. The IC50 values are bar graphs, with error bars showing the mean ± SEM. 
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Figure 3. Effects of compound (1) on MCF-7, HCT-116, and WI-38 cell viability (A) and toxicity (B) after 48 h. MTT was used to assess the proportion of viable cells and their toxicity after cells were incubated at the specified concentrations. Means of triplicate determination, with 7–8 wells per concentration, were used for the plot. The statistical differences between experimental and control cultures are shown as bar graphs with error bars (A) reflecting the means ± SEM; ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. +ve doxorubicin-treated cells. 
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Figure 4. Effects of compound (2) on MCF-7, HCT-116, and WI-38 cell viability (A) and toxicity (B) post 48 h. MTT was used to assess the proportion of viable cells and toxicity after cells were incubated at the specified concentrations. The values used for plotting are the means of triplicates, with 7–8 wells per concentration examined. Statistical differences between experimental and control cultures are shown as bar graphs (A) with error bars and represented as the means ± SEM; ** p < 0.01, *** p < 0.001, and **** p< 0.0001 vs. +ve doxorubicin-treated cells. 
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Figure 5. Effects of compound (3) on MCF-7, HCT-116, and WI-38 cell viability (A) and toxicity (B) after 48 h. MTT was used to assess the proportion of viable cells and their toxicity after cells were incubated at the specified concentrations. The values used for plotting are the means of triplicates, with 7–8 wells per concentration examined. Statistical differences between experimental and control cultures are shown as bar graphs with error bars and mean ± SEM; ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. +ve doxorubicin-treated cells. 
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Figure 6. Effects of compound (4) on MCF-7, HCT-116, and WI-38 cell viability (A) and toxicity (B) post 48 h. MTT was used to assess the proportion of viable cells and their toxicity after cells were incubated at the specified concentrations. The values used for plotting are the means of triplicates, with 7–8 wells examined for each concentration. Statistical differences between experimental and control cultures are shown as bar graphs with error bars denoting mean ± SEM; ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. +ve doxorubicin-treated cells. 
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Figure 7. Comparative SI for the examined compounds 1–4 and doxorubicin on MCF-7 and HCT-116 cancer cells. The SI values are shown as bar graphs. 






Figure 7. Comparative SI for the examined compounds 1–4 and doxorubicin on MCF-7 and HCT-116 cancer cells. The SI values are shown as bar graphs.



[image: Ddc 03 00017 g007]







[image: Ddc 03 00017 g008] 





Figure 8. Comparative modulation of Bcl-2, Bax, and caspase-3 protein expressions in MCF-7 and HCT-116 cancer cells treated with compounds 1–4 (µg/mL) and harvested 48 h after treatments. Bcl-2 values were multiplied by 50 to be shared within Bax and caspase-3 bars on the same chart. 
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Figure 9. Effects of compounds 1–4 on the protein expression of cleaved PARP in MCF-7 and HCT-116 cells treated with each drug dose and collected 48 h later. Bars represent the means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 vs. +ve doxorubicin-treated cells. 
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Figure 10. Schematic of the studied compounds’ possible mechanism of cancer cell apoptosis. This carton is based on the currently available data throughout the present study. 
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Figure 11. Illustrations of the interaction of B92 inside the 3KJF active site in 2D (a) and 3D (b). 
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Figure 12. Illustrations of the interaction of compound 1 inside the 3KJF active site in 2D (a) and 3D (b). 
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Figure 13. Illustrations of the interaction of compound 2 inside the 3KJF active site in 2D (a) and 3D (b). 
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Figure 14. Illustrations of the interaction of compound 3 inside the 3KJF active site in 2D (a) and 3D (b). 
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Figure 15. Illustrations of the interaction of compound 4 inside the 3KJF active site in 2D (a) and 3D (b). 
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Figure 16. Antibacterial activity (zones of inhibition, mm) of the test compounds against various bacterial strains. The data are shown as mean ± SEM. 
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Figure 17. Antiparasitic activity of currently investigated compounds on time after treatment (min) to death of C. tilapiae (%). Statistical differences from the control are shown as bar graphs with error bars representing the mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control. 
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Figure 18. The MEP surfaces of compounds (1–4). Red indicates negative potential, whereas blue indicates positive potential. 
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Figure 19. The HOMO, LUMO, and △E energies of the studied compounds (1–4). 
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Table 1. Pharmacokinetic and medicinal chemistry characteristics of compounds (1–4).






Table 1. Pharmacokinetic and medicinal chemistry characteristics of compounds (1–4).





	Cpd. No.
	GI Absorption
	BBB Permeation
	Pgp Substrate
	Bioavailability Score
	Synthetic Accessibility





	1
	High
	Yes
	Yes
	0.55
	3.18



	2
	High
	Yes
	Yes
	0.55
	3.06



	3
	High
	Yes
	Yes
	0.55
	3.05



	4
	Low
	No
	No
	0.55
	6.30










 





Table 2. DFT parameters calculated for the compounds (1–4).
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	Comp.

No.
	Dipole Moment,

μ (Debye)
	η
	S
	χ
	EHOMO (eV)
	ELUMO (eV)
	(LUMO-HOMO) Gaps (eV)





	1
	5.91
	0.036
	27.780
	0.642
	−0.107
	−0.035
	0.072



	2
	5.41
	0.076
	15.158
	0.113
	−0.189
	−0.036
	0.152



	3
	6.68
	0.036
	28.169
	0.071
	−0.107
	−0.035
	0.071



	4
	1.85
	0.100
	10.000
	0.127
	−0.227
	−0.027
	0.20







Note: HOMO = highest occupied molecular orbital; LUMO = lowest unoccupied molecular orbital; DFT = density functional theory; η = hardness; µ = dipole moment; S = softness; and χ = electronegativity.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
1

125

8

g 8 8 8 °

(%) Anaein

25
(1g/mt)
(A)






media/file4.png
A

BMCF-7 BHCT-116 mwi-38

18

L
=

=
=

nm.ﬂ__.h__.ﬂ.zn-

Tu/an 05D

Doxorublcin

(’nmﬂuuml






media/file39.jpg
The minimur nhibition zone (mm)

3

0

5

20

15

10

o Acromanas hydrophila

control

Jatrorrhizine

Bsitosterol

—a—A sobria  —a—Streptococcus inlae  ——S. agalactiae

palmatine.






media/file21.jpg
;
8 6v7]
i
-
-

(18) xapuy DpAnvps

]
3
£
H

Compound






media/file44.png
3 (MEP from -1.180 to 1.180) 4 (MEP from -1.209 to 1.209)





media/file26.png
[ PARP PARP
(nsxo)l" PR QR  C— — I(u“o,l---—-“ -]
(:::;) [— — — ——— | (::::) == |

e
A e b
g5t MCF-7 | £+t MCF-7 | -
g ge e e & 7 4+ sage BXIX 1
St oz ceeed P S ose v
° 000 ceed e < ¢ oo T S I
ot s I s M S o |
g Ss [ s R s g ¢ e I o
3" s s I s ' el
00 B SOOO B SO0 B BT B S I S I St BN SO )
-3 o s I g 2 i I :
= ] S s 'TEE B B B BB
; __________ ‘4 .....
g, = F : : g
125 25 S0 100

palmatine (1) pg/mL satrorrhizi *
u';m)[-_m -_— = Ium:) | G S = =~ om
o) L e B S B ) (e e eup ane @ |

Bactin | - S G GRS || (V)| D GEED GEED D cEs e

° e o * s
S = | 2} MCF-7 | =
& e o oTeleTe s
S . see = x 6 1 e
° o E B B ° =
:-.“ — - - 30+ =
‘ w " cosed [Fescsd [Foseosl oo “ :-4
g e B 3“1 3
: Wt o] ] Besm] bl B ~»+ 2 [--] lead beed
e | E= BT O B B = e =]
¥ ] s Bl B Bl B & 204 %
© 204 e .
s = ] | § et :
2 0 _ —
6.25% 125 ) 25 S0 100 12.5 28 100
Columbamine (3) pg/mL B-sitosterol (4) pg/mL
PARP PARP

(116KD) |.. D S — —] (116KD)

PARP PARP

(B5KD) | > o— i || (0 | ———— —

Mnl—-———-l Bactin | quuees D Gl geees o S

"

g *f = | 2 e

% ! HCT-116 1| =1 HCT-116 |

o _________ ° .........

= ®es 0 EE=ss] ® )\ e e

) ° Tt e

o so4 ﬁl” .....

e 1 e e |k

g T 7 B $wi 0 e B

~ »+ e b s 1 koA e

s ! = e s s e

z LA P . - S < I (s z o eSS RO

“ ‘o i e FJP EFE1 Bl B “ P e T 00 I SNt

2 J= s B [ N PPy o T s B s B e MO
Cerl 6.25 125 25 50 100 Cerl 6.25 125 25 100

Palmatine (1) pg/mL Jatrorrhizine (2) pg/miL

PARP PARP

PARP PARP

(85KD) (85KD) - o S g - A A I

e e T X p——p————
£t HCT-116 | G

.....

3

-

&
v

.....
.....
.....
.....
.....

.....

-

o
"
+

.....

PARP 85KD/ PARP 116 KD Ratio

PARP 85KD/ PARP 116 KD
3

.....

Cerl 6.25

125 25
p-sitosterol (4) pg/mlL






media/file14.jpg
Toxicity (%)
g 8

&

8

—O—MCF-7  =@HCT-116 —@mWI-38

625

125 100

25
(wg/mL)

(B)






media/file28.png
Palmatine

Jatrorrhizine

Columbamine e .
Mitochondria

B-Sitosterol

...’,f Cth'I‘,-.'.- T

Caspase 4 'I‘

. Cancer<ell

'.'CIgayed PARP P © .-






media/file19.png
B HCT-116 BWI-38

B MCF-/

* ¥

* %k

*

% X X

* %

% %K K ¥

% K K ¥

¥k X ¥
S
¥ % %k ¥
X k¥ X
¥ % % ¥
n
o~
-

50

*
0
0
0
0
0
6.25

< ™M

N
(%) Aupqeip

(ng/mL)
(A)






media/file36.png





nav.xhtml


  ddc-03-00017


  
    		
      ddc-03-00017
    


  




  





media/file11.png
BMCF-7 BHCT-116 BWI-38

* %

o
o]

o
n

o
<

o
™M

o
~N

(%) Aupgein

o
i

o

50 100

25
(ng/mL)
(A)

12.5

6.25






media/file2.png
Jatrorrhizine (2)

beta-sitosterol (4)





media/file23.jpg
g/

MCF-7 NBd2 mBax mCaspased H
) Combunie
HCT-116 = <
i 3

924

72

sas
:






media/file10.jpg
Toxicity (%)

100

3388

50
0
30
20
10

—e—MCF-7  —8—HCT-116 —8=WI-33

625

125 50 100

25
(vg/ml)

(B)






media/file24.png
99°'18¢€

Bax W Caspase-3

m Bcl-2

ST'STE

(ng/mL)

4

2

CTRL

v0'082
$8'L€2
v9'921
€T'LSE
1L°20€
£L'01
8 68'612
c
5 .
S b2'661
E
o
o LS'DET
95'pLE
99'82¢
26'86
£2'L9
50'bS
1€'952

w/3u

(ng/mL)

4

CTRL





media/file29.jpg





media/file1.jpg
Jatrorrhizine (2)

beta-sitosterol (4)





media/file12.png
100
90
80
70
60
50
40
30
20
10

Toxicity (%)

= MCF-7 =@=HCT-116 e=@==\N|-38

6.25

12.5 50 100

25
(ng/mL)

(B)






media/file9.jpg
s

25
(ug/mL)

(A)

125

g 8 R°
(%) Anqein






media/file42.png
Q
=
-

14
E

[
o.
a

Q
=

£

(14
L0

£
=

O
o
a
©°

—

Q
i

7]

O
=
't
(<o N
a

Q

=
N
N =

e

(o)

—
-~

14
j
a

o
-

(=

O
o
a

L1 1 1 ¥ ¥ 31 1
rrTr. T 1 1T T T T"""T"""TT7T"""""7
moooooooooo
1987654321

(31un Azenniqay) Alianoe onisesed-nuy

30 40 50 60
Time (minutes)

20

10






media/file38.png





media/file17.jpg
)

Aynqein

100

25
(ug/mt)
(A)

125

625






media/file30.png





media/file35.jpg





media/file27.jpg
Palmatine
Jatrorrhizine

Columbamine

B-Sitosterol

Caricer-cell





media/file3.jpg
3
2
H
:
&
H
8
H

6L
o8
506
6
sty
we
3
we
866)
96's
ws
e
EQ
e

/3 0D]

Doxorubicin

‘ompound

C






media/file18.jpg
Toxicity (%)
8

—@—MCF.7 ——HCT-116 —#=WI-38

625

s =
(ugfmt)

100

(B)






media/file22.png
116

B HCT

L

MICF-7

99°C

"
r

| (T3] - Ty o

- o
(18) xapuy ANAnIAIS

Doxorubicin

Enmﬂnu nd






media/file40.png
The minimum inhibition zone (mm)

35

30

25

20

15

10

== Aeromonas hydrophila =@ A. sobria  ~#—Streptococcus iniae @ -—-==S. agalactiae

/
//.

/

S —

ot

—

/

Control

jatrorrhizine B-sitosterol

columbamine palmatine






media/file15.png
* %

BMCF-7 BEHCT-116 BWI-38

o
N

-
<

(

o

o
%) Ayjqe

o
~N

IA

o
—

50 100

25
(ng/mL)
(A)

12.5

6.25






media/file33.jpg





media/file32.png





media/file41.jpg
WPaimatine

BColumbamine

Blatrorhizine  @p-Sitosterol

8 Control

g88R8R¢S

(a1un Aseiqay) Axianoe o

30 a0 50 60
Time (minutes)

20

10






media/file37.jpg





media/file46.png
4

LUMO

HE=0152 eV

I &
) #
iy
‘&‘ & LUMO
ot ) -
E o= —0.035 eV E, = 00366V
AE=0072:V
.«J. ;u [ ’_J A e
# l‘ . . | . "i
.l:".- 4 ‘ H{:}h[ﬂ J H -',
Eyoug= - 01076V ] Eyguo= 0186V 2
'Il“"l . " *51:. '\‘1 N 1..
"' 11 3 .8 ‘
: @, o+ LUMO it
.’ P 0y
R N ]. 2 9
Eppyo™ -0.035 eV E o= - 0017 £V
AE= 0071 6V
v - J ,
i d
% ‘i. :'F' '1 :? + 1!4 - #:';‘
' HOMO L4 %4y Y,
‘.'1 '+ ‘ .-i *. e iR ;Y

_oliTey L K

Eurnu ¥

HOMO

ME=0.20eY

HOMO





media/file45.jpg
: X 2 aae
.,., LUMO -8 LUMO

o
Ey g -0038 eV = -00366V
AE=00726V AE=0132 eV
), P
¢
HOMO
HOMO "%
Eyouy” - 01076V 1 Eqous™ -0186V 2

v s )
Jla. & LBMO 10
Ejyo” -0038eV o
" AE=00T1eV AE=020¢V
HOMO






media/file6.jpg
Toxicity (%)

8

§

g

—e—MCF-7 —8—HCT-116 —8=WI-38

625

125 50 100

25
(1g/mL)

(B)






media/file16.png
120

el VICF-7 ==@==HCT-116 e=@==\\|-38

Toxicity (%)
o)
o

6.25 125 50 100

25
(ng/mL)

(B)






media/file20.png
Toxicity (%)
= N W A~ U O
o O O O O O

o

@ VICF-7 ==@==HCT-116 -o—lss/‘

6.25 12.5 50 100
(ng/mL)

(B)






media/file5.jpg
100

50

25
(wg/mL)
(A)

125

(%) Aungein






media/file7.png
BMCF-7 BHCT-116 BWI-38

% Xk

60
0

o o o
< oM ~N

(%) Aupqeip

50 100

25
(ng/mL)
(A)

12.5

6.25






media/file47.png





media/file31.jpg





media/file25.jpg
| —