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Abstract: Zanthoxylum chalybeum (Rutaceae) is traditionally used to treat malaria, tuberculosis, 

intestinal problems and pneumonia. Roots extract was subjected to silica gel column chromatographic 

separation to afford four benzo[c]phenanthridines alkaloids (1-4), of which compounds (2) and (3) are 

reported herein for the first time from the species. Cytotoxicity analysis revealed chelerythrine (1) 

and dihydrochelerythrine (4) induced a significant reduction of cell growth of MDA-MB-231 and MCF-

7 breast cancer cell lines in a dose-dependent manner. Chelerythrine (1) showed the highest potency 

against the aggressive and metastatic MDA-MB-231 cell line (IC50 = 3.616 ± 0.51 µM). The compounds 

showed the influence in the cell cycle in the MDA-MB-231 cell line by arresting some cells in the G2/M 

phase, preventing cells with damaged DNA from entering mitosis. Chelerythrine (1) showed promising 

antibacterial and antifungal activity against S. aureus and C. albicans with IC50 = 12.5 µg/mL and IC50 = 

50 µg/mL, respectively. Molecular docking analysis of alkaloids (1-4) revealed lowest binding energy 

ranged from -6.5 to -7.5 and -6.1 to -6.4 Kcal/mol targeting E.coli DNA gyrase B and topoisomerase II 

α, respectively. The results obtained from molecular docking, drug-likeness properties, ADMET and DFT 

analysis agree with those obtained from experimental studies. Hence, chelerythrine (1) and 

dihydrochelerythrine (4) have proved to have promising activity against infectious diseases caused by 

microorganisms and human breast cancer cells, suggesting the potential use of the compounds as 

medicine which corroborate the traditional uses of the plant. 
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1. Introduction 

Cancer and infectious diseases are major public health problems worldwide due to the 

continuous emergence of drug resistance [1, 2]. It is imperative to search for new antimicrobial 

and anticancer agents from a natural source that could either overcome or avoid the multi-drug 
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resistance [3, 4]. The genus Zanthoxylum (Rutaceae) comprises about 549 species mainly 

distributed in tropical and temperate regions [5]. The barks and roots of Z. integrifoliolum 

(Merr.), Z. americanum and Z. tetraspermum (Sinhala-katukeena) have been used as a remedy 

for snake-bite [6], toothache and sore throats [7] and diarrhea [8], respectively. In a related study, 

the stem bark of Z. liebmanniaum (Engelm.) was found to treat stomach aches, amebiasis, 

intestinal parasites, and local anesthetic agents in Mexican traditional medicine [8]. Fruit of Z. 

oxyphyllum is used as an appetizer, antihelmintic, to treat tumors, gastric problem, headache, 

body ache, fever, and cough, whereas the stem bark is used to treat rheumatism, varicose ulcers, 

varicose veins, skin diseases, leg pains, anti-inflammation and hypotension [9]. 

In Ethiopia, the root and stem bark of Z. chalybeum (Ga’da, Sidamigna) are taken to treat 

toothache, the leaves to treat the breast cancer of livestock’s [10], and to manage stomach 

problems, fever, and diarrhea [11]. Phytochemical studies of genus Zanthoxylum revealed that 

alkaloids, lignins, coumarins, flavonoids, terpenes, and essential oils are mostly identfied 

chemical constituents [12]. The benzo[c]phenanthridine alkaloids from this genus have attracted 

much attention due to their broad bioactivities such as anticancer, antimicrobial, and anti-

inflammatory activities [13-15]. In view of diverse traditional uses and its attractive bioactive 

chemical compounds, we report herein antibacterial, antifungal, cytotoxicity, molecular docking, 

ADMET and DFT analysis of benzo[c]phenanthridine alkaloids from roots extract of Z. 

chalybeum. 

2. Materials and Methods 

2.1. General.  

Melting points were determined by Cambridge microscopy instruments with a Reichart-

Jung machine. 1H NMR and 13C NMR spectra were recorded on Bruker Avance 300 DPX and 

Bruker AV-400 spectrometers at frequencies of 300 and 400 MHz, respectively. Chemical shifts 

are expressed in ppm, and J values are given in Hz. The mass spectra (ESI-MS) were determined 

on a Shimadzu 8040 LC-MS/MS triple quadrupole with electrospray ionization (ESI) ion source 

(Shimadzu, Kyoto, Japan) by direct sample injection. Analytical TLC plates with silica gel 60 

F254 TLC (Merck, Germany) were used to determine TLC profiles. The spots on TLC plates were 

visualized using a UV lamp (254 and 365 nm). Silica gel column chromatography was performed 

at silica gel (60-120 mesh). All chemicals, solvents and reagents were used to analytical grade 

level. 

2.2. Collection and identification. 

Plant material was collected from Yirgalem, Sidama Regional State, Ethiopia in 

November 2018 and confirmed with Botanist Shambel Alemu's help compared with the 

specimens at the National Herbarium, Addis Ababa University, Ethiopia (voucher code MAZc-

002/11). Freshly collected roots of Z. chalybeum were transported to the Organic Chemistry 

laboratory of Wolaita Sodo University, Ethiopia. The roots were cut into small pieces, air-dried, 

and ground into a fine powder. 
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2.3. Extraction and isolation. 

2.3.1. Acid-base extraction of alkaloid constituents. 

Alkaloid constituents were selectively extracted with acid-base extraction approach as 

previously described [16], with minor modification. Root powder (400 g) was extracted with 97 

% ethanol (3 x 1.5L) for 24 h at room temperature by maceration while shaking by electronic 

shaker at a speed of 230 rpm at room temperature. The solution was filtered and concentrated 

using a vacuum rotary evaporator to yield a crude extract. The residue of ethanol extract was 

redissolved in chloroform (100 mL) and then extracted with aqueous H2SO4 5% to pH 3-4 (3 x 

50 mL) in a separatory funnel to remove lipids, acidic and neutral metabolites. The aqueous 

phases were combined and basified with NH4OH 5% to pH 11 and extracted with chloroform (3 

x 100 mL). The chloroform phases were combined, dehydrated with anhydrous Na2SO4, filtered, 

and concentrated by using a rotary evaporator to afford 6.9 g of an alkaloid extract (extract 1). 

Finally, the presence of alkaloids was checked by Dragondroff and Mayer’s reagent chemical 

test.  

2.3.2. Extraction by maceration.  

Root powder (400 g) of Z. chalybeum was extracted with DCM/MeOH (1:1) (3 x 1.5 L) 

for 24 h by maceration while shaking by electronic shaker at a speed of 230 rpm at room 

temperature. The solution was filtered and concentrated by a vacuum rotary evaporator at 40 0C 

to yielding a brown crude extract (38.5 g, 9.6%, extract 2).  

2.3.3. Isolation.  

Acid-base extract (5.6 g, extract 1) was subjected to silica gel flash column 

chromatography eluting with gradient methanol in dichloromethane. A total of 22 fractions (each 

50 mL) were collected. Fractions 3-5 (100% DCM as eluent) afforded compound (1) (60 mg) as 

pale yellow powder. Fractions 7-10 were combined (146 mg) and purified by silica gel column 

chromatography (2-5% MeOH in DCM as eluent) to afforded compound (2) (7.4 mg) as a pale 

yellow powder. Similarly, fractions 13-16 (122 mg) were combined and purified by silica gel 

column chromatography (10-12% MeOH in DCM as eluent) to give compound (3) (11.7 mg).  

Extract 2 (30 g) was subjected to silica gel flash column chromatography and eluted with 

an increasing gradient of ethyl acetate in n-hexane, followed by methanol in dichloromethane. 

A total of 68 fractions (each 50 mL) were collected. Fractions 8-10 (15% EtOAc in n-hexane as 

eluent) afforded compound (4) (81 mg).  

2.4. Cytotoxicity study and cell cycle study. 

2.4.1. Cell lines and culture conditions. 

The MCF-7 and MDA-MB-231 cell lines were cultured in DMEM/F12 (Gibco, USA) 

with 10% (v/v) fetal bovine serum (FBS) (HyClone, USA). The cell lines were incubated at 37 

°C in a 5% CO2 atmosphere. Alkaloids were dissolved in DMSO (Sigma, USA) to prepare a 

stock solution at a concentration of 10 mM and stored in −20 °C before use. Then, the required 

amount of solution was added to the complete culture medium (DMEM/F12, 10% FBS) under 

sterile conditions to obtain freshly prepared solutions of the drugs at the desired concentrations.  
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2.4.2. Cell viability assay. 

The cells in complete medium (50 μL) were seeded into 96-well plates at a concentration 

of 5,000 cells per well and allowed to attach to the plate for 18 h. The cells were incubated with 

a complete culture medium alone, containing 0.01-1.5% of DMSO (vehicle) or solutions of the 

compounds at the desired concentrations for a further 72 h. Then, 10 μL of a freshly prepared 

mixture of 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) solution in Dulbecco's phosphate buffered saline medium (DPBS) (2 mg/mL) 

and phenazine methosulfate (PMS) as a redox intermediary at 20:1 (v/v, PMS/ MTS ratio) was 

added to each well. The plates were incubated for an additional 2-3 h at 37ºC. Untreated cells 

were used as a negative control and doxorubicin was taken as a positive control. The absorbance 

was measured at 490 nm in a CLARIOstar microplate reader. The cytotoxic activity of 

compounds was tested in both MCF-7 and MDA-MB-231 cells after 72 h by MTS assay [17]. 

The result was expressed as IC50 values (the compound concentration inhibiting the cell growth 

by 50%).  

2.4.3. Cell cycle assay. 

 Both cell lines were seeded in complete medium (600 μL) into 24-well plates at a 

concentration of 30,000 cells per well. After 18 h the cells were treated with the compounds at 

the IC50 value for 72 h. Then, the medium was removed and the cells were washed with PBS and 

detached from the plate with trypsin. The cell suspension was centrifuged at 400 g for 5 minutes 

and the cell pellet was resuspended with 200 μL of hypotonic solution of propidium iodide (1 

mg/mL trisodium phosphate, 0.1% Triton X-100 (v/v), 5 μg/mL), 100μg/mL RNasa) and 

incubated at 4 ºC for 12-24 hours. Then, the DNA content of the cells was measured by flow 

cytometry (CytoFLEX Beckman-Coulter). 

2.5. Antimicrobial study.  

2.5.1. Microorganism strain. 

In vitro antibacterial activity of two benzophenanthridine alkaloids (1 and 4, Figure 1) 

was evaluated against Staphylococcus aureus (CECT 59) and Escherichia coli (CECT 434), 

whereas antifungal activity was examined against Candida albicans (ATCC 26555) strains. 

2.5.2. Antimicrobial activity assay. 

The assays of compounds were measured by the broth dilution technique as previously 

described [18]. A microdilution method in 96-well plates, using Mueller-Hinton broth media, 

was performed in order to determine minimum inhibitory concentrations. Alkaloids were 

dissolved in DMSO (Sigma, USA) to prepare stock solutions at a concentration of 100 µg/mL. 

Further half-fold serial dilutions were performed by addition of culture broth to reach 

concentrations ranging from 100 to 1.56 µg/mL were distributed in 96-well plates, as well as a 

sterility/negative control and growth control (containing culture broth plus DMSO, without 

antimicrobial substance). Each test and growth control well was inoculated with 10 µL of a 

bacterial suspension giving a concentration of 105 CFU/mL in the case of bacteria and 104 

CFU/mL in the case of C. albicans. The medium without strain was used as a negative control, 

gentamicin and fluconazole for bacterial and fungal strain as positive control, respectively. All 

experiments were performed in triplicate and the microdilution trays were incubated at 37 ºC for 
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bacterial strains and at 28 ºC for fungal strain for 24h. The microbial growth was detected by 

optical density measurement at 595 nm (ELISA reader, CLX800-BioRAD Instruments). MIC 

values were defined as the lowest concentration of each compound which completely inhibited 

microbial growth. The results were expressed in micrograms per milliliter [19].  

2.6. Molecular docking study. 

2.6.1. Ligand preparation.  

The chemical structures of alkaloids (1-4) (Figure 1) were drawn using the ChemOffice 

tool (Chem Draw 16.0) assigned with proper 2D orientation, and the energy of each molecule 

was minimized using ChemBio3D. Then the energy minimized ligand molecules were used as 

input for AutoDock Vina to carry out the docking simulation.  

2.6.2. Protein preparation. 

The crystal structure of receptor molecule E. coli DNA gyrase B (PDB ID: 6F86) and 

Human topoisomerase II α (PDB ID: 3QX3) were downloaded from the protein data bank. The 

protein preparation was done using the reported standard protocol [20], by removing the co-

crystallized ligand, selected water molecules, and cofactors, the target protein file was prepared 

by leaving the associated residue with protein by using auto preparation of target protein file 

Auto Dock 4.2 (MGL tools 1.5.7).  

2.6.3. Molecular docking.  

The graphical user interface program was used to set the grid box for docking 

simulations. The grid was set so that it surrounds the region of interest in the macromolecule. 

The docking algorithm provided with Auto Dock Vina was used to search for the best-docked 

conformation between ligand and protein. Auto Dock Vina with the standard protocol was used 

to dock the proteins (PDB ID: 6F86 and 3QX3) and alkaloids (1-4) (Figure 1) into the active site 

of proteins [21, 22]. During the docking process, a maximum of nine conformers was obtained 

for each ligand. The conformations with the most favorable (least) free binding energy were 

selected to analyze the interactions between the target receptor and ligands by the discovery 

studio visualizer and PyMOL. The ligands are represented in a different color, H-bonds and the 

interacting residues are represented in ball and stick model representation.  

2.7. In-silico drug-likeness and toxicity predictions. 

The drug-likeness of alkaloids was predicted based on an already established concept by 

Lipinski, et al.(1997) [23]. The structures of alkaloids (1-4) were converted to their canonical 

simplified molecular-input line-entry system (SMILE) and submitted to SwissADME and 

PreADMET tool to estimate in-silico pharmacokinetic parameters such as the number of 

hydrogen donors, hydrogen acceptors and rotatable bonds, and total polar surface area of a 

compound. The isolated compounds' organ toxicities and toxicological endpoints were predicted 

using PreADMET and OSIRIS Property [24]. The selection of compounds as drug candidates 

were determined by a parameter called drug score. The higher the drug score value, the higher 

the compound's chance is considered a drug candidate [25]. 
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2.8. Quantum computational studies. 

Density functional theory (DFT) is emerging as a very powerful technique to study 

biomolecular systems to know the reaction coordinates and of the transition state of a reaction is 

fundamental for developing mechanism-based inhibitors that usually mimic the transition state 

[26]. In the present study, the DFT analysis of alkaloids (1-4) was performed using Gaussian 09 

and visualized through Gauss view 6.0. The structural coordinates were optimized using 

B3LYP/6-31 G (d,p) level basis set without any symmetrical constraints. The molecular 

electrostatic potential map and energies of the compounds were obtained from the optimized 

geometry. Koopman’s approximation was used to estimate the highest occupied molecular 

orbital (HOMO), lowest unoccupied molecular orbital (LUMO), energy gap and related reactive 

parameters (electronegativity, chemical potential, hardness, softness, electrophilicity) [27]. 

2.9. Statistical analysis.  

The IC50 values, the compound concentrations inhibiting the cell growth by 50%, were 

determined from each dose-response curve by GraphPad Prism version 9 software (San Diego, 

CA. USA). 

3. Results and Discussion 

3.1. Characterization of isolated compounds.  

The root extracts of Z. chalybeum after silica gel column chromatography furnished 

compounds (1-4), of which compounds (2) and (3) are reported for the first time from the species. 

Compound (1) was obtained as yellow crystals with the melting point 203-207 ºC and ESI-MS 

[M]+ m/z = 348.12. Its 1H NMR (400 MHz, DMSO-d6) revealed a peak at δ 10.10 (s, 1H, H-6) 

deshielded due to through-space interactions with lone pairs of 7-OMe group [28]. A pair of 

ortho coupled aromatic protons at δ 8.83 (1H, d, J = 9.6 Hz, H-10), 8.85 (1H, d, J = 9.6 Hz, H-

9) and at δ 8. 29 (1H, d, J =9.7, H-12), and δ 8.31 (1H, d, J = 9.7 Hz, H-11) with AB spin splitting 

pattern suggest the presence of two tetra substituted aromatic rings. Two aromatic singlets were 

observed at δ 8.30 (1H, s, H-4) and 7.78 (1H, s, H-1). Singlet peaks observed at δ 6.35 (2H, s), 

δ 4.23 (3H, s) and 4.18 (3H, s) belong to the methylenedioxy group and two methoxy groups, 

respectively. The presence of methyl peak at δ 5.00 (3H, s), with 1J correlation to peak at δ 52.7 

in HSQC spectrum, suggest methyl protons attached to a quaternary nitrogen atom. Its 13C NMR 

(400 MHz, DMSO-d6) spectrum analyzed with the aid of DEPT-135 revealed 21 carbons of 

which seven sp2 methines, four sp2 oxygenated quaternary carbons and six sp2 quaternary 

carbons, two methoxy group, one methylenedioxy and one methyl attached to nitrogen are 

clearly evident (Table 1). Based on the above spectroscopic evidence and comparison with the 

literature [28, 29], the compound was found to be identical to chelerythrine (1, Figure 1) 

previously reported from this plant [30] and a major chemical constituent to  Ethiopian 

Zanthoxylum species.  

Compound (2) was identified as a pale yellow needle with a melting point value of 201-

204 °C and ESI-MS [M]+ m/z = 365.13. Its 1H NMR (300 MHz, CDCl3) spectrum revealed two 

sp2 methines at δ 7.17 (1H, s, H-1) and 7.93 (1H, s, H-4). A pair of ortho coupled doublet protons 

were observed at δ 7.69 (1H, d, J = 8.6 Hz, H-9), 7.46 (1H, d, J = 8.7 Hz, H-10) and δ 7.47 (1H, 

d, J = 8.5Hz, H-11), δ 6.85 (1H, d, J = 8.6 Hz, H-12). The presence of the methylenedioxy group 

was observed at δ 6.11 (2H, s), correlated to methylene at δ 101.1 pointing down in DEPT-135 
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spectrum. Singlet peak was observed at δ 5.30 (1H), correlated to sp3 methine at δ 77.4, suggest 

the presence of hemiaminal sp3 methine. Three singlet peaks were observed at δ 3.77 (s, 3H), δ 

3.05 (s, 3H) and δ 2.41 (s, 3H) that belong to two methoxy groups and methyl attached to 

nitrogen, respectively. Its 13C NMR (300 MHz, CDCl3), with the aid of DEPT-135, revealed a 

total of 21 carbons, of which six sp2 methines, four sp2 oxygenated quaternary carbons, six sp2 

quaternary carbon, two methoxys, one methylenedioxy, one methyl attached to nitrogen and one 

sp3 oxygenated methine are evident. Based on the above spectroscopic evidence (Table 1) and 

comparison with the literature [31, 32], the compound was found to be identical to 6-

hydroxydihydrochelerythrine (2, Figure 1) previously reported from Z. capense [32] and Z. 

nitidum [33], but reported herein for the first time from this species. 

The spectroscopic data of compound (3) (melting point 199-201 °C, ESI-MS [M]+ m/z = 

379.14) is comparable to compound (2), except additional one methoxy signal at δ 3.46 (s, 3H) 

correlated to peak at δ 55.9 in HSQC spectrum coupled with the absence of hemiaminal sp3 

methine peak is in agreement with the placement of the methoxy group at C-6 position. Based 

on the spectroscopic evidence (Table 1) and comparison with the literature [32, 34], compound 

(3) is identical with 6-methoxy-dihydrochelerythrine (3, Figure 1) previously reported from Z. 

nitidum [32] but reported herein for the first time from this species. 

The spectroscopic data of compound (4) (melting point 162-166 ℃, ESI-MS [M]+ m/z = 

349.13) is comparable to compound (2) except additional methylene peak at δ 4.29 (s, 2H) 

coupled with the absence of hemiaminal sp3 methine peak is in agreement with the placement of 

the methylene attached to nitrogen at the C-6 position. Thus, based on spectroscopic evidence 

(Table1) as well as comparison with the literature [29, 35], the structure of the isolated compound 

(4) was found to be identical to dihydrochelerythrine (4, Figure 1), previously reported from this 

plant [30], and a major chemical constituent to Ethiopian Zanthoxylum species. 

Table1. 1H and 13C NMR chemical shifts (ppm) of benzo[c]phenanthridine alkaloids (1-4) isolated from the root 

Z. chalybeum. 

No 1 2 3 4 
1H 13C 1H 13C 1H   13C  1H 13C 

1 7.78 (s, 1H) 106.2 δ 7.17 (s, 1H) 104.0 7.46 (s, 1H) 106.6 7.11 (s, 1H) 104.4 

2  149.2  147.6  147.9  148.0 

3  149.1  147.0  147.3  147.6 

4 8.30 (s, 1H) 104.7 7.93 (s, 1H) 100.4 7.62 (s, 1H) 100.6 7.67 (s, 1H) 100.6 

4a  120.6  111.8  127.6  130.9 

4b  131.5  130.7  138.3  135.5 

6 10.10 (s, 1H) 151.2 5.30 (s, 1H) 77.4 5.30 (s, 1H) 86.0 4.29 (s, 2H) 48.8 

6a  119.8  119.3  118.9  119.9 

7  145.0  145.9  149.3  146.6 

8  151.0  151.0  150.2  152.4 

9 8.85 (d, J = 9.6 

Hz, 1H) 

126.5 7.69 (d, J = 8.6 

Hz, 1H) 

126.4 7.46 (d, J = 8.7 

Hz, 1H) 

126.7 7.70 (d, J = 8.6 

Hz, 1H) 

124.3 

10 8.83 (d, J = 9.6 

Hz, 1H) 

119.9 7.46 (d, J = 8.7 

Hz, 1H) 

118.2 7.70 (d, J = 8.7 

Hz, 1H) 

112.9 7.51 (d, J = 8.8 

Hz, 2H) 

118.8 

10a  128.5  125.0  124.8  130.6 

10b  125.7  125.7  125.7  130.0 

11 8.31 (d, J = 9.7 

Hz, 1H) 

119.7 7.47 (d, J = 8.5 

Hz, 1H) 

122.8 7. 78 (d, J = 8.8 

Hz, 1H) 

123.4 7.48 (d, J = 8.9 

Hz, 1H) 

120.0 

12 8.29 (d, J = 9.7 

Hz, 1H) 

132.1 6.85 (d, J = 8.6 

Hz, 1H) 

122.5 7.66 (d, J = 8.7 

Hz, 1H) 

120.0 6.94 (d, J = 8.5 

Hz, 1H) 

111.5 

12a  132.7  137.8  131.0  132.8 

-OCH2O- 6.35 (s, 2H) 103.2 6.11 (s,  2H) 101.1 6.06 (s, 2H) 104.6 6.05 (s, 2H) 103.2 

6- OCH3 - - - - 3.46 (s, 3H) 55.9 - - 

7-OCH3 4.23 (s, 3H) 62.7 3.77 (s, 3H) 59.9 3.96 (s, 3H) 61.6 3.93 (s, 3H) 61.1 

8-OCH3 4.18 (s, 3H) 57.5 3.05 (s, 3H) 55.2 3.93 (s, 3H 53.9 3.88 (s, 3H) 55.8 

-NCH3 5.00 (s, 3H) 52.7 2.41 (s, 3H) 40.8 2.77 (s, 3H) 40.6 2.60 (s, 3H) 41.3 
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Figure 1. Isolated compounds from the root of Z. chalybeum 

3.2. Cytotoxicity analysis. 

The cytotoxicity of alkaloids (1 and 4) was evaluated using MTS assay against MDA-

MB-231 and MCF-7 breast cancer cell lines. The results revealed that chelerythrine (1) and 

dihydrochelerythrine (4) induced a significant reduction of cell growth in both breast cancer cell 

lines in a dose-dependent manner (Table 2). Chelerythrine (1) showed the highest potency and 

selectivity against the aggressive and metastatic MDA-MB-231 cell line at low micromolar 

concentrations (IC50 = 3.616 ± 0.51 µM) compared to dihydrochelerythrine (4, IC50 = 24.14 ± 

5.24 µM).  

Compounds (1) and (4) showed to influence the cell cycle in the MDA-MB-231 cell line 

by arresting some cells in the G2/M phase, preventing cells with damaged DNA from entering 

mitosis. However, these compounds did not significantly influence MCF-7 cells, which were 

mostly arrested in G0/G1 phase (Figure 2). 

Table 2. Cytotoxicity activity against breast cancer cell lines (IC50 in µM). 

Alkaloids MDA-MB-231 MCF-7 

1 3.616 ± 0.51 22.47 ± 0.84 

4 24.14 ± 5.24 109.11 ± 11.46 

Doxorubicin 0.23 9.6 

IC50 is the average of three independent assays as mean + standard error. 

 
Figure 2. Cell cycle histograms obtained from the untreated cell lines (control) and after treatment of both cell 

lines with compounds 1 (3.6 µM in MDA-MB.-231 and 22.5 µM in MCF-7) and 4 (24.1 µM in MDA-MB.-231 

and 109.1 µM in MCF-7). 
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3.3. Antimicrobial analysis. 

The antimicrobial effects of chelerythrine (1) and dihydrochelerythrine (4) were tested 

in vitro against standard reference bacterial strains of S. aureus and E. coli as well as C. albicans, 

representing selected human pathogens. The antimicrobial activity of these alkaloids is presented 

in Table 3. Among the tested alkaloids, chelerythrine (1), showed promising results against S. 

aureus (IC50 = 12.5 µg/mL) and C. albicans (IC50 = 50 µg/mL), whereas, dihydrochelerythrine 

(4) was inactive, in agreement with previous reports [36].  

Table 3. Antimicrobial activity against selected microorganisms (MIC in µg/mL). 

Alkaloids Staphylococcus aureus Escherichia coli Candida albicans 

1 12.5 µg/mL NE 50 µg/mL 

4 NE NE ˃ 400 µg/mL 

Gentamicin 0.38 0.38 ND 

Fluconazole ND ND 8 

ND, not determined; NE. = no effect. 

3.4. Molecular docking studies. 

Results obtained from the molecular docking study demonstrated that all isolated 

compounds (1-4) have a strong binding affinity for target proteins such as E.coli DNA gyrase B 

and human Topoisomerase II α when compared with ciprofloxacin and vosaroxin, respectively. 

The result revealed a binding pocket of DNA gyrase B (Figure 3) with a minimum binding 

affinity ranging from - 6.5 to - 7.5 kcal/mol (Table 4). Among them, chelerythrine (1), 6-

methoxy-dihydrochelerythrine (3) and dihydrochelerythrine (4) showed hydrogen bond 

interaction with active site amino acid residue Asn-46 at a distance of 1.5Å. However, compound 

2 does not form a hydrogen bond with an amino acid within the binding pocket. The hydrophobic 

interactions were observed for chelerythrine (1) with Ile-78, Pro-79, Val-43 amino acids, 2 with 

Arg-76, Asn-46, Glu-50, Ile-78, and Pro-79, 3 with Ile-78, Pro-79, and Thr-165, and 4 with Ile-

78, Pro-79, Val-43, and Thr-165, suggesting the compounds may act as potential inhibitors of 

DNA gyrase B enzyme. From the docked ligands, chelerythrine (1) and dihydrochelerythrine (4) 

showed comparable binding affinity and amino acid interactions (-7.4 and -7.5 kcal/mol, 

respectively), compared to ciprofloxacin (-7.2 kcal/mol). The binding affinity of compounds 2 

(-6.8 kcal/mol) and 3 (-6.5 kcal/mol) are smaller than ciprofloxacin (-7.2 kcal/mol).  

On the other hand, compounds (1-4) displayed a strong binding affinity for target protein 

topoisomerase II α (Figure 4) ranging from -6.3 to -6.1 kcal/mol (Table 5) whereas vosaroxin 

showed -6.2 kcal/mol. The binding affinity, H-bond and residual interaction of compounds and 

vosaroxin are summarized in (Table 5). Chelerythrine (1) and dihydrochelerythrine (4) showed 

higher binding affinity, -6.4 and -6.3 kcal/mol, similar residual and DNA interaction profile with 

amino acid residues Asp-479, Ser-480, Glu-477, Ala-481, Arg-503, Gly-478, Gly-504 and 

nucleic acid residues DT-8, DT-9, DG-10, DG-12 and DG-13 compared to vosaroxin (- 6.2 

kcal/mol). 

Table 4. Molecular docking scores and residual amino acid interactions of alkaloids (1-4) against E.coli DNA 

gyrase B (PDB ID: 6F86).  

Ligand 

 

Affinity 

(kcal/mol) 

H-bond Residual interactions 

Hydrophobic/Pi-Cation Van der Waals 

1 -7.4 Asn-46 Ile-78, Pro-79, Val-43 Asp-73, Ala-47, Arg-76, Gly-77, Thr-

165, Val-167 

2 –6.8 - Arg-76, Asn-46, Glu-50, Ile-78, 

Pro-79 

Asp-73, Ala-47, Thr-165 

3 –6.5 Asn-46 Ile-78, Pro-79, Thr-165 Asp-73, Ala-47, Gly-77, Glu-50, Ile-94 
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Ligand 

 

Affinity 

(kcal/mol) 

H-bond Residual interactions 

Hydrophobic/Pi-Cation Van der Waals 

4 –7.5 Asn-46 Ile-78, Pro-79, Val-43, Thr-165 Asp-73, Ala-47, Glu-50, Gly-77, Val-

167 

Ciprofloxacin –7.2 Asp-73, Arg-76, 

Thr-165 

Asn-46, Ile-78, Glu-50, Gly-77 Ala-47, Pro-79 

Table 5. Molecular docking scores and residual amino acid interactions of alkaloids (1-4) against Human 

topoisomerase II α DNA (PDB ID: 3QX3).  

Ligands 

 

Affinity 

(kcal/mol) 

H-bond DNA Residual interactions 

Hydrophobic/Pi-

Cation 

Van dar Waals 

1 -6.4 Asp-479, Ser-480 
DC-8,  DT-9, DG-10, 

DG-13,  DC-14 
Arg-503 

Glu-477, Gly-478, 

Gly-504 

2 – 6.2 Asp-479 DT-9, DG-10, DG-12 Ser-480, Arg-503, 

Gly-478, Asp-557 

Glu-477 

3 – 6.1 Ser-480 DT-8, DT-9, DG-10, 

DA-13, DG-14 

Asp-479, Arg-

503, Glu-477, 

Thr-821, Asp-557 

Gly-478 

4 – 6.3 Asp-479 DC-8,  DT-9, DG-10, 

DG-13,  DC-14 

Arg-503 Ser-480,  Gly-478 

Vosaroxin – 6.2 Asp-479, Ser-480, 

Glu-477, Ala-481, 

Arg-503 

DT-8, DT-9, DG-10, 

DA-12, DG-13 

-- Gly-478, Gly-504 

3.5. In-silico pharmacokinetics (drug-likeness) and toxicity analysis. 

The chemical structures of the isolated benzophenanthridine alkaloids (1-4) were 

converted to their canonical simplified molecular-input line-entry system (SMILE) and 

submitted to the SwissADME tool to estimate in-silico pharmacokinetic parameters (drug-

likeness properties) according to ‘Lipinski’s rule of five’. It denotes that the drugs and/or 

candidates should obey the rule of five parameters such as hydrogen-bond donors (HBDs) < 5, 

hydrogen-bond acceptors (HBAs) < 10, a molecular mass < 500 Da, log P not ˃  5, and total polar 

surface area (TPSA) should not be > 140 Å. Drug-likeness is a prediction that screens whether a 

particular organic molecule has properties consistent with being an orally active drug Lipinski 

et al., (1997) [23]. In the present studies, the SwissADME prediction revealed that all the studied 

alkaloids did not violate Lipinski's rule of five and are likely to be orally active (Table 6). The 

hydrogen bonding potential and bioavailability of molecules are closely correlated to the TPSA 

value. Thus, the TPSA value of the studied compounds was noticed in the range of 40.8–60.39 

˚A and is well below the limit of 160 ˚A. And the calculated number of rotatable bonds (NRB) 

values for the isolated compounds are less than 10, which indicated the compounds are 

conformationally stable [37]. 

3.6. ADMET properties.  

The drug absorption, distribution, metabolism, excretion and toxicity (ADMET) analysis 

of all studied alkaloids (1-4) were predicted by using Swiss ADMET. The skin permeability 

value (Kp) in cm/s denotes the skin absorption of molecules.  

Kp's skin permeability, values of all molecules ranged from -5.17 to –5.90 cm/s 

indicating low skin permeability and are within the range of broad-spectrum antibiotic 

ciprofloxacin (-9.09 cm/s) and under the clinical trial anticancer agent vosoroxin (-9.43 cm/s). 

Additionally, gastrointestinal (GI) and blood-brain barrier (BBB) permeation indicates the 

absorption and distribution of drug molecules [37, 38]. The in-silico prediction results of 

absorption, distribution, metabolism, and excretion (ADME) of the compounds studied are 

presented in Table 7. The Swiss ADME prediction parameters have shown the compounds to 
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have high gastrointestinal (GI) absorption and blood-brain barrier (BBB) permeation. Whereas, 

a range of cytochromes (CYP’s) regulates the drug metabolism, in which CYP1A2, CYP2C19, 

CYP2C9, CYP2D6 and CYP3A4 are vital for the biotransformation of drug molecules [39].   

 

Figure 3. The 2D and 3D binding interactions compounds (1-4) and standard ciprofloxacin against DNA gyrase B 

(PDB ID: 6F86), respectively. Hydrogen bonds between compounds and amino acids are shown as green dash 

lines, and hydrophobic interactions are shown as pink lines. The ribbon model shows the binding pocket structure 

of DNA gyrase B with isolated compounds (1-4). 
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Figure 4. The 2D and 3D binding interactions of isolated compound (1-4) and standard vosaroxin against human 

topoisomerase II α (PDB ID: 3QX3), respectively. Hydrogen bonds between compounds and amino acids are 

shown as green dash lines, and hydrophobic interaction is shown as pink lines. 
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SwissADME prediction has shown that alkaloids (1-3) inhibited all cytochromes and 

substrate of permeability glycoprotein (P-gp). However, (4), also inhibited all cytochromes 

except CYP2D6 and is a substrate of permeability glycoprotein (P-gp) (Table 7). Acute toxicity 

prediction results, such as toxicity class classification and LD50 values, predict that none of the 

alkaloids has acute toxicity. The toxicological prediction gives results of endpoints such as 

hepatotoxicity, carcinogenicity, mutagenicity, and cytotoxicity. The studied compounds were 

predicted to be non-carcinogenic and non-irritant. However, all compounds have shown 

hepatotoxicity and mutagenicity. Pre-ADMET and OSIRIS property explorer prediction 

analyses are shown in Table 8. Hence, Alkaloids (1-4) may be the good candidates in this 

investigation based on ADMET prediction analysis. 

Table 6. Drug-likeness predictions of alkaloids (1-4), computed by SwissADME. 

No. Mol.Wt. 

(g/mol) 

NHD NHA NRB TPSA 

(A°2) 

LogP 

(cLogP) 

Lipinski’s rule of Five 

Violation 

1 365.38 1 5 2 60.39 3.35 0 

2 379.41 0 5 3 49.39 3.76 0 

3 349.38 0 4 2 40.16 3.59 0 

4 348.37 0 4 2 40.8 0.22 0 

NHD = Number of a Hydrogen donor, NHA = Number of Hydrogen acceptor, NRB = number of rotatable bonds, 

and TPSA = total polar surface area. 

Table 7. ADME predictions of alkaloids (1-4), computed by SwissADME and PreADMET. 

No. log Kp cm/s 

GI  

Absorpti

on 

BBB 

Permeabil

ity 

Inhibitor Interaction 

P-gp 

substrate 
CYP1A2  CYP2C19  CYP2C9  CYP2D6  CYP3A4  

1 -5.9 High Yes Yes Yes Yes Yes Yes Yes 

2 -5.61 High Yes Yes Yes Yes Yes Yes Yes 

3 -5.41 High Yes Yes Yes Yes Yes Yes Yes 

4 -5.17 High Yes Yes Yes Yes Yes No Yes 

LogKp = Skin permeation value, GI = Gastro-Intestinal, BBB = Blood Brain Barrier, P-gp = P glycoprotein, CYP = 

Cytochrome-P 

Table 8. Prediction of Toxicity of alkaloids (1-4) computed by Pre-ADMET and OSIRIS Property Explorer. 

No. 
LD 50 

(mol/kg) 

Toxicity 

Class 

Organ Toxicity 

Hepatotoxicity Carcinogenicity Cytotoxicity 
Mutagenicit

y 
Irritant 

1 2.557 3 Yes No Yes Yes No 

2 2.502 3 Yes No Yes Yes No 

3 2.678 3 Yes No No Yes No 

4 2.678 3 Yes No No Yes No 

3.7. DFT analysis.  

The DFT (density functional theory) study is an important approach to explore the 

relationship between geometry and electronic properties of chemical compounds [40]. Therefore, 

we report herein the DFT calculations with the basis sets B3LYP/6-31 G (d,p) involving 

optimized geometries (Figure 5), molecular electrostatic potential (MEP), Mullikan’s atomic 

charges, highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital 

(LUMO) and energy gap for alkaloids (1-4). The determination of the MEP region is the best fit 

for identifying sites for intra- and intermolecular interactions (Figure 6) [40]. Red/Yellow 

regions indicate negative electrostatic potentials and the blue region shows positive, and the 

green color designates the potential neutral region. The Mullikan’s atomic charges (Figure 7) of 

the DFT calculation revealed a charge distribution in individual atoms. The charges on carbon 

atoms exhibited either positive or negative values.  
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Figure 5. The optimized structures of compounds (1–4). 

 

Figure 6. Molecular electrostatic potential surface of compounds. 

 
Figure 7. The DFT calculated Mulliken’s atomic charges of alkaloids (1-4). 
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All hydrogen atoms displayed a net positive charge and act as acceptor atoms, and all 

oxygen atoms of the optimized compounds were shown to have a negative charge, which acts as 

donor atoms. The HOMO, LUMO and energy gap (E) of the studied alkaloids are presented in 

table 9. The results show that all studied alkaloids exhibited the least energy gap (E), suggesting 

high chemical reactivity and considerable intramolecular charge transfer from an electron donor 

(HOMO) to electron acceptor (LUMO) groups. Additionally, the alkaloids (1-4) have large 

electronegativity (eV)), global softness ( eV-1), and global electrophilicity (eV) (Table 9). 

Based on the results, compounds (1-4), have good bioactivity. 

Table 9. The various quantum chemical parameters of alkaloids (1-4). 

NO EHUMO (eV) ELUMO (eV) 
Energy Gap 

E (eV) 

Electronegativity 

 (eV) 

Global Hardness 

 (eV) 

Global 

Softness 

 (eV-1) 

Global 

Electrophilicity 

 (eV) 

1 -0.1880 -0.0326 0.1554 0.1103 0.0777 12.8667 0.0783 

2 -0.1751 -0.0287 0.1464 0.1019 0.0732 13.6602 0.0710 

3 -0.1851 -0.0309 0.1542 0.1080 0.0771 12.9676 0.0756 

4 -0.1196 -0.0359 0.0837 0.0778 0.0418 23.8891 0.0723 

4. Conclusions 

The benzophenanthridine alkaloids have recently gained much attention due to their wide 

spectrum of biological activities. The present study identified four benzo[c]phenanthridine 

alkaloids from the root extracts of Z. chalybeum, of which (2) and (3) are reported herein for the 

first time from this plant. Chelerythrine (1) and dihydrochelerythrine (4) induced a significant 

reduction of cell growth of MDA-MB-231 and MCF-7 breast cancer cell lines in a dose-

dependent manner. Chelerythrine (1) showed the highest potency and selectivity against the 

aggressive and metastatic MDA-MB-231 cell line at low micromolar concentrations compared 

to dihydrochelerythrine (4). Antimicrobial activity test revealed that chelerythrine (1) showed 

promising results against S. aureus (IC50 = 12.5 µg/mL) and C. albicans (IC50 = 50 µg/mL) 

whereas dihydrochelerythrine (4) was inactive. 

In silico molecular docking analysis of isolated alkaloids (1-4) against E.coli DNA gyrase 

B revealed a promising scoring pose (lowest energy) with a value of -7.4, -6.8, -6.5 and -7.5 

Kcal/mol, respectively, compared to ciprofloxacin (-7.5 Kcal/mol) whereas against human 

topoisomerase II α revealed better scoring pose (lowest energy) with a value of -6.4, -6.2, -6.1 

and -6.3 Kcal/mol, respectively, compared to vosaroxin (-6.2 Kcal/mol). In addition, the 

ADMET (Drug-likeness) studies showed the highest Drug-likeness properties of the alkaloids, 

suggesting these compounds act as a drug and exhibit remarkable biological activities. DFT 

calculations suggested that studied alkaloids showed the lowest gap energy and chemically 

reactive. We found that the results obtained from molecular docking, drug-likeness properties, 

ADMET analysis and the DFT calculation are in good agreement with those obtained from 

experimental studies suggesting the potential use of the isolated compounds as medicine 

corroborate with the traditional use of the roots of Z. chalybeum. 
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