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	Cancer is a multifactorial disease. Chalcones have been identified as potential antitumor agents that target tubulin. This study aims to synthesize and evaluate the antitumor activity of a quinoline-substituted chalcone epoxide as a potential tubulin inhibitor. The compound was synthesized by Claisen-Schmidt condensation and named C1, its structure was established using various spectroscopic techniques. The median lethal dose (LD50) of C1 was evaluated using OECD 425 guidelines, antitumor activity was evaluated in 1-methyl nitrosourea (MNU)-induced mammary tumors in rats. Eight weeks post-MNU administration, the animals were divided into five groups of six rats each and treated with graded doses (12.5, 25, and 50 mg/kg) of C1 and paclitaxel (10 mg/kg) for six weeks. At the end of the treatment, the rats were euthanized, and mammary glands were collected and subjected to histological assessment to confirm tumor induction and assess treatment with C1. The possible mechanism of action of C1 was elucidated in silico using molecular docking. The LD50 of C1 was above 2000 mg/kg. There was significant decrease (p = 0.041) in mean tumor diameter when compared with the untreated group. Histological assessment shows that the lactiferous gland of the rats treated with MNU and graded doses of C1 showed fewer signs of hyperplasia with a small number of tumor cells in the duct when compared with the cancer control group. Tubulin-binding interaction revealed that C1 and Colchicine have the same binding site. These results suggest that C1 may have potential anticancer activity possibly via microtubule destabilization.
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Introduction 
                Cancer is one of the major health problems that affect millions of people worldwide.1,2 There are various strategies employed in treating cancer, including surgery, chemotherapy, and radiation therapy used either alone or in combination. Chemotherapy is still the mainstay in the treatment of cancer. Despite the continuous discovery of new anticancer drugs, their use in cancer treatment is still unsatisfactory due to several adverse effects coupled with resistance and relapse.3,4 As a result, there is a need to design and develop new anticancer drugs with high selectivity, less toxicity, and better efficacy against all forms of cancers and minimize resistance.5 Moreover, cancer cells grow and divide very rapidly compared to normal cells. Since the microtubule is one of the critical components required for cell division, microtubule-targeting agents are explored for anticancer drug development.6
Microtubules are hollow cylindrical assemblies of tubulin heterodimers involved in several cellular processes such as cell division, where they form the mitotic spindle or intracellular border, and form the paths along which microtubule-based neurons move,7 making them susceptible targets for anticancer drug design.8 Currently, numerous microtubule inhibitors (MTIs) such as taxanes, Vinca alkaloids, and epothilones are used to manage many solid and hematologic cancers.9,10
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Microtubule inhibitors have been demonstrated to produce a high level of anticancer activity in clinical treatment but are limited by high toxicity and the development of drug resistance.11 Colchicine was the first identified tubulin destabilizing agent,12 not approved to treat cancer because of its low therapeutic index and high toxicity, resulting in the development of other colchicine binding site inhibitors (CBSIs). The favorable factors of most CBSIs are that they have little or no multidrug resistance (MDR) issues, simple structure, and are easy to synthesize.13
Studies revealed that another possible way to prevent cancer multidrug resistance is to develop irreversible binding agents, as hinted by Buey et al., that a small natural molecule such as cyclostreptin retains its activity in cells that are resistant to Paclitaxel by upregulation of P-glycoprotein through covalently binding to β-tubulin.14 The study suggested that resistant tumor cells cannot elude the effect of compounds irreversibly binding to them by decreasing their affinity for the target or increasing the drug outward. They suggested that designing a compound that irreversibly binds with tubulin could effectively prevent drug resistance. For example, some microtubule-stabilizing agents such as zampanolide and dactyloid retain their activities in MDR cell lines by covalently and irreversibly binding to the taxane binding site in β-tubulin.15,16 Another tubulin inhibitor that covalently binds to Cys-239 of β-tubulin (T138067) retains full activity in MDR cells both in vitro and in vivo.17 The anticancer activity of eribulin on drug-resistant cells was observed to be due to its ability to irreversibly block mitosis and persistently retain drugs in the cancer cells.18 Several studies evaluated synthesized chalcone's in vitro and in vivo toxicity and their epoxides were reported to be relatively non-toxic. 19,20
 These findings showed that irreversible modification of tubulin will destroy cancer cells and may also overcome MDR. This study is aimed at synthesizing a new anticancer agent, from the chalcone family; quinolinyl-chalcone epi-oxide (compound 1) of less toxicity and probably more ability to counter drug resistance.
 
 
Materials and Methods
Materials
Equipment: Melting points are uncorrected and, were determined in a Gallenklamp melting point apparatus. Fourier Transform Infrared (FT-IR) spectrum was performed on an Agilent model 470 spectrophotometer. 1H-NMR and 13C-NMR spectra were recorded using a 400 MHz Bruker spectrometer and are reported in ppm downfield from TMS as an internal standard. 
Reagents, solvents, and standard drugs; All the starting reagents and solvents used for the experiments were of analytical grade and were used without further purification, these include 2-chloro-6-methoxy-3-quinoline carbaldehyde, 2, 4-dimethoxy acetophenone, sodium hydroxide (50%), iodine crystals, chloroform, ethyl acetate, hexane, ethanol, hydrochloric acid, 10% Giemsa stain, Acacia, 1-methyl nitroso-urea, Paclitaxel. The reagents were purchased from Sigma Aldrich Germany.
Synthesis of compound 1; Compound 1 was synthesized via a base-catalyzed condensation of 2, 4-dimethoxy-acetophenone (0.01 mole), and 2-chloro-6-methoxy-3-quinoline carbaldehyde (0.01 mole) with 20 ml ethanol in a round bottom flask. To this 10ml of 40%, sodium hydroxide solution was added dropwise with continuous stirring for 30 minutes at 250C. The mixing was then continued for another 12 hours at room temperature using a magnetic stirrer. The resulting mixture was kept in a refrigerator overnight until it formed a colored solid mass. Completion of the reaction was established by the disappearance of spots due to reactants on thin-layer chromatograms and the appearance of a single spot. 
Drops of 10% HCl were added to neutralize the reaction medium. The mixture was further diluted with 40 ml of ice-cold distilled water and then filtered; the residue was washed with more ice-cold distilled water and dried in air. The product was recrystallized with ethanol, dried, and weighed.
Characterization of compound 1; Structural characterization of the compound was performed using FT-IR and, 1H, 13C, and 2D-NMR Spectroscopy. FT-IR data are reported in terms of frequency of absorption ν cm-1. Data for 1H-NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, dd = doublet of a doublet, m = multiplet), integration (J in Hz). Data for 13CNMR expressed as chemical shift δ (ppm).
 
In-Vivo Antitumor Study
Animal management 
Ethical approval was sought from the Ahmadu Bello University Committee on Animal Use and Care (ABUCAUC), with the approval number ABUCAUC/2022/003. Adult female Wistar rats weighing between 60-80 g were obtained and housed in the Animal House of the Department of Pharmacology and Therapeutics, Ahmadu Bello University, Zaria, Nigeria. The rats were fed with standard feed and allowed water ad libitum.
 
Acute toxicity studies in rats 
The oral median lethal dose (LD50) was determined using OECD 42521 guidelines in rats. Three rats were fasted before treatment for 3 hours, fasted body weight was determined for each animal, and the dose was calculated according to the body weight. Food was further withheld for two hours after the administration of compound 1. A rat was dosed at 2000 mg/kg (limit test) and was observed for 48 hours. The first rat survived; thus, additional two rats were dosed with 2000 mg/kg. The rats were observed for signs and symptoms of toxicity at least once during the first 30 minutes, periodically during the first 24 hours, and then daily for 14 days after dosing.
 
Induction of mammary tumor
Female Wistar rats at P45-50 were used for the study. Before tumor induction, the rats were immunosuppressed with a single dose of Dexamethasone (10 mg/kg). The mammary tumor was induced according to the method of Thompson et al.22  with modification. Each rat was administered 65 mg/kg of 1-methyl nitrosourea dissolved in normal saline subcutaneously, beneath the mammary gland. The rats were observed and palpated weekly to determine the development, localization, and size of neoplasia on the mammary gland. Eight weeks post-cancer induction, the rats were divided into five groups of six rats each. Rats in group I served as negative control and received normal saline (1 ml/kg), group II, III, and IV rats were treated with graded doses of compound 1 (50, 25, and 12.5 mg/kg respectively via oral route) daily, while rats in group V served as positive control and received Paclitaxel (10 mg/kg, i.p) on alternate days. The treatment lasted six weeks.
 
Sample collection
At the end of the study, rats were sacrificed, and mammary tissue samples were collected, weighed, and preserved in 10%v/v formalin in normal saline for histological assessment.23
 
Histological examination
The specimens from each rat were immediately stored in 10%v/v formalin in normal saline after gross histological examination and dehydrated using increasing concentrations of isopropyl alcohol. Paraffin sections at 5 mm thickness were made from the paraffin-embedded organs using a Leica rotary microtome. This was followed by routine staining with hematoxylin and eosin, which involved the process of deparaffinization, hydration, staining, rinsing, and clearing in xylene. Slides were viewed under a light microscope with photomicrographs taken with a Leica DM750 Camera Microscope (X 250).23
 
Molecular Docking
Target preparation 
The enzyme tubulin was obtained from a protein data bank with PDB ID 4O2B. Best-resolved monomers were chosen for the study. All non-standard residues were removed from the 3D structures of the enzymes using UCSF Chimera. Isolated receptor and co-crystallized ligand (colchicine) were prepared on Chimera and saved as a rec. pdb and Lig.mol2, respectively. Rec.pdb and Lig.mol2 were edited on the Autodock tool (ADT) by adding polar hydrogen and Gastier charges then saved as pdbqt files.  
 
Ligand structure
The 2D structure of the ligand (compound 1) was generated using Chem Draw. 3D structure generation and geometric optimization using the AMI semi-empirical method were performed with Spartan 06. Polar hydrogen and Gasteir charges were added and converted to pdbqt using ADT.
Docking was carried out using the virtual screening software Auto Dock Vina.24 The ligand was docked on the active site of the protein. The docking procedure for the protein was validated before docking the test compound. The best pose was selected from the View Dock feature of Chimera and saved in a complex with the reference protein.
 
Data analysis
Statistical analysis was carried out using SPSS (Version 20) and data obtained were expressed as mean ± SEM. Differences between mean were analyzed using one-way or repeated measures analysis of variance (ANOVA) where applicable, then, followed by Bonferroni post hoc test, for multiple comparisons, values with p ≤ 0.05 were considered significant.
 
Results and Discussion
The two-dimensional (2D) representation of compound 1 is showed in (Figure 1). The synthesis of the compound furnishes good yields of 78.04%, some of the physicochemical properties of the compound are shown in table (Table 1). The orange color and the crystalline nature of the compound agree with the appearance of natural chalcones and other chalcone derivatives reported in the literature.25,26 The sharp melting point observed with the compound suggests that the compound has a high degree of purity27.
From the FT-IR data (supplementary F1), the olefinic frequency observed in the region 2995-3008 cm-1 is evident that the chalcone has been formed. Also, the characteristic α, the β-unsaturated carbonyl group of the chalcones was confirmed by the prominent band between 1625-1650 cm-1. Additionally, the methoxy function is evidenced by coupled strong vibration frequency at 1260 and 1095 cm-1 for C-O-C stretching vibrations.28
The 1H NMR, 13C NMR, and 2D NMR spectra were used to elucidate the structure of compound 1. A noticeable change from the starting materials is the disappearance of the aldehyde and methyl ketone chemical shifts, which appear as singlets around 9.89-10.30 ppm and 2.50 ppm respectively. These protons are replaced by the oxy-methyl protons of an epi-oxide observed as doublets in the region of 4.79 – 4.78 ppm (H- α) and 4.92 – 4.94 ppm (H- β) with coupling constants of 6.4 Hz. The other noticeable observations in the H NMR are the methoxy proton as singlets at the region of 3.83 – 4.25 ppm. The rest of the protons appear in their expected regions with their usual coupling constants (Supplementary information).
 
 
Figure 1. Quinolinyl-chalcone epi-oxide, (3-(2-chloro-6-methoxyquinolin-3-yl) oxirane-2-yl)
 
Table 1. Yield and some physical properties of compound 1
 
	Compound's ID
	Color
	Rf Values
	Melting points (0C)
	% Yield

	Compound 1
	Orange crystals
	0.40
	120-123
	50.64


(a) Silica, Thin layer chromatography plate was used with n-hexane: ethyl acetate (7:3) as development solvent. Rf is a retention factor.
Characterization of Compound 1
 
 
Figure 2: Effects of compound 1 administration on average tumor diameter in MNU-induced mammary tumor rats
Values are expressed as Mean ± S.E.M. Data was analyzed using repeated measures ANOVA followed by Bonferroni post hoc test. n=6, C = Compound 1, CC =cancer control, ST = Paclitaxel a = difference within, b = difference between the groups
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Plate I. Photomicrograph of a section of the mammary gland of female Wistar rats showing the lactiferous glands of the rats treated with normal saline, MNU, and compound 1.
A=Normal saline showed a normal feature of the lactiferous gland
B=1-Methyl nitrosourea and normal saline showing dilated ducts filled with tumor cells and extreme hyperplasia of mammary lobules and decreased connective tissue of the lactiferous gland (H and E X 250).
C= 1-Methyl nitrosourea and Paclitaxel (10 mg/kg) showing dilated ducts filled with tumor cells and moderate hyperplasia of mammary lobules and slightly decreased connective tissue (H and E X 250)
D= 1-Methyl nitrosourea and compound 1 (50 mg/kg) displayed fewer signs of hyperplasia and small numbers of connective tissue with larger lobules (H and E X 250).
E= 1-Methyl nitrosourea and compound 1 (25 mg/kg) displayed fewer signs of hyperplasia and small numbers of connective tissue with larger lobules (H and E X 250).
F= 1-Methyl nitrosourea and compound 1 (12.5 mg/kg) showing dilated ducts filled with tumor cells and moderate hyperplasia of mammary lobules and slightly decreased connective tissue (H and E X 250)
 
 
 
 
 
Figure 3: Molecular docking validation with the co-crystallized ligand (colchicine) of Tubulin protein (PDB ID 4o2b)
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Figure 4: Lid ribbon representation of 4O2B docked with the crystal structure of compound 1 (red) and the Colchicine (yellow) in the active site
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Figure 5: Lid ribbon representation of 4O2B (green/ cyan) docked with the crystal structure of compound 1 (colored by elements) in the active site and the apo-tubulin (magenta). The black circles indicate the structural difference between the two proteins.
 
Additional support for the structures of the compound comes from the 13C NMR spectra, where the carbonyl carbon (C=O) of the α, β-unsaturated ketone linker is observed in the region 191 ppm, compared to the aldehyde carbonyl group (C=O) at 195 ppm and methyl ketone carbonyl group (C=O) which appears in the region 179 ppm. The α and β- carbon atoms concerning the carbonyl group give rise to characteristic signals in being δ 53.1 ppm and δ 41.4 ppm respectively. The methyl carbons (α- and β- carbon to the carbonyl carbon) are evidence that a chalcone epi-oxide has been formed. The positions of all C atoms in the compound have been assigned.29
In the in vivo study, an acute toxicity study revealed, that, C1 is relatively safe with LD50 above 2000mg/kg and also displayed a significant antitumor activity, having activity better than that of Paclitaxel (10 mg kg-1) at a dose of 50 and 25 mg kg-1. The antitumor activity of the compound was assessed by measuring tumor diameter which showed a significant decrease (p = 0.041) in the mean weekly tumor diameter when compared with the untreated group (Figure 2). Histological evaluation was deployed to corroborate the antitumor activity of the C1. Induction of cancer is characterized by a dilated duct that is filled with tumor cells, a small number of connective tissues, and extreme hyperplasia of lobules. All the aforementioned features were seen in the group of rats treated with MNU and normal saline (cancer control group). The lactiferous gland of the groups of rats treated with MNU and graded doses of C1 showed fewer signs of hyperplasia with a small number of tumor cells in the duct when compared with the cancer control group (Plate 1). The ability of the compound to reduce the tumor cells and hyperplasia, support its antitumor activity. This finding is in line with the work of Zingales and Moore who reported that synthesized chalcones and their derivatives contained potential leading skeletons of antiproliferative agents, and modifications in their skeletal structure enhanced their antitumor activities.30 Lawrence and colleagues also reported the synthesis of a 644-membered library of chalcones by parallel synthesis using the Claisen-Schmidt reaction.31 Seven chalcones exhibited an IC50 of less than 1 µM against K562 cells. The most active compound was impressively cytotoxic and inhibited tubulin polymerization.32 Ducki and colleagues also incorporated the aryl substitution into chalcones and obtained several chalcones with substantial in vitro activity against the K562 human leukemia cell line.33 As shown in the SAR analysis, the 3,4,5-tri methoxy A-ring substitution distinctly increases cytotoxicity. The most potent compound of a series of novel dithiocarbamate compounds with the chalcone scaffold inhibited the growth of MCF-7 cells tubulin polymerization similar to Colchicine.34 In addition to individual compounds, several potent hybrid molecules with anticancer activities have been developed by grouping different pharmacophores. For example, the hybrid of imidazothiazoles and chalcones resulted in 2,3-diaryl imidazo [1,2-b] thiazole-chalcone conjugates that exhibited significant antiproliferative activities against several cancer cells.35,36
On the determination of the possible mechanism of action of compound 1 using molecular docking to determine the tubulin binding interactions. The docking procedure was well validated and the cocrystal ligand (colchicine) is well superimposed with the docked ligand (Figure 3). Tubulin-binding assays revealed that the kinetics of compound 1 binding to tubulin were similar to that of Colchicine, with evidence of competition between compound 1 and Colchicine for the binding site. A comparison of crystal structures of tubulin-compound 1 and tubulin–colchicine complexes show that the binding mode of compound 1 to tubulin is similar to that of Colchicine (Figure 4). When colchicine binds to its site, it blocks a helix which is at the interface with tubulin from stacking onto a tubulin sheet as in straight protofilaments (Figure 5). While in the presence of these ligands, the interference with microtubule assembly gets frozen, by flipping in and out the subunit, a loop participates reversibly in the resistance to straightening that opposes microtubule assembly.36 The antitumor activity of compound 1 seen in the MNU-induced mammary tumor rats could be a result of the ability of compound 1 to inhibit tubulin polymerization by binding to the colchicine binding site. Our results suggest that compound 1 contributes to microtubule dynamic instability. Taken together, our data suggest that compound 1 could be a potent tubulin inhibitor with distinct effects on microtubule organization.
 
Conclusion
This study showed that a quinolinyl-chalcone epi-oxide was synthesized with a very good yield, was relatively safe, and possessed anticancer activity.  Molecular docking studies revealed that the compound could bind to the colchicine site of tubulin and inhibit its activity.
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