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Abstract

:

The antitumor potency of a series of designed and prepared antibacterial quinobenzothiazines was evaluated against different types of human cancer cell lines, such as glioblastoma SNB-19, lung adenocarcinoma A549 and breast cancer T47D, and the activities of the compounds were compared to cisplatin and doxorubicin. 9-Propoxy-5-methyl-12H-quino[3,4-b][1,4]benzo- thiazinium chloride (4a), 9-allyloxy-5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chloride (4d) and 11-benzyloxy-5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chloride (4l) were the most active compounds; their IC50 values against all three cell lines ranged from 5.3 to 9.3 µM. The effective derivatives showed no cytotoxic effect up to 100 µM on normal human dermal fibroblasts (NHDFs). To explore the structure–activity relationship, the effect of the type/nature and position of the substituents on the tetracyclic quinobenzothiazine system on the anticancer activity was investigated. Additionally, the receptor-dependent approach was used to specify the mutual ligand–enzyme (bio)compositions that might be potentially valid for the antitumor characteristics of new quinobenzothiazine derivatives. In particular, the molecular docking procedure was applied for the most potent agents against the human breast cancer line T47D in order to obtain comprehensive knowledge about the aromatase–inhibitor binding mode. The docking study revealed that some regularities in the spatial atomic distribution and nonbonding interactions (e.g., hydrophobic patterns) can be observed for the most active molecules. The surface of the electron-rich aromatic rings of 4d and 4l molecules could also contribute to π–π stacking interactions with protoporphyrin IX (HEM) as well as to the formation of π–cation interactions with the adjacent iron cofactor.
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1. Introduction


The cancerous growth of various tissues has become one of the most frequent causes of illness and death. According to the statistics of the World Health Organization, breast, lung, colon, rectal and prostate cancers are in the first place. It can be stated that, in total, cancer caused almost 10 million deaths in 2020: i.e., every sixth patient died of cancer [1]. For example, in 2008, cancer was the cause of 7.5 million deaths, which was approximately 13% of all deaths [2]. These data show a trend of cancer incidence growth in spite of better diagnostics and treatment. It is important to mention that these diagnoses and their occurrence are highly correlated with the income of the population in different regions of the world. Areas with high incomes also have higher rates of cancer than areas with low incomes. On the one hand, about one-third of cancer deaths are due to high body weight, the heavy consumption of alcohol and tobacco products, a diet low in fruit and vegetables, little physical activity and high levels of stress [1,2]. On the other hand, infections causing cancer, e.g., hepatitis and human papillomavirus, cause about 30% of cancer cases in low- and middle-income regions. Another group, which is more or less unaffected by income, represents the hereditary burden, such as in the case of breast cancer [1,2].



Worldwide, great attention is paid to the discovery and development of various anticancer drugs. A wide variety of compounds with different antiproliferative mechanisms of action are currently in use. In general, antineoplastics can be classified into alkylating agents, antimetabolites, cytotoxic antibiotics, alkaloids and plant medicines, complexing compounds from the group of platinum cytostatics, protein kinase inhibitors and monoclonal antibodies [3,4,5,6,7,8]. A different drug is suitable for each type of tumor growth. It can be stated that the resistance of tumor cells represents a major problem that combined therapy tries to overcome. Currently, the eyes of the professional and lay public are focused on the therapeutic use of nanoparticles/nanoformulated antineoplastics and a wide range of drug delivery nanosystems [5,9,10,11].



Apoptosis, as programmed, self-automated cell death, is critical for body homeostasis and cellular integrity. Moreover, the impairment of apoptotic process execution can lead to the appearance of various diseases, including breast cancer [12]. Hence, targeting apoptosis regulators and/or inducers in cancer cells is an appealing strategy for the treatment of hormone-sensitive breast cancer. According to the apoptogenic hypothesis, the suppression of estrogen biosynthesis by aromatase inhibition can induce and stimulate apoptotic signaling pathways, reducing the risk of hormone-dependent breast cancer progression [13]. As a matter of fact, aromatase can be competitively inhibited by a diverse range of steroidal and nonsteroidal agents (e.g., phenothiazine derivatives carrying a benzenesulfonamide moiety); however, novel aromatase inhibitors (AIs) are urgently needed due to side-effect issues (e.g., drug resistance) [14].



Due to their structures, heterocyclic compounds have the ability to interact with a wide variety of biological targets [15,16,17,18] and undoubtedly play an essential role in the design of antineoplastics [19,20,21,22,23,24]. Notable heterocyclic structures are phenothiazine and quinoline scaffolds, which are included in many drugs. Phenothiazines are used as antipsychotics/neuroleptics, antihistamines, antiemetics, antipruritics, analgesics and anthelmintics [3,25,26,27]. Quinolines can be found in anti-invasive, analgesic, anticonvulsant, anti-Alzheimer, and antioxidant drugs or in drugs affecting the cardiovascular system and smooth muscles [3,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43].



The fusion of the two scaffolds results in a tetracyclic platform of quinobenzothiazines showing primarily anticancer and antibacterial activities [44,45,46,47,48,49]. Subsequent studies resulted in the design of angularly fused quino[3,4-b][1,4]benzothiazines, which demonstrated significant in vitro anticancer activity against a spectrum of human cancer cell lines [50,51,52]. In an earlier work, a unique, original method for the synthesis of azaphenothiazine derivatives was presented [53], which allows the formation of derivatives containing specific substituents at different positions of the tetracyclic quinobenzothiazinium system. The method involves the reaction of thioquinanthrenediinium bis-chloride (1) with substituted isomeric hydroxyanilines (2). The intermediate product of these reactions is a betaine system with the structure of 1-methyl-4-(phenylamino)quinoline-3-thiolate (3), the cyclization of which leads to the formation of a thiazine ring. The control of the parameters of the cyclization reaction enables its selective course and allows the unique introduction of various types of substituents in the 9, 10 and 11 positions of the quino[3,4-b][1,4]benzothiazine scaffold (see Scheme 1). Using this method of synthesis, a series of propoxy, allyloxy, propargyloxy and benzyloxy derivatives were obtained (see Table 1).



Recently, antimicrobial activity against Gram-positive bacteria and mycobacteria has also been reported [53]. From the point of view of the treatment of oncological patients in whom anticancer therapy causes general immunosuppression, in addition to resistant nosocomial pathogens, common infections or opportunistic pathogens pose a great threat to life for these patients, it is advantageous if the compounds show anticancer and antimicrobial activities [54,55,56]. This fact led us to the goal of this study, namely, to perform a primary in vitro anticancer screening of active antimicrobial agents investigated recently [53]. Furthermore, the molecular docking approach was used for the most potent agents against the human breast cancer line T47D in order to gain insight into the aromatase–inhibitor binding mode, which might be potentially valid for the antitumor characteristics of new quinobenzothiazine derivatives.




2. Materials and Methods


2.1. Chemistry


The detailed synthesis of alkoxy 5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chlorides 4a–l and the characterization of all compounds were described recently [53].




2.2. In Vitro Cell Viability Analysis


Human glioblastoma SNB-19, lung adenocarcinoma A549 and breast T47D cancer cell lines were employed for in vitro antiproliferative assays. Normal human dermal fibroblasts (NHDFs) were used as a control for the cytotoxic effect on human noncancer cells. The in vitro cell viability effects of the compounds were evaluated using the Cell Proliferation Reagent WST-1 assay (Roche Molecular Biochemicals Mannheim, Germany). Detailed conditions and implementation were described by Empel et al. [52] and by Kisiel-Nawrot et al. [53]. The in vitro cell viability of individual human cell lines was expressed as the IC50 [µM] value. The results are shown in Table 1.




2.3. Molecular Docking Study


CACTVS/csed and CORINA editors were used to generate 3-dimensional molecular models of the 4a–l ligand population. The data format conversion was conducted using the OpenBabel (inter)change file format converter. The Sybyl-X 2.0/Certara package installed on a DELL workstation with Ubuntu 20.10 operating system was employed to perform the molecular modeling simulations. The Sybyl-X MAXMIN2 module was used to initially optimize the compound spatial geometry with the standard Tripos force field (POWELL conjugate gradient algorithm) with a 0.01 kcal/mol energy gradient convergence criterion. The crystal structure of human placental aromatase cytochrome P450 in complex with androstenedione at 2.90 Å resolution was downloaded from the PDB repository (PDB code: 3eqm) [57]. Apart from protoporphyrin IX containing an iron ion (C34H32FeN4O4), all remaining heteroatoms, including the 4-androstene-3-17-dione (ASD) molecule, were eradicated from the AC2 binding site prior to docking in the AutoDock Vina 1.2.0 program [58]. Initially, the ligand/enzyme structures were prepared in the pdbqt file format with the calculated Gasteiger charges. The grid box (size 15 × 15 × 15 Å) was centered on the central atom of the ASD analog. In AutoDock Vina, docking simulations of different poses (default nine) were generated progressively from a single conformer (an energy-optimized molecule). The resulting molecular conformations and orientations (poses) with the preferred torsion angles and rotatable bonds were then evaluated by the united-atom (UA) scoring function. Schrödinger Maestro graphical viewers and Protein-Ligand Interaction Profiler (PLIP) were employed to illustrate the foreseen 2D/3D binding modes, respectively.





3. Results and Discussion


All recently described target alkoxyquinolinobenzothiazinium chlorides 4a–l [53] were evaluated against human glioblastoma SNB-19, lung adenocarcinoma A549 and breast T47D cancer cell lines; i.e., cancer cells representing completely different cancers with different sensitivities were used. The abilities of compounds 4a–l to inhibit the viability of human cancer cells were compared with those of cisplatin and doxorubicin and expressed as IC50 values. Normal human dermal fibroblasts (NHDFs) were used as a control for the cytotoxic effect on human noncancer cells. All results are shown in Table 1.



9-Propoxy derivative 4a against SNB-19 and A549 cells, 9-allyloxy derivative 4d against A549 and T47D cells and 11-benzyloxy derivative 4l against SNB-19 and T47D cells were the most active compounds. On the other hand, 11-propargyloxy (4i), 11-allyloxy (4f) and 11-propoxy (4c) derivatives were the least active. These facts show the overall disadvantage of substitution at the C(11) position with a nonaromatic substituent. It should be noted that active derivatives did not exhibit cytotoxic effects up to 100 µM on NHDF cells. Only 4j, 4i and 4b demonstrated cytotoxicity, with IC50 values of 37.7, 47.5 and 65.5 µM, respectively, against NHDF cells.



The results in Table 1 show that anticancer activity is influenced by the type/nature of substitution and the position of individual substituents. From the activity against SNB-19 cells, it can be observed that the presence of a multiple bond and the number of unsaturated bonds (up to the formation of an aromatic ring) shift the efficacy within the trio of positional isomers from position C(9) (compound 4a) through C(10) (compounds 4e and 4h) to C(11) (compound 4l). The initially inactive derivatives 4c,f,i substituted at C(11) with an aliphatic chain turned into one of the most active compounds after benzyloxy substitution (compound 4l). For activity against A544 cells, substitution at the C(9) position with propoxy and allyloxy (compounds 4a, 4d) appears to be the most favorable. All three benzyloxy-substituted positional isomers 4j–l showed similar moderate activity. In the case of the T47D cell line, it can only be stated that derivatives substituted with a propoxy chain showed the worst activity; on the contrary, the presence of a chain with a multiple bond (allyloxy and propargyloxy) in position C(9)/C(10) and/or substitution with a benzyloxy moiety in position C(11) is advantageous.



Thus, it can be inferred that substitutions of C(9) with propoxy or allyloxy and C(11) with benzyloxy moieties seem to be the most advantageous for anticancer activity. This finding is consistent with previously published results [52], where the most significant antiproliferative activity was associated with substitution at the C(9) position with a simple small substituent, such as -OCH3, -F, -Cl or -Br. Unfortunately, this activity was against both cancer lines and noncancer NHDF cells [52]. High anticancer activity was also associated with substitution at the C(9) position with piperazine or the C(10) position with an N-pyrrolidinylethoxy chain. On the other hand, the substitution at the C(9) position of 5-methyl-12(H)-quino[3,4-b][1,4]benzothiazinium chloride with a phenyl ring caused a decrease in activity [51].



The published mechanisms of the antiproliferative effects of both derivatives substituted on the nitrogen atom of thiazine and similar derivatives substituted at the C(9) or C(10) positions of quino[3,4-b][1,4]benzothiazine indicate the binding of these compounds to cellular DNA [50,51]. The investigated angular quinobenzothiazinium salts are composed of two planar structural fragments mutually arranged in an L-shape [53], so it could be hypothesized that they are able to intercalate into the DNA helix, similar to, e.g., cytostatic anthracyclines [59]. Therefore, it can be assumed that propoxy/allyloxy substitution at the C(9) position or benzyloxy substitution at the C(11) position of 5-methyl-12(H)-quino[3,4-b][1,4]benzothiazinium chloride increases the stability of the DNA–agent complex by forming hydrogen bonds with purine and pyrimidine bases and results in the inhibition of cell proliferation.



In addition, the most potent anticancer agents, 4d and 4l (with in vitro antiproliferative activity against T47D breast cancer cell lines comparable to cisplatin), were docked into the AC2 active site of aromatase chain A in order to collate the binding pattern of alkoxyquinolinobenzothiazinium chlorides with the 4-androstene-3-17-dione (ASD) interacting mode. In spite of the noticeable structural variations between ASD and quinobenzothiazine derivatives 4d and 4l, some regularities in the spatial atomic distribution and nonbonding interactions (e.g., hydrophobic patterns) can be observed, as shown in Figure 1. On the whole, the resulting binding geometries specified for the most active molecules, 4d and 4l, resemble that of reference androstenedione (ASD). Notably, in the most energetically favorable poses of compounds 4d and 4l, the oxygen atoms of the allyloxy substituent (4d) and benzyloxy moiety (4l) are oriented similarly to the 3-keto oxygen of the six-membered ASD ring that is positioned near the Asp309 amino acid residue (see Figure 1a–c). The 17-keto oxygen of the ASD substrate forms hydrogen bonds (HBs) with Met374 and has a weaker interaction with NH1 of Arg115 [57], as presented in the spatial (3D) ligand–aromatase interaction diagram in Figure 2a. Interestingly, the faces of the electron-rich aromatic rings of 4d and 4l molecules could contribute to π–π stacking interactions with protoporphyrin IX (HEM) as well as form π–cation interactions with the adjacent iron cofactor, as illustrated in Figure 2b,c.




4. Conclusions


A series of antibacterially active quinobenzothiazines have been synthesized by the recently described method and tested in vitro for their anticancer activity against human glioblastoma SNB-19, lung adenocarcinoma A549 and breast cancer T47D cell lines. Three of the tested compounds showed remarkable activity on cancer lines, namely, 9-propoxy-5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chloride (4a), 9-allyloxy- 5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chloride (4d) and 11-benzyloxy-5-methyl- 12H-quino[3,4-b][1,4]benzothiazinium chloride (4l), which had IC50 values against all three cell lines ranging from 5.3 to 9.3 µM. At the same time, the compounds showed no cytotoxic effect on normal human dermal fibroblasts (NHDFs). Based on the observed influence of the type/nature of substitution and the position of individual substituents on activity, it can be concluded that substitutions of C(9) with propoxy and/or allyloxy tails or C(11) with a benzyloxy moiety are crucial for anticancer activity. The least favorable is a propargyl group in all positions, as well as substitution with a benzyloxy moiety in the C(9) and C(10) positions. An intercalation mechanism of action can probably be assumed; however, all three compounds deserve the attention of further detailed investigation.



Hence, the molecular docking approach was employed for the most potent agents against the human breast cancer line T47D in order to gain a comprehensive insight into the aromatase–inhibitor binding mode, which might be potentially valid for the antitumor characteristics of new quinobenzothiazines. Despite some structural variations between androstenedione (ASD) and quinobenzothiazine derivatives 4d and 4l, some regularities in the spatial atomic distribution and nonbonding interactions (e.g., hydrophobic patterns) can be observed. Basically, the resulting binding geometries determined for the most active molecules, 4d and 4l, resemble that of the reference ASD compound. Evidently, the oxygen atoms of the allyloxy substituent (4d) and benzyloxy moiety (4l) are oriented similarly to the 3-keto oxygen of the six-membered ASD ring, which is positioned near the Asp309 amino acid residue. Interestingly, the faces of the electron-rich aromatic rings of 4d and 4l molecules could contribute to π–π stacking interactions with protoporphyrin IX (HEM) as well as form π–cation interactions with the adjacent iron cofactor.



The observation of anticancer activity is partially consistent with our recent findings on antimicrobial activity, where substitution at the C(9) position with a propoxy or allyloxy moiety was favorable in terms of antibacterial activity. Thus, compounds 4a and 4h can be considered interesting anti-invasive agents with dual (anticancer and antibacterial) activity, while compound 4l is the most interesting purely anticancer agent.
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Scheme 1. Synthesis of alkoxy 5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chlorides 4a–l. Reagents and conditions: (a) pyridine, 20–80 °C; (b) pyridine, HCl, O2 [53]. 






Scheme 1. Synthesis of alkoxy 5-methyl-12H-quino[3,4-b][1,4]benzothiazinium chlorides 4a–l. Reagents and conditions: (a) pyridine, 20–80 °C; (b) pyridine, HCl, O2 [53].



[image: Applsci 13 02886 sch001]







[image: Applsci 13 02886 g001 550] 





Figure 1. Planar ligand interaction diagram for 4-androstene-3-17-dione (a) and the most potent inhibitors, 9-allyloxy derivative 4d (b) and 11-benzyloxy derivative 4l (c), generated by the Schrödinger Maestro program. 
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Figure 2. Spatial comparison of binding interactions for ASD (a) and the most potent inhibitors, 9-allyloxy derivative 4d (b) and 11-benzyloxy derivative 4l (c), generated by the PLIP tool. 
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Table 1. Structures of discussed agents 4a–l and in vitro antiproliferative activity against human cancer cell lines and cell viability of normal human cells (IC50 [µM] ± SD, n = 6) of investigated agents compared to drugs.
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Comp.

	
R

	
IC50 [μM]




	
SNB-19

	
A549

	
T47D

	
NHDF






	
4a

	
9-OCH2CH2CH3

	
8.9 ± 0.7

	
5.3 ± 1.1

	
26.9 ± 3.2

	
>100




	
4b

	
10-OCH2CH2CH3

	
11.4 ± 0.8

	
18.4 ± 1.2

	
14.7 ± 1.1

	
65.5 ± 9.7




	
4c

	
11-OCH2CH2CH3

	
18.9 ± 1.4

	
23.1 ± 1.8

	
19.2 ± 1.2

	
>100




	
4d

	
9-OCH2CH=CH2

	
15.6 ± 0.9

	
6.7 ± 0.4

	
7.8 ± 09

	
>100




	
4e

	
10-OCH2CH=CH2

	
15.0 ± 1.8

	
19.3 ± 1.1

	
15.7 ± 0.9

	
>100




	
4f

	
11-OCH2CH=CH2

	
18.9 ± 1.4

	
20.6 ± 1.8

	
26.7 ± 1.2

	
>100




	
4g

	
9-OCH2C≡CH

	
17.2 ± 1.3

	
18.0 ± 0.9

	
12.9 ± 1.2

	
>100




	
4h

	
10-OCH2C≡CH

	
11.5 ± 0.5

	
17.7 ± 0.8

	
10.7 ± 1.1

	
>100




	
4i

	
11-OCH2C≡CH

	
36.1 ± 5.6

	
21.8 ± 2.4

	
44.3 ± 4.2

	
47.5 ± 3.5




	
4j

	
9-OCH2C6H5

	
11.3 ± 0.8

	
14.7 ± 0.7

	
21.1 ± 1.3

	
37.7 ± 3.4




	
4k

	
10-OCH2C6H5

	
12.0 ± 0.9

	
14.5 ± 0.6

	
13.5 ± 1.1

	
>100




	
4l

	
11-OCH2C6H5

	
6.6 ± 0.4

	
14.3 ± 07

	
9.3 ± 0.6

	
>100




	
CPT

	
−

	
16.7 ± 1.3

	
3.0 ± 0.2

	
9.0 ± 0.7

	
29.9 ± 3.3




	
DOX

	
−

	
1.7 ± 0.2

	
1.3 ± 0.1

	
0.8 ± 0.1

	
5.5 ± 0.5








SNB-19—human glioblastoma cells; A549—lung adenocarcinoma cells; T47D—breast cancer cells; NHDF—normal human dermal fibroblasts; CPT—cisplatin; DOX—doxorubicin.
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