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Abstract

:

The luminal A-subtype of breast cancer, where the oestrogen receptor α (ERα) is overexpressed, is the most frequent one. The prodrug tamoxifen (1) is the clinically used agent, inhibiting the ERα activity via the formation of several active metabolites, such as 4-hydroxytamoxifen (2) or 4,4′-dihydroxytamoxifen (3). In this study, we present the tamoxifen derivative 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (4), which was combined with platinum or palladium dichloride, the former a well-known scaffold in anticancer treatment, to give [PtCl2(4-κ2N,N′)] (5) or [PdCl2(4-κ2N,N′] (6). To prevent fast exchange of weakly coordinating chlorido ligands in aqueous solution, a bulky, highly stable and hydrophobic nido-carborate(−2) ([C2B9H11]2−) was incorporated. The resulting complexes [3-(4-κ2N,N′)-3,1,2-PtC2B9H11] (7) and [3-(4-κ2N,N′)-3,1,2-PdC2B9H11] (8) exhibit a dramatic change in electronic and biological properties compared to 5 and 6. Thus, 8 is highly selective for triple-negative MDA-MB-231 cells (IC50 = 3.7 μM, MTT test), while 7 is completely inactive against this cell line. The observed cytotoxicity of compounds 4–6 and 8 against this triple-negative cell line suggests off-target mechanisms rather than only ERα inhibition, for which these compounds were originally designed. Spectroscopic properties and electronic structures of the metal complexes were investigated for possible explanations of the biological activities.






Keywords:


breast cancer; tamoxifen derivative; platinum dichloride; palladium dichloride; platinacarboranes; palladacarboranes; oxidative stress; cytotoxicity












1. Introduction


According to data from the Cancer Statistics Center of the American Cancer Society, in 2021 breast cancer took the first place being the most prevalent form of cancer in women [1]. Approximately 70% of the breast cancers are hormone receptor positive (HR+) [2]. In particular, the nuclear receptors for oestrogen (ERα) and/or progesterone are main transcription factors in the development of HR+ breast cancers [2,3]. In the presence of oestrogen, the nuclear ERα activates the cell division via inducing the gene transcription [4]. Overexpression of ERα is the reason of the tumour proliferation in the oestrogen receptor positive (ER+) luminal A breast cancer [5]. In this case, anti-oestrogen therapies, based on anti-oestrogen agents such as tamoxifen (Figure 1, compound 1), are common and effective approaches [6]. Tamoxifen is a selective oestrogen receptor modulator (SERM) and a prodrug, which is metabolised in the liver by cytochrome P450 giving more than twenty metabolites [7,8]. Among these metabolites, two active species are well-known: 4-hydroxytamoxifen (2, Figure 1) and 4,4′-dihydroxytamoxifen (3, Figure 1) [9]. The structure of the ERα co-crystallised with the oestrogen antagonist 4-hydroxytamoxifen demonstrated that the metabolite occupies the ligand-binding domain (LBD), induces conformational changes of the receptor helices, and thus leads to inhibition of the ERα functions [10]. Although hormone therapy showed its efficiency in the treatment of HR+ breast cancers, a significant number of patients developed resistance towards anti-oestrogen therapy with tamoxifen, which is known to be related to ERα-independent mechanisms [11].



Tamoxifen resistance is becoming increasingly problematic as a concomitant side effect of hormone therapy [12,13]. Therefore, it is necessary to design novel therapeutics. A known promising way towards overcoming adverse side effects involves the combination of inhibitors and metallodrugs, which potentially have greater advantages in the adjuvant therapy creating several therapeutic effects [14,15].



Due to the antagonistic and cytotoxic properties of tamoxifen, its chemical structure remains attractive as a lead structure for synthetic modifications [16,17,18,19]. Tamoxifen has been modified in order to combine this structure with transition metals such as rhenium [16], ruthenium [16], titanium [17], osmium [18], and platinum [19]. Some other prominent examples include a combination of the tamoxifen structure with ferrocene (ferrocifen) [20] or with carborane, namely boroxifen [21]. We have already reported 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (4) incorporating the chelating 2,2′-bipyridine (2,2′-bpy) unit (Figure 1) [22], which enables the formation of inhibitor–metallodrug conjugates with a variety of transition metal complexes. Examples are the molybdacarboranes 10 and 11 (Figure 1) which have shown promising anticancer activity [22].
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Figure 1. Schematic molecular structures of tamoxifen and tamoxifen-based derivatives: literature-known reference compounds tamoxifen (1), 4-hydroxytamoxifen (2), and 4,4′-dihydroxytamoxifen (3), compounds investigated in this study 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (4, L), [PtCl2(L-κ2N,N′)] (5), [PdCl2(L-κ2N,N′)] (6), [3-(L-κ2N,N′)-3,1,2-PtC2B9H11] (7), [3-(L-κ2N,N′)-3,1,2-PdC2B9H11] (8), as well as previously reported compounds 4-[1,1-bis(4-hydroxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (9, L1), [3-(L-κ2N,N′)-3-(CO)2-3,1,2-MoC2B9H11] (10), and [3-(L1-κ2N,N′)-3-(CO)2-3,1,2-MoC2B9H11] (11) [22]. Compounds reported here are framed. 
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A number of examples for 2,2′-bpy transition metal complexes with very interesting activity profiles against different cancer cell lines including triple-negative breast cancer (TNBC) have already been reported [18,19,20,21,23,24,25,26,27,28,29,30]. For instance, ruthenium(II) compounds incorporating bisphosphino and 2,2′-bpy ligands exhibited cytotoxicity towards HR+ and TNBC cell lines [24]. Polydentate phenylquinoline and 2,2′-bpy-bearing iridum(III) and rhodium(III) complexes demonstrated their high potency towards TNBC cells via inhibition of cyclin-dependent kinase 9 (CDK9) [25]. Moreover, polydentate rhodium(III)-2,2′-bpy complexes have shown selectivity towards lysine-specific demethylase 5A (KDM5A), which is a promising target in the treatment of TNBC [26]. Another example is the pioneer study for the present investigations on a molybdacarborane complex bearing a 2,2′-bpy ligand, which exhibited higher cytotoxic activity when pre-incubated with bovine serum albumin (BSA) [27]. The mechanism of action against breast cancer stem cells and their potential clinical application have been considered for many other transition metal-2,2′-bpy complexes, including molybdenum, ruthenium, copper, nickel, cobalt, and osmium [28]. Interestingly, the design of the polydentate 2,2′-bpy scaffold and its conjugation to amino acids, lipids, carbohydrates, or vitamins allows it to regulate the (high) toxicity [29]. Rhenium(I) tricarbonyl aqua 2,2′-bpy complexes exhibited activity against the HR+ MCF-7 cell line [30]. Additionally, rhenium(I), ruthenium(II), osmium(II), and platinum(II) compounds with nitrogen-based bidentate and polydentate ligands demonstrated anticancer activity in vitro induced by visible light, making them potentially applicable in photodynamic therapy (PDT) [31,32,33]. Another class of organometallic compounds, where the unsubstituted phenyl ring of tamoxifen was replaced by ferrocene (ferrocifen), demonstrated its efficiency against various breast cancer cell lines due to the redox-active iron cation of the ferrocene moiety including structural rearrangements (Fenton chemistry) [20].



Among all metallodrugs, platinum(II) complexes (e.g., cisplatin, carboplatin, oxaliplatin) are the most investigated anticancer agents [34]. Many studies examine the mechanisms of action of these drugs; one of them is the ability of the platinum compounds to form DNA adducts preventing the repair of DNA [34,35]. However, proteins also contain functional groups in their amino acid side chains suitable for coordination of metal cations, thus leading to DNA-independent mechanisms of action [36]. Furthermore, cisplatin and carboplatin generate reactive oxygen species (ROS) inducing oxidative stress in cells and ultimately leading to cell death [37]. Regarding breast cancer therapy, platinum drugs are especially active against TNBC [38]. However, their application is often limited due to severe side effects related to systemic toxicity of these compounds and development of resistance against platinum-based chemotherapy [39]. To overcome some limitation connected with platinum, palladium has been considered as a promising alternative due to the similar coordination behaviour [40,41]. However, the hydrolysis of palladium(II) chloride analogues is too rapid and 105 times faster than for the corresponding platinum(II) complexes, thus preventing the formed reactive palladium(II) species to reach their pharmacological target. Accordingly, cis-[PdCl2(NH3)2] did not exhibit anticancer activity [42]. However, as the in vitro and in vivo activity and stability of palladium(II) complexes depend on the coordination strength and exchange rate of (labile) ligands, the appropriate design of biologically active carrier ligands can make Pd2+ complexes even more favourable than the known Pt2+ drugs (e.g., polyamine complexes [43,44]). Thus, several nitrogen-containing polydentate palladium(II) complexes were shown to exhibit cytotoxicity against TNBC via similar mechanisms as platinum(II)-based compounds, including interaction with DNA [23,45]. Furthermore, several studies have demonstrated that complexes of cis- and also trans-palladium dichloride had equal, or even higher, cytotoxic activities compared to their platinum analogues [39,40,41].



Besides the successful examples of metallodrugs mentioned above, also half-, mixed- and full-sandwich metallacarboranes have proven their potential for medical application [46,47]. The hydrophobic features of the nido-dicarborate ion ([C2B9H11]2−, dicarbollide), the possible resistance towards enzymatic degradation [48,49], and facile three-dimensional modifiability for improving target engagement [48] make metallacarboranes attractive for further research as anticancer agents. Promising examples of half- and full-sandwich complexes are molybdacarboranes [22] and ruthenacarboranes [50,51] with cytotoxic activity against both HR+ and TNBC cell lines. The activity of the molybdacarboranes exceeded not only the one of the active metabolite of tamoxifen (3) but also showed different modes of action [22] compared to ferrocifen.



We here report on the extension of our previous results obtained for 9–11 [22] to known bioactive transition metal moieties, namely PtCl2 (5), PdCl2 (6), 3,1,2-PtC2B9H11 (7), and 3,1,2-PdC2B9H11 (8) complexes with the tamoxifen derivative 4, and present their syntheses, spectroscopic and theoretical/computational characterisation followed by an assessment of their cytotoxic activity in in vitro cell cultures.




2. Materials and Methods


2.1. Methods


All reactions were carried out under a dry and oxygen-free nitrogen or argon atmosphere using Schlenk line technique. Methanol was dried over CaH2 and kept over molecular sieves (3 Å). Tetrahydrofuran (THF) was dried over potassium with benzophenone and kept over molecular sieves 4 Å [52]. Dichloromethane (DCM), diethyl ether (Et2O), and n-hexane were used as purchased. The molecular sieves (3 and 4 Å) were activated under vacuum at 300 °C for 3 h. Silica gel for the column was purchased from Merck (0.035–0.070 mm, 60 Å). Thin layer chromatography (TLC) was conducted on pre-coated TLC sheets ALUGRAM Xtra SIL G/UV254 (0.20 mm silica gel 60 F254); visualisation of the compounds on the plate was achieved with UV light (254 and 366 nm). Starting materials [PtCl2(DMSO)2] and Tl2C2B9H11 were synthesised according to the literature [53,54]. Chemicals were used as purchased: thallium(I) acetate and K2[PtCl4] from Sigma Aldrich and PdCl2 from TCI Chemicals. Handling and all procedures involving thallium(I) compounds were carried out as stated by the safety data sheet and according to the general synthetic procedures involving thallium-based compounds [55]. The reference compound 1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene (3) was synthesised according to the literature procedure [56]. Spectroscopic and analytical data for full characterisation of compounds 4–8 are given in the Supplementary Materials, Characterisation.




2.2. Instrumentation


NMR spectra were recorded at room temperature (25 °C) with a Bruker AVANCE III HD 400 spectrometer. 1H (400.13 MHz) and 13C (100.16 MHz) NMR spectra were referred to SiMe4 (TMS) as an internal standard. 11B NMR (128.38 MHz) spectra were referenced to the unified Ξ scale [57]. ESI mass spectra were recorded with a Bruker ESQUIRE 3000 (Benchtop LC Ion trap) mass spectrometer. The FT-IR spectra were obtained with a Nicolette IS5 (ATR) from Thermo Fisher (Waltham, MA, USA) with the scan range 4000–400 cm−1. A Hereaus VARIO EL oven was used to perform elemental analyses.




2.3. Syntheses


2.3.1. Synthesis of 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (4, L)


The ligand 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine was prepared according to the published procedure [22]. Analytical data were in agreement with those previously reported.




2.3.2. Synthesis of [PtCl2(L-κ2N,N′)] (5)


The ligand 4 (152 mg, 0.36 mmol, 1 eq.) and [PtCl2(DMSO)2] (151 mg, 0.36 mmol, 1 eq.) were mixed in dry THF (15 mL). The reaction mixture was heated to reflux and stirred overnight. A colour change was observed from a white suspension to an orange solution. The solution was cooled to ambient temperature, and the solvent was evaporated under reduced pressure. The orange residue was washed with Et2O (10 mL × 3) and cold methanol (10 mL) resulting in an orange powder (206 mg, 0.30 mmol, 83%). Crystals of 5 suitable for single crystal X-ray crystallography were obtained by layering a DCM solution of compound 5 with n-pentane over a period of 14 days (n-pentane/DCM 3:2, v:v).




2.3.3. Synthesis of [PdCl2(L-κ2N,N′)] (6)


The ligand 4 (63 mg, 0.15 mmol, 1 eq.) and PdCl2 (27 mg, 0.15 mmol, 1 eq.) were dissolved in methanol (15 mL). The mixture was stirred overnight at ambient temperature. The yellow precipitate was filtered off and dissolved in a small amount of DCM. This DCM solution was washed with water (15 mL × 2) and brine (15 mL × 2). The solvent was evaporated under reduced pressure, and the yellow residue was dried under high vacuum giving 6 as a yellow powder (63 mg, 0.11 mmol, 70%). Crystals of 6 suitable for single crystal X-ray crystallography were obtained by layering a DCM solution of compound 6 with n-pentane over a period of 15 days (n-pentane/DCM 3:2, v:v).




2.3.4. Synthesis of [3-(L-κ2N,N′)-3,1,2-PtC2B9H11] (7)


The platinum(II) complex 5 (100 mg, 0.15 mmol, 1 eq.) and solid Tl2C2B9H11 (80 mg, 0.15 mmol, 1 eq.) were placed in a Schlenk flask, and dry THF (15 mL) was added. The mixture turned immediately dark red upon addition of the solvent. The reaction mixture was stirred overnight at ambient temperature. Then, stirring was stopped allowing the formed TlCl to precipitate. The solution was transferred to another Schlenk flask via cannula, and the solvent was evaporated under vacuum from the filtrate. The black residue was dissolved in minimal amounts of DCM and purified by column chromatography on silica gel. The elution with DCM/n-hexane (5:1, v:v) resulted in four fractions, of which the third red fraction contained the product. The solvent was evaporated under reduced pressure giving 7 as a dark red powder (45 mg, 0.06 mmol, 40%). Crystals of 7 suitable for single crystal X-ray crystallography were obtained by slow evaporation of a DCM solution of compound 7.




2.3.5. Synthesis of [3-(L-κ2N,N′)-3,1,2-PdC2B9H11] (8)


Compound 8 was synthesised according to the procedure described above for compound 7. The palladium(II) complex 6 (100 mg, 0.17 mmol, 1 eq.) and Tl2C2B9H11 (93 mg, 0.17 mmol, 1 eq.) reacted in dry THF (15 mL) overnight. The formed precipitate of TlCl was filtered off, and the solvent was evaporated under reduced pressure. The elution of the brown residue with DCM/n-hexane (3:1, v:v) resulted in three fractions. The second orange fraction contained the product. The solvent was evaporated giving 8 as a dark orange powder (50 mg, 0.08 mmol, 47%). Crystals of 8 suitable for single crystal X-ray crystallography were obtained by slow evaporation of a DCM solution of compound 8.





2.4. Reagents and Cells


Reagents and cells have been obtained from the following manufacturers: Sigma (St. Louis, MO, USA): dimethyl sulfoxide (DMSO), crystal violet (CV), 3-methyladenine (3-MA), phosphate-buffered saline (PBS), propidium iodide (PI), carboxyfluoresceindiacetate succinimidyl ester (CFSE), fluorescent mounting medium, acridine orange (AO); SERVA Electrophoresis GmbH (Heidelberg, Germany): paraformaldehyde (PFA); AppliChem (Darmstadt, Germany): 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and bovine serum albumin (BSA); Capricorn Scientific GmbH (Ebsdorfergrund, Germany): culture medium RPMI-1640 and fetal bovine serum (FBS); Biological Industries (Cromwell, CT, USA): penicillin streptomycin solution; BD (Pharmingen, San Diego, CA, USA): Annexin V-FITC (AnnV); R&D Systems (Minneapolis, MN, USA): ApoStat; Thermo Fisher Scientific (Waltham, MA, USA): HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-buffered RPMI (Roswell Park Memorial Institute)-1640 medium, chloroquine, dihydrorhodamine 123 (DHR 123); American Type Culture Collection (ATCC, Manassas, VA, USA): cell lines (human malignant glioma U251; human breast adenocarcinoma MCF-7, MDA-MB-361, MDA-MB-231).



All cell lines were routinely cultivated in HEPES-buffered RPMI-1640 medium previously supplemented with 10% heat-inactivated FBS, penicillin (100 units mL−1) and streptomycin (100 μg mL−1) and were grown at 37 °C in a humidified atmosphere with 5% CO2. For viability determination, cells were seeded at the following densities in 96-well plates: MCF-7 (1 × 104 cells/well), MDA-MB-231 (8 × 103 cells/well), MDA-MB-361 (7 × 103 cells/well), and U251 (3 × 103 cells/well). For flow cytometric analyses, MCF-7 cells were seeded in 6-well plates in density 2.5 × 105 cells/well.



For the cell treatment, stock solutions (20 mM) of the reference compound 3, ligand 4 and complexes 5–8 were prepared in DMSO and stored at −20 °C or directly used. The stock solution of chloroquine was prepared according to the supplier’s data sheet. The stock solution was diluted with the medium to prepare the final working concentrations. The highest final concentration of DMSO was 0.5% (v/v).




2.5. Bioanalytical Measurements


2.5.1. Peritoneal Exudates Cells (PEC)


C57BL/6 mice were used for isolation of peritoneal exudates cells. The origin of animals was the animal facility at the Institute for Biological Research “Siniša Stanković”, National Institute of the Republic of Serbia, University of Belgrade (Belgrade, Serbia). The handling of the animals was in accordance with local guidelines and approved by the local Institutional Animal Care and Use Committee (IACUC). After isolation the cells were cultivated in HEPES-buffered RPMI-1640 medium supplemented with 5% (v/v) heat-inactivated FBS and antibiotics under standard growth conditions. Cells were seeded at density 1.5 × 105 cells/well in 96-well plates and left for two hours to adhere. Prior to treatment, non-adherent cells were removed. After 72 h treatment, cell viability was determined using CV and MTT assays.




2.5.2. Determination of Cell Viability (MTT and CV Assays)


All cell lines were seeded in suitable densities overnight and treated with the tamoxifen derivatives 3–8 for 72 h. After incubation, the supernatant was discarded, and the cells were washed with PBS. MTT solution (0.5 mg mL−1) was added and incubated at 37 °C until purple formazan crystals were formed. The dye solution was discarded and DMSO was added to dissolve the formed formazan.



For CV assay, after the treatment the cells were fixed for 10 min with 4% (v/v) of paraformaldehyde (PFA) and stained with 1% (v/v) CV solution for 15 min at room temperature (rt). Afterward, cells were washed with tap water and dried. Prior to absorbance measurement, the dye was dissolved in acetic acid.



For both assays absorbance was measured at λmax = 540 nm, with the reference/background wavelength 670 nm. Results were expressed as a percentage of the control value (100%).




2.5.3. Annexin V (AnnV)/Propidium Iodide (PI), ApoStat and Acridine Orange (AO) Staining


For detection of apoptosis, cells were treated with IC50 value concentrations of compounds 4–8 for 60 h. Afterwards, cells were washed with PBS and stained with AnnV and PI (15 μg mL−1) during 15 min at rt protected from light according to the manufacturer’s instructions. At the end, cells were resuspended in AnnV-binding buffer and analysed using flow cytometry. In order to investigate whether apoptosis was mediated by caspase activation, cells were incubated with pan-caspase inhibitor ApoStat. After 30 min incubation at 37 °C, cells were washed with PBS and analysed. To detect the presence of autophagy cells were stained with 1 µg mL−1 of AO solution for 15 min at 37 °C. Finally, cells were washed with PBS, resuspended, and analysed by flow cytometry.




2.5.4. Carboxyfluorescein Succinimidyl Ester (CFSE) Staining


The impact of compounds 4–8 on cell proliferation was analysed using CFSE staining. Prior to seeding, cells were stained with CFSE to a final concentration of 1 μM for 10 min at 37 °C followed by washing, seeding, and treatment with IC50 doses for 60 h. Finally, cells were trypsinised, washed, resuspended in PBS, and analysed by flow cytometry.




2.5.5. Measurement of ROS/RNS Generation


For detection of production of reactive oxygen and nitrogen species (ROS/RNS), cells were pre-stained with 1 µM DHR for 20 min at 37 °C, followed by treatment with compounds 4–8 for 60 h. Afterwards, cells were washed, trypsinised, and analysed using flow cytometry.





2.6. Statistical Analysis


The data presented represent the means ± SD of at least three independent experiments. Student’s t-test was used to evaluate the significance between groups, and two-sided p values of less than 0.05 were considered statistically significant.





3. Results and Discussion


3.1. Synthesis and Characterisation


The ligand 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine (4) was prepared in four steps as previously reported [22]. Reaction with cis-[PtCl2(DMSO)2] in THF or PdCl2 in methanol gives the platinum(II) and palladium(II) dichloride complexes 5 and 6 in good yields (80% and 70%, respectively) (Scheme 1B).



Platina- and palladacarborane complexes with ligand 4 can be prepared either by initial formation of the respective metallacarborane featuring labile ligands followed by complexation with 4, or by substituting the chloride ligands in 5 and 6 with nido-carborate(-2) (Scheme 1). For the first approach, [3-(1′,2′:5′,6′-η4-COD)-closo-3,1,2-PtC2B9H11] (COD = 1,5-cyclooctadiene) [58] and [NEt4][3-(η3-C3H5)-closo-3,1,2-MC2B9H11] (M = Pt, Pd) [59,60] were prepared. However, this approach turned out to be problematic. In the first case, the COD ligand could not be replaced by 4 using various conditions, and starting with [NEt4][3-(η3-C3H5)-closo-3,1,2-MC2B9H11] (M = Pt, Pd) the yield of 7 and 8 was very low (Scheme 1A; for details see Supplementary Materials, Alternative synthetic strategies). On the other hand, complexes 7 and 8 could be prepared in good yields by reacting 5 or 6 with thallium(I) dicarbollide Tl[closo-TlC2B9H11] in THF at room temperature (Scheme 1B).



The resulting complexes 7 and 8 were purified using flash chromatography on silica gel as stationary phase and an n-hexane/DCM mixture (1:5 for 7 and 1:3 for 8) as liquid phase. The complexes were characterised by 1H, 11B, 11B{1H}, 13C{1H} NMR, and Fourier-transform infrared spectroscopy (FT-IR), as well as high-resolution electrospray mass spectrometry (HR ESI-MS). The purity of the compound was confirmed by elemental analysis (see Supplementary Materials, Characterisation).



The colours of complexes 5–8, assessed by UV–Vis spectroscopy, result mainly from charge-transfer (CT) transitions between the ligands and the metals in both directions or between two different ligands (metal-to-ligand, MLCT, ligand-to-metal, LMCT, or ligand-to-ligand, LLCT). The coordination of the colourless ligand 4 with the colourless precursor complex [PtCl2(DMSO)2] resulted in the formation of 5 as an orange solid; the reaction of PdCl2 with compound 4 (L) gave 6 as a yellow solid. The dark red or dark orange colour of [3-(L-κ2N,N′)-3,1,2-PtC2B9H11] and [3-(L-κ2N,N′)-3,1,2-PdC2B9H11], respectively, are due to additional LLCTs between the nido-carborate dianion and 4 (Figures S35–S38, Supplementary Materials, UV-vis spectroscopy and transitions).



The 1H NMR spectra of complexes 5–8 support the coordination of the ligand (Figures S27 and S28, Supplementary Materials). Additionally, the signal for the CHcluster protons in the platina- and palladacarborane complexes appears as a broad singlet at 3.99 and 3.85 ppm, respectively. This is indicative for transition metal carborate complexes [22,51]. In the FT-IR spectra of 7 and 8, the ν(B–H) stretching frequency is observed at 2529 cm−1 and 2509 cm−1, respectively, verifying the presence of the carborane cluster. Finally, single crystals suitable for X-ray crystallography could be obtained demonstrating the coordination only to the boron atoms of the five-membered ring of the nido-carborate cluster (Figure S26, Supplementary Materials).



The stability of complexes 5–8 was assessed via NMR spectroscopy in water-containing DMSO solution in air at rt and kept below 4 °C between the measurements. According to the 1H NMR spectra, the dichlorido complexes 5 and 6 appear to be stable over 30 days in solution (Figures S29 and S30, Supplementary Materials). However, an exchange of the chloride ligands in water-containing solutions and under biological conditions, as it was shown for other platinum-containing drugs [61], cannot be excluded. On the other hand, palladacarborane 8 is slowly dissociating releasing the nido-cluster after 3 days (Figures S33 and S34, Supplementary Materials), as confirmed by 11B{1H} NMR spectroscopy. For complex 7, a broad signal at ca. 20 ppm appeared in the 11B{1H} NMR spectrum after seven days, which could not be assigned to any typical decomposition product (Figure S32, Supplementary Materials). We assume that this signal is related to formation of self-assembled species in solution as was previously shown also for molybda- [22] and ruthenacarboranes [51]. The 1H NMR spectra, however, remained unaffected over time (Figure S31, Supplementary Materials).




3.2. Bonding Interactions


The stability of complexes 5–8 was also investigated with the Quantum Theory of Atoms in Molecules (QTAIM) approach (Supplementary Materials, QTAIM: bonding interactions) [62]. In this theory, the molecule can be described in terms of so-called critical points (CPs) as extrema in the charge density plot (ρ(r)) [62,63]. There are four stable types of CPs; however, here we focused on two types only, namely the bond critical points (BCPs) [63] and the ring critical points (RCPs) [64]. BCPs characterise the interactions between two atoms by indicating a maximum of charge density between them, while RCPs appear inside a ring being formed by the geometric arrangement of several atoms (e.g., phenyl rings). The gradient lines connecting BCPs and nuclei are the bond paths, the set of which form the molecular graph (Figure 2).



The bond lengths and several topological parameters in CPs such as electron density (ED, ρcp), Laplacian of ED (∇2ρcp) [63,65], potential energy density (Vcp) [66], and total electron energy density (Hcp) [62], which is the sum of the positive kinetic (Gcp) and negative potential energy densities [63,67], were analysed. These parameters allow the estimation of the stability of an interaction between two atoms or between a group of atoms in the curtain region of a molecule. In particular, low Hcp values in BCP or RCP indicate stronger bonding [63,65]. Additionally, the ratio of Vcp and Gcp is an indicator for the stability of an interaction; thus, the higher the values the more stable the interaction (Table 1).



The RCPs of the ring M−N1−C5−C6−N2 (M = Pt, Pd) indicate that in the complexes 5 and 6 the interactions between the metal and the ligand 4 are stronger than the M−Cl interactions. In other terms, the possibility of dissociation of the M−Cl bond and release of Cl− is higher. As reported in the literature [68,69], this is the main activation route of platinum(II) and palladium(II) dichlorido complexes in aqueous systems. Incorporation of the nido-cluster resulting in complexes 7 and 8 changes the electronic structure situation. The decrease in the ED in the M−N1−C5−C6−N2 ring (RCP from 0.322 in 5 to 0.121 in 7 and from 0.326 in 6 to 0.120 in 8) clearly demonstrates the electron-withdrawing effect of the dicarbollide anion. However, comparing ∑ρcp and ∑Hcp for RCPs and BCPs in 7, consisting of B−Pt BCPs and Pt−B4−B7 RCP (0.336 and −0.137, respectively; ∑(Pt−B)), as well as of Pt−N1−C5−C6−N2 RCP and N−Pt BCPs (0.347 and −0.147, respectively; ∑(Pt−N)), a stronger interaction between ligand 4 and Pt2+ than between the dicarbollide anion and Pt2+ can be concluded. A similar trend was observed for Pd−[C2B9H11] in 8, where ∑ρcp and ∑Hcp are 0.229 and −0.103, respectively, for the ∑(Pd−B) contacts, and 0.310 and −0.112 for ∑(Pd−N) interactions. Laplacian of ED is an additional indicator of the interaction stability pointing out the accumulation (    ∇ 2    ρcp < 0 for more stable interactions) or depletion (    ∇ 2    ρcp > 0 for less stable interactions) of electron charge. Thus, negative     ∇ 2    ρcp values indicate the accumulation of electron density between ligand 4 and the metal cations for M−N1−C5−C6−N2 RCPs in 7 and 8, while     ∇ 2    ρcp values are positive for M−(B4, B7) (M–cage) RCPs meaning a depletion of ED between metal cations and dicarbollide. Importantly, the comparison of compounds 7 and 8 revealed higher covalency of the B−Pt bonds (7, with a greater ratio of |Vcp|/Gcp equal to 2.1 for B4−Pt and B7−Pt) compared to the B−Pd bonds (8, equal to 1.8 for B4−Pd and B7−Pd) pointing towards a more stable Pt−[C2B9H11] unit. In conclusion, the bonding interactions between [C2B9H11]2− and Pt2+ are stronger than between [C2B9H11]2− and Pd2+; thus, palladacarborane 8 may dissociate with higher probability compared to 7, releasing the nido-carborane cluster in solution.



In silico modelling of the interaction between compounds 3−9 and the target protein ERα was conducted by docking their DFT geometry-optimised X-ray molecular structures into the C-terminal ligand-binding domain (LBD) (Supplementary Materials, Docking). The comparison of the binding energy of the reference molecule 3 (−10.73 kcal mol−1), the ligand 4 (−8.44 kcal mol−1), and the ligand 9 (−8.76 kcal mol−1) demonstrated that the presence of 2,2′-bpy instead of a phenyl ring decreased the binding energy of both ligands (decreased the affinity), while the presence (4) or absence (9) of the methyl groups in the bisphenol part of the ligand hardly changed the binding energies. Interestingly, the incorporation of PtCl2 (5) or PdCl2 (6) slightly improved the binding strength compared to the ligand 4 alone (−9.08 kcal mol−1 for 5 and −8.99 kcal mol−1 for 6). Incorporation of [PtC2B9H11] in 7 decreased the binding energy (−8.12 kcal mol−1), while 8 showed the best interaction of all investigated compounds with a binding energy of −9.71 kcal mol−1. In the in silico study, we have considered the affinity of the synthesised compounds as tamoxifen-inspired structures towards one target, namely ERα, and have compared it to tamoxifen and its metabolites. It can, however, not be excluded that our compounds may exhibit higher affinity to other protein targets in an off-target mechanism.




3.3. In Vitro Cytotoxicity Studies


To evaluate the cytotoxic potential of the ligand 4 and the metal complexes 5−8 in comparison to the literature-known compound 3, in vitro cell toxicity studies with three ERα-expressing (U251, MCF-7, MDA-MB-361) and one triple-negative (MDA-MB-231) cancer cell lines were performed. Stock solutions of all compounds were prepared in DMSO and diluted with the cell medium before the treatment of the cell lines. After 72 h of incubation with compounds 3−8, cell viability was determined by measuring the total mitochondrial respiration and number of adherent cells in cultures, using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and CV (crystal violet) assays, respectively (Table 2).



Treatment of all cell lines with compound 3 resulted in a decrease in viability with IC50 values varying between 20 and 30 µM. Compound 3 was used also in one of our previous studies, but with a bovine serum albumin (BSA) formulation strategy, which is the reason for the discrepancy of the IC50 values observed here (ca. ± 10 µM for breast cancer cell lines and >80 µM for U251) [22]. As compounds 9–11 were also pre-incubated with BSA [22], their toxicity cannot be directly compared with the complexes 5−8 studied here.



Ligand 4 and metal complexes 5 and 6 showed significantly higher potency in all tested cell lines with activities even 10x higher than the reference compound 3. The incorporation of the dicarbollide ligand changed the cytotoxicity of compounds 7 and 8 compared to 5 and 6, being strongly dependent on cell line and nature of the metal. Previously, it was shown that the cytotoxicities of 2,2′-bipyridine-modified tamoxifen derivates were generally decreased when [MoC2B9H11] was incorporated [22]. A similar trend for the cytotoxicity was observed for 7 (towards all tested cell lines) and 8 (towards MCF-7 and MDA-MB-361), demonstrating a decreased activity when platina- and palladacarboranes were incorporated in the ligand structure 4. Interestingly, the presence of the [PdC2B9H11] moiety (8) instead of PdCl2 (6) made complex 8 highly selective against triple-negative breast adenocarcinoma (MDA-MB-231) and moderately toxic against ERα+ glioma (U251) cell lines. This suggests the possibility to fine-tune the cytotoxic behaviour of ligands against certain types of cancers by varying the metallacarborane unit.



As compounds 4–6 and 8 are active against both ERα+ and ERα− cell lines, the antiproliferative efficacy could be hormone receptor-independent, suggesting the existence of (additional) off-targets.



In order to investigate the selectivity for cancer cells, peritoneal exudate cells, as a model of primary cells, were treated with ligand 4 and the most cytotoxic complexes of our series, namely 5 and 6. Ligand 4 has no statistically significant effect on the viability of these cells in the dose range between 0 and 10 µM, with the maximal dose being two to five time higher than the average IC50 doses determined for different tumour cell lines (Figure 3).



On the other hand, treatment with compounds 5 or 6 slightly diminished primary cell viability in the indicated dose range, but never reaching cell viability of 50% (thus, no IC50 values could be determined). Therefore, the selectivity index cannot be calculated even though the selectivity towards malignant cells is obvious.




3.4. Flow Cytometry


In order to identify potential modes of action of the most potent compounds, MCF-7 cells were exposed to IC50 doses of 4–6 for 60 h or 72 h. After the end of the cultivation period, flow cytometric assessments were conducted for cell proliferation, caspase activity, apoptotic cell death, and autophagy using the respective indicative dyes. Ligand 4 and complexes 5 and 6 significantly affect the cell division rate and thus exert a cytostatic effect (Figure 4A).



Additionally, activation of caspases was observed after the treatment with complexes 5 and 6 but not for 4 (Figure 4B). To investigate the potential of the experimental compounds to trigger apoptotic cell death, AnnV/PI double staining was performed. AnnV strongly interacts with phosphatidylserine exposed on the outer plasma membrane in early apoptotic phase. Possible changes of the cellular membrane integrity lead to internalisation of PI in the late phase of apoptosis manifested by the appearance of double stained cells (Figure 4C) [70]. The obtained results showed a dramatic increase in late apoptotic cells in the time range between 60 h and 72 h after treatment (5% (4), 7% (5), 10% (6) vs. 88% (4), 52% (5), 75% (6), Figure 4C). In concordance with this, staining of cells with the DNA-specific dye, PI, showed shrunken nuclei with condensed chromatin, irregular shape, and decreased nuclear volume as morphologic signs of apoptosis, confirming the presence of typical apoptotic cell death in response to the treatments (Figure S41, Supplementary Materials). Taken together, the combination of platinum or palladium dichloride with 4-[1,1-bis(4-methoxyphenyl)but-1-en-2-yl]-2,2′-bipyridine converted the apoptotic process from caspase-independent to caspase-dependent. Treatment of cells with compounds 4 and 5, but not 6, strongly potentiated the presence of acidic vesicles in the cytoplasm recognised as autophagosomes (Figure 4D, left panel). This process is often the regular cell response to stress induced by external or internal factors, as well as applied therapy [71]. Its role can vary from cytoprotective to destructive depending on the extend of intracellular structure damage. In order to investigate the contribution of autophagy in drug action, the cells were treated with 4 or 5 in combination with chloroquine (20 µM). Chloroquine is an autophagy inhibitor preventing the fusion of autophagosomes and used quite often in combination with platinum drugs [72,73]. Here, this co-treatment led to statistically significant restoration of cell viability, confirming the contribution of autophagic cell death to the repertory of compounds 4 and 5 antitumour activities (Figure 4D). The ability of ligand 4 and complexes 5 and 6 to generate reactive oxygen and nitrogen species (ROS/RNS) was investigated using dihydrorhodamine 123 (DHR 123) staining (Figure 5). While the platinum(II) complex 5 potentiated oxidative stress as other platinum(II) and platinum(IV)-based compounds [74], ligand 4 and the palladium(II) complex 6 downregulated ROS/RNS production possibly exerting scavenging potential (Figure 5). Similar behaviour regarding scavenging properties was previously observed for ligand 9 and complex 11 [22].



Taken together, the obtained results showed that the fusion of the lead structure of tamoxifen with a 2,2′-bpy moiety leads to an enhanced cytotoxic potential against ERα+/− tumour cell lines compared to compound 3 (see CV and MTT assays in Table 2). The mechanisms of action include combined cytostatic and cytotoxic effects, including both inhibition of cell proliferation and induction of programmed cell death of types 1 (apoptosis) and 2 (autophagic cell death). The choice of the metal is essential for the redox response of the cells to the treatment and can vary from scavenging potential observed for ligand 4 and complex 6, to oxidative burst observed for compound 5.





4. Conclusions


In order to overcome resistance in tamoxifen therapy, derivatives of the tamoxifen lead structure bearing a chelating unit (2,2′-bpy), well-known in coordination chemistry, were developed as ligands for a variety of known bioactive metal-containing moieties. This strategy allows for a modular combination of tamoxifen derivatives and metals to fine-tune modes of action for scenarios in which new resistances have been developed, as is it also known for metal-containing drugs [75]. Here, we have extended our previous studies to known bioactive transition metal moieties, namely PtCl2 (5), PdCl2 (6), 3,1,2-PtC2B9H11 (7), and 3,1,2-PdC2B9H11 (8) complexes with the tamoxifen derivative 4 and present their syntheses and spectroscopic and theoretical/computational characterisation followed by an assessment of their cytotoxic activity in in vitro cell cultures.



The formal exchange of two chloride ligands in 5 and 6 by an electron-withdrawing dianionic nido-carborane showed the influence of the latter on the electronic properties of compounds 7 and 8 as well as the activity and selectivity of the corresponding tamoxifen-based platinum(II) and palladium(II) complexes towards selected cancer cell lines.



Even though our docking studies predicted binding strengths for ERα in the order 3 > 8 > 5 ≈ 6 > 4 > 7, it can be excluded by our biological results that this is the main mode of action under the applied conditions. Thus, 8 is highly selective for triple-negative (ERα−) MDA-MB-231 cells, while 7 is completely inactive against this cell line. The observed cytotoxicity of compounds 4−6 and 8 against this triple-negative cell line suggests other off-target mechanisms rather than only ERα inhibition, for which these compounds were originally designed. Similarly, for ferrocifen oestrogen activity is observed only for nanomolar concentrations, while other modes of action, such as senescence (ca. 10−7 M), apoptosis (ca. 10−6 to 10−5 M), or Fenton chemistry (ca. 10−5 to 10−4 M) [76,77] become more important at higher concentrations [78].



The strong cytotoxic activity of ligand 4 is comparable to its metal complexes 5 and 6, suggesting potential metal scavenging properties, which would allow removal of metals essential for functioning of certain biomolecules. For example, 2,2′-bpy appears to be a specific chelator of iron(II), being able to inhibit dopamine β-hydroxylase activity in rats and mice [79] and [3H]-spiroperidol to bind to dopamine receptor 2 [80]. Additionally, this moiety can moderately induce DNA cleavage, as was shown for leukaemia and sarcoma cell lines [81].



Compounds 5 and 6 exhibit similar behaviour and stability in solution according to their 1H NMR spectra, while metallacarboranes 7 and 8 behave differently based on 11B{1H} NMR spectroscopic data. The literature studies [68,69] and QTAIM calculations suggest that the N,N-chelating ligand is substantially stronger bound to the respective metal centre than the chloride ligands in 5 and 6, while in compounds 7 and 8, the carborane cluster is the stronger ligand. However, the B−Pd bonds exhibit higher ionic character compared to B−Pt and thus indicate the possibility for a more facile dissociation with release of the nido-cluster for complex 8. The potential release of chloride in complexes 5 and 6 should facilitate interaction with DNA or other cellular biomolecules. As observed for other Pt drugs [37,74], compound 5 also potentiates the oxidative stress possibly by acting as a DNA crosslinker and additionally by DNA damaging through ROS generation. This possible ligand exchange and subsequent unselective coordination to biomolecules such as DNA or proteins might be the reason why 5 and 6 outperform 7 and 8 on all tested cancer cell lines and could also cause the observed delayed strong increase in apoptotic cells after treatment with 5 or 6.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/1999-4923/15/2/682/s1: Characterisation of compounds 4−8 (1H, 13C, 11B (7 and 8) NMR spectroscopy, IR (5−8), HR-ESI MS, elemental analysis, X-ray crystallography data for 5−8, stability studies of complexes 5−8 by NMR spectroscopy, alternative synthetic strategy for 7 and 8, computational chemistry (geometry optimisation, UV-vis transitions, QTAIM: bonding interactions, docking studies), bioanalytical measurements (PI staining, cell viability). References [82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104] are cited in the Supplementary Materials.





Author Contributions


Conceptualisation, E.H.-H., A.K. and B.S.; methodology, A.K., S.J., P.L., D.M.-I. and S.M.; validation, A.K., P.L., S.J., D.M.-I. and S.M.; formal analysis, A.K., S.J., D.M.-I., S.M. and P.L.; investigation, A.K., P.L., S.J., S.M. and D.M.-I.; resources, E.H.-H., D.M.-I. and S.M.; data curation, A.K., P.L., E.H.-H., D.M.-I. and S.M.; writing—original draft preparation, A.K.; writing—review and editing, A.K., P.L., B.S., E.H.-H., D.M.-I., S.J. and S.M.; visualisation, A.K., S.J., P.L., D.M.-I. and S.M.; supervision, E.H.-H., D.M.-I. and S.M.; project administration, E.H.-H., D.M.-I. and S.M.; funding acquisition, E.H.-H., D.M.-I. and S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deutscher Akademischer Austauschdienst (DAAD; funding program number: 57440919; funding program: Research Grants−Bi-national 2019/2020), the Graduate School BuildMoNa and the Ministry of Science, Technological Development and Innovation of the Republic of Serbia (grant number No. 451-03-47/2023-01/200007).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the Supplementary Materials.




Acknowledgments


A.K. thank the DAAD for funding (joint doctoral grant).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA A Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, E.M.; Smith, K.L.; Stearns, V. Management of Hormone Receptor-Positive, HER2-Negative Early Breast Cancer. Semin. Oncol. 2020, 47, 187–200. [Google Scholar] [CrossRef]

	



Paterni, I.; Granchi, C.; Katzenellenbogen, J.A.; Minutolo, F. Estrogen Receptors Alpha (ERα) and Beta (ERβ): Subtype-Selective Ligands and Clinical Potential. Steroids 2014, 90, 13–29. [Google Scholar] [CrossRef] [PubMed]

	



Sisci, D.; Maris, P.; Grazia Cesario, M.; Anselmo, W.; Coroniti, R.; Elvi Trombino, G.; Romeo, F.; Ferraro, A.; Lanzino, M.; Aquila, S.; et al. The Estrogen Receptor α Is the Key Regulator of the Bifunctional Role of FoxO3a Transcription Factor in Breast Cancer Motility and Invasiveness. Cell Cycle 2013, 12, 3405–3420. [Google Scholar] [CrossRef] [PubMed]

	



Richman, J.; Dowsett, M. Beyond 5 Years: Enduring Risk of Recurrence in Oestrogen Receptor-Positive Breast Cancer. Nat. Rev. Clin. Oncol. 2019, 16, 296–311. [Google Scholar] [CrossRef] [PubMed]

	



Osborne, C.K. Tamoxifen in the Treatment of Breast Cancer. N. Engl. J. Med. 1998, 339, 1609–1618. [Google Scholar] [CrossRef]

	



Tamoxifen Metabolism and CYP2D6: Practice Essentials, Clinical Implications of CYP2D6 Variants, Guidelines. Available online: https://emedicine.medscape.com/article/1762071-overview (accessed on 2 January 2023).

	



Klein, D.J.; Thorn, C.F.; Desta, Z.; Flockhart, D.A.; Altman, R.B.; Klein, T.E. PharmGKB Summary: Tamoxifen Pathway, Pharmacokinetics. Pharmacog. Genom. 2013, 23, 643–647. [Google Scholar] [CrossRef]

	



Sanchez-Spitman, A.; Dezentjé, V.; Swen, J.; Moes, D.J.A.R.; Böhringer, S.; Batman, E.; van Druten, E.; Smorenburg, C.; van Bochove, A.; Zeillemaker, A.; et al. Tamoxifen Pharmacogenetics and Metabolism: Results From the Prospective CYPTAM Study. J. Clin. Oncol. 2019, 37, 636–646. [Google Scholar] [CrossRef]

	



Shiau, A.K.; Barstad, D.; Loria, P.M.; Cheng, L.; Kushner, P.J.; Agard, D.A.; Greene, G.L. The Structural Basis of Estrogen Receptor/Coactivator Recognition and the Antagonism of This Interaction by Tamoxifen. Cell 1998, 95, 927–937. [Google Scholar] [CrossRef]

	



Ring, A.; Dowsett, M. Mechanisms of Tamoxifen Resistance. Endocr. Relat. Cancer 2004, 11, 643–658. [Google Scholar] [CrossRef]

	



Anderson, D.H. Chapter 1—Luminal A Breast Cancer Resistance Mechanisms and Emerging Treatments. In Biological Mechanisms and the Advancing Approaches to Overcoming Cancer Drug Resistance; Freywald, A., Vizeacoumar, F.J., Eds.; Cancer Sensitizing Agents for Chemotherapy; Academic Press: Cambridge, MA, USA, 2021; Volume 12, pp. 1–22. [Google Scholar] [CrossRef]

	



Li, Z.; Zou, W.; Zhang, J.; Zhang, Y.; Xu, Q.; Li, S.; Chen, C. Mechanisms of CDK4/6 Inhibitor Resistance in Luminal Breast Cancer. Front. Pharmacol. 2020, 11, 580251. [Google Scholar] [CrossRef] [PubMed]

	



Ortega, E.; Vigueras, G.; Ballester, F.J.; Ruiz, J. Targeting Translation: A Promising Strategy for Anticancer Metallodrugs. Coord. Chem. Rev. 2021, 446, 214129. [Google Scholar] [CrossRef]

	



Yousuf, I.; Bashir, M.; Arjmand, F.; Tabassum, S. Advancement of Metal Compounds as Therapeutic and Diagnostic Metallodrugs: Current Frontiers and Future Perspectives. Coord. Chem. Rev. 2021, 445, 214104. [Google Scholar] [CrossRef]

	



Vessières, A.; Top, S.; Beck, W.; Hillard, E.; Jaouen, G. Metal Complex SERMs (Selective Oestrogen Receptor Modulators). The Influence of Different Metal Units on Breast Cancer Cell Antiproliferative Effects. Dalton Trans. 2006, 529–541. [Google Scholar] [CrossRef]

	



Top, S.; Kaloun, E.B.; Vessières, A.; Laïos, I.; Leclercq, G.; Jaouen, G. The First Titanocenyl Dichloride Moiety Vectorised by a Selective Estrogen Receptor Modulator (SERM). Synthesis and Preliminary Biochemical Behaviour. J. Organomet. Chem. 2002, 643–644, 350–356. [Google Scholar] [CrossRef]

	



Lee, H.Z.S.; Buriez, O.; Chau, F.; Labbé, E.; Ganguly, R.; Amatore, C.; Jaouen, G.; Vessières, A.; Leong, W.K.; Top, S. Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives—Comparison with Their Homologues in the Iron and Ruthenium Series. Eur. J. Inorg. Chem. 2015, 2015, 4217–4226. [Google Scholar] [CrossRef]

	



He, Y.; Groleau, S.; Gaudreault, R.; Caron, M.; Thérien, H.-M.; Bérubé, G. Synthesis and in vitro Biological Evaluation of New Triphenylethylene Platinum (II) Complexes. Bioorg. Med. Chem. Lett. 1995, 5, 2217–2222. [Google Scholar] [CrossRef]

	



Kalabay, M.; Szász, Z.; Láng, O.; Lajkó, E.; Pállinger, É.; Duró, C.; Jernei, T.; Csámpai, A.; Takács, A.; Kőhidai, L. Investigation of the Antitumor Effects of Tamoxifen and Its Ferrocene-Linked Derivatives on Pancreatic and Breast Cancer Cell Lines. Pharmaceuticals 2022, 15, 314. [Google Scholar] [CrossRef]

	



Valliant, J.F.; Schaffer, P.; Stephenson, K.A.; Britten, J.F. Synthesis of Boroxifen, A Nido-Carborane Analogue of Tamoxifen. J. Org. Chem. 2002, 67, 383–387. [Google Scholar] [CrossRef]

	



Schwarze, B.; Jelača, S.; Welcke, L.; Maksimović-Ivanić, D.; Mijatović, S.; Hey-Hawkins, E. 2,2′-Bipyridine-Modified Tamoxifen: A Versatile Vector for Molybdacarboranes. ChemMedChem 2019, 14, 2075–2083. [Google Scholar] [CrossRef]

	



Vojtek, M.; Marques, M.P.M.; Ferreira, I.M.P.L.V.O.; Mota-Filipe, H.; Diniz, C. Anticancer Activity of Palladium-Based Complexes against Triple-Negative Breast Cancer. Drug Discov. 2019, 24, 1044–1058. [Google Scholar] [CrossRef] [PubMed]

	



Popolin, C.P.; Reis, J.P.B.; Becceneri, A.B.; Graminha, A.E.; Almeida, M.A.P.; Corrêa, R.S.; Colina-Vegas, L.A.; Ellena, J.; Batista, A.A.; Cominetti, M.R. Cytotoxicity and Anti-Tumor Effects of New Ruthenium Complexes on Triple Negative Breast Cancer Cells. PLoS ONE 2017, 12, e0183275. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.-S.; Qu, Y.-Q.; Wu, J.; Yang, G.-J.; Liu, H.; Wang, W.; Huang, Q.; Chen, F.; Li, G.; Wong, C.-Y.; et al. Inhibition of the CDK9–Cyclin T1 Protein–Protein Interaction as a New Approach against Triple-Negative Breast Cancer. Acta Pharm. Sin. B 2022, 12, 1390–1405. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.-J.; Wang, W.; Mok, S.W.F.; Wu, C.; Law, B.Y.K.; Miao, X.-M.; Wu, K.-J.; Zhong, H.-J.; Wong, C.-Y.; Wong, V.K.W.; et al. Selective Inhibition of Lysine-Specific Demethylase 5A (KDM5A) Using a Rhodium(III) Complex for Triple-Negative Breast Cancer Therapy. Angew. Chem. 2018, 130, 13275–13279, Erratum in Angew. Chem. Int. Ed. 2018, 57, 13091–13095. https://doi.org/10.1002/anie.201807305. [Google Scholar] [CrossRef]

	



Schwarze, B.; Gozzi, M.; Zilberfain, C.; Rüdiger, J.; Birkemeyer, C.; Estrela-Lopis, I.; Hey-Hawkins, E. Nanoparticle-Based Formulation of Metallacarboranes with Bovine Serum Albumin for Application in Cell Cultures. J. Nanoparticle Res. 2020, 22, 24. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, B.; Shi, H.; Wang, Y.; Sun, Q.; Zhang, Q. Metal Complexes against Breast Cancer Stem Cells. Dalton Trans. 2021, 50, 14498–14512. [Google Scholar] [CrossRef] [PubMed]

	



Ma, D.-L.; Wu, C.; Cheng, S.-S.; Lee, F.-W.; Han, Q.-B.; Leung, C.-H. Development of Natural Product-Conjugated Metal Complexes as Cancer Therapies. Internat. J. Mol. Sci. 2019, 20, 341. [Google Scholar] [CrossRef]

	



Knopf, K.M.; Murphy, B.L.; MacMillan, S.N.; Baskin, J.M.; Barr, M.P.; Boros, E.; Wilson, J.J. In Vitro Anticancer Activity and in Vivo Biodistribution of Rhenium(I) Tricarbonyl Aqua Complexes. J. Am. Chem. Soc. 2017, 139, 14302–14314. [Google Scholar] [CrossRef]

	



Pan, Z.-Y.; Cai, D.-H.; He, L. Dinuclear Phosphorescent Rhenium(I) Complexes as Potential Anticancer and Photodynamic Therapy Agents. Dalton Trans. 2020, 49, 11583–11590. [Google Scholar] [CrossRef]

	



Kastl, A.; Dieckmann, S.; Wähler, K.; Völker, T.; Kastl, L.; Merkel, A.L.; Vultur, A.; Shannan, B.; Harms, K.; Ocker, M.; et al. Rhenium Complexes with Visible-Light-Induced Anticancer Activity. ChemMedChem 2013, 8, 924–927. [Google Scholar] [CrossRef]

	



Li, J.; Chen, T. Transition Metal Complexes as Photosensitizers for Integrated Cancer Theranostic Applications. Coord. Chem. Rev. 2020, 418, 213355. [Google Scholar] [CrossRef]

	



Lokich, J. What Is the “Best” Platinum: Cisplatin, Carboplatin, or Oxaliplatin? Cancer Investig. 2001, 19, 756–760. [Google Scholar] [CrossRef] [PubMed]

	



Aldossary, S.A. Review on Pharmacology of Cisplatin: Clinical Use, Toxicity and Mechanism of Resistance of Cisplatin. Biomed. Pharmacol. J. 2019, 12, 7–15. [Google Scholar] [CrossRef]

	



Jungwirth, U.; Kowol, C.R.; Keppler, B.K.; Hartinger, C.G.; Berger, W.; Heffeter, P. Anticancer Activity of Metal Complexes: Involvement of Redox Processes. Antioxid. Redox Signal. 2011, 15, 1085–1127. [Google Scholar] [CrossRef]

	



Carozzi, V.A.; Marmiroli, P.; Cavaletti, G. The Role of Oxidative Stress and Anti-Oxidant Treatment in Platinum-Induced Peripheral Neurotoxicity. Curr. Cancer Drug Targets 2010, 10, 670–682. [Google Scholar] [CrossRef]

	



Nayeem, N.; Contel, M. Exploring the Potential of Metallodrugs as Chemotherapeutics for Triple Negative Breast Cancer. Chem. Eur. J. 2021, 27, 8891–8917. [Google Scholar] [CrossRef]

	



Oun, R.; Moussa, Y.E.; Wheate, N.J. The Side Effects of Platinum-Based Chemotherapy Drugs: A Review for Chemists. Dalton Trans. 2018, 47, 6645–6653. [Google Scholar] [CrossRef]

	



Caires, A.C.F. Recent Advances Involving Palladium (II) Complexes for the Cancer Therapy. Anticancer Agents Med. Chem. 2007, 7, 484–491. [Google Scholar] [CrossRef]

	



Al-Allaf, T.A.; Rashan, L.J. Cis- and Trans-Platinum and Palladium Complexes: A Comparative Study Review as Antitumour Agents. Boll. Chim. Farm. 2001, 140, 205–210. [Google Scholar]

	



Abu-Safieh, K.A.; Abu-Surrah, A.S.; Tabba, H.D.; AlMasri, H.A.; Bawadi, R.M.; Boudjelal, F.M.; Tahtamouni, L.H. Novel Palladium(II) and Platinum(II) Complexes with a Fluoropiperazinyl Based Ligand Exhibiting High Cytotoxicity and Anticancer Activity In Vitro. J. Chem. 2016, 2016, 7508724. [Google Scholar] [CrossRef]

	



Silva, T.M.; Fiuza, S.M.; Marques, M.P.M.; Persson, L.; Oredsson, S. Increased Breast Cancer Cell Toxicity by Palladination of the Polyamine Analogue N1,N11-Bis(Ethyl)Norspermine. Amino Acids 2014, 46, 339–352. [Google Scholar] [CrossRef] [PubMed]

	



de Carvalho, A.L.M.B.; Medeiros, P.S.C.; Costa, F.M.; Ribeiro, V.P.; Sousa, J.B.; Diniz, C.; Marques, M.P.M. Anti-Invasive and Anti-Proliferative Synergism between Docetaxel and a Polynuclear Pd-Spermine Agent. PLoS ONE 2016, 11, e0167218. [Google Scholar] [CrossRef] [PubMed]

	



Czarnomysy, R.; Radomska, D.; Szewczyk, O.K.; Roszczenko, P.; Bielawski, K. Platinum and Palladium Complexes as Promising Sources for Antitumor Treatments. Int. J. Mol. Sci. 2021, 22, 8271. [Google Scholar] [CrossRef] [PubMed]

	



Gozzi, M.; Schwarze, B.; Hey-Hawkins, E. Half- and Mixed-Sandwich Metallacarboranes for Potential Applications in Medicine. Pure Appl. Chem. 2019, 91, 563–573. [Google Scholar] [CrossRef]

	



Armstrong, A.F.; Valliant, J.F. The Bioinorganic and Medicinal Chemistry of Carboranes: From New Drug Discovery to Molecular Imaging and Therapy. Dalton Trans. 2007, 38, 4240–4251. [Google Scholar] [CrossRef] [PubMed]

	



Sedlák, D.; Wilson, T.A.; Tjarks, W.; Radomska, H.S.; Wang, H.; Kolla, J.N.; Leśnikowski, Z.J.; Špičáková, A.; Ali, T.; Ishita, K.; et al. Structure–Activity Relationship of para-Carborane Selective Estrogen Receptor β Agonists. J. Med. Chem. 2021, 64, 9330–9353. [Google Scholar] [CrossRef]

	



Leśnikowski, Z.J. Challenges and Opportunities for the Application of Boron Clusters in Drug Design. J. Med. Chem. 2016, 59, 7738–7758. [Google Scholar] [CrossRef]

	



Golbaghi, G.; Castonguay, A. Rationally Designed Ruthenium Complexes for Breast Cancer Therapy. Molecules 2020, 25, 265. [Google Scholar] [CrossRef]

	



Gozzi, M.; Schwarze, B.; Sárosi, M.-B.; Lönnecke, P.; Drača, D.; Maksimović-Ivanić, D.; Mijatović, S.; Hey-Hawkins, E. Antiproliferative Activity of (η6-Arene)Ruthenacarborane Sandwich Complexes against HCT116 and MCF7 Cell Lines. Dalton Trans. 2017, 46, 12067–12080. [Google Scholar] [CrossRef] [PubMed]

	



Simas, A.B.C.; Pereira, V.L.P.; Barreto, C.B., Jr.; de Sales, D.L.; de Carvalho, L.L. An Expeditious and Consistent Procedure for Tetrahydrofuran (THF) Drying and Deoxygenation by the Still Apparatus. Quím. Nova 2009, 32, 2473–2475. [Google Scholar] [CrossRef]

	



Van Thong, P.; Thom, D.T.; Chi, N.T.T. Synthesis and Structure of Two Platinum(II) Complexes Bearing N-Heterocyclic Carbene and Dimethyl Sulfoxide. Vietnam. J. Chem. 2018, 56, 146–151. [Google Scholar] [CrossRef]

	



Spencer, J.L.; Green, M.; Stone, F.G.A. Metallocarboranes: New Syntheses. J. Chem. Soc. Chem. Commun. 1972, 21, 1178–1179. [Google Scholar] [CrossRef]

	



Taylor, E.C.; McKillop, A. Thallium in Organic Synthesis. Acc. Chem. Res. 1970, 3, 338–346. [Google Scholar] [CrossRef]

	



Lv, W.; Liu, J.; Skaar, T.C.; Flockhart, D.A.; Cushman, M. Design and Synthesis of Norendoxifen Analogues with Dual Aromatase Inhibitory and Estrogen Receptor Modulatory Activities. J. Med. Chem. 2015, 58, 2623–2648. [Google Scholar] [CrossRef] [PubMed]

	



Harris, R.K.; Becker, E.D.; Cabral De Menezes, S.M.; Goodfellow, R.; Granger, P. NMR Nomenclature: Nuclear Spin Properties and Conventions for Chemical Shifts (IUPAC Recommendations 2001). Concepts Magn. Reson. 2002, 14, 326–346. [Google Scholar] [CrossRef]

	



Warren, L.F.; Hawthorne, M.F. Chemistry of the Bis[π-(3)-1,2-Dicarbollyl] Metalates of Nickel and Palladium. J. Am. Chem. Soc. 1970, 92, 1157–1173. [Google Scholar] [CrossRef]

	



Carr, N.; Mullica, D.F.; Sappenfield, E.L.; Stone, F.G.A. Carborane Complexes of Nickel and Platinum: Synthesis and Protonation Reactions of Anionic Allyl(Carborane) Species. Inorg. Chem. 1994, 33, 1666–1673. [Google Scholar] [CrossRef]

	



Fallis, K.A.; Mullica, D.F.; Sappenfield, E.L.; Stone, F.G.A. Synthesis of Carborane Palladium Complexes: Examples of Low-Temperature Polytopal Rearrangements. Inorg. Chem. 1994, 33, 4927–4933. [Google Scholar] [CrossRef]

	



Platts, J.A.; Ravera, M.; Gabano, E.; Sardi, M.; Bianco, S.; Osella, D. Solvolysis of a Series of Cisplatin-Like Complexes—Comparison between DNA-Biosensor and Conductivity Data. Eur. J. Inorg. Chem. 2012, 2012, 5625–5631. [Google Scholar] [CrossRef]

	



Bader, R.F.W. A Bond Path: A Universal Indicator of Bonded Interactions. J. Phys. Chem. A 1998, 102, 7314–7323. [Google Scholar] [CrossRef]

	



Hilal, R.; Aziz, S.G.; Alyoubi, A.O.; Elroby, S. Quantum Topology of the Charge Density of Chemical Bonds. QTAIM Analysis of the C-Br and O-Br Bonds. Procedia Comput. Sci. 2015, 51, 1872–1877. [Google Scholar] [CrossRef]

	



Palusiak, M.; Krygowski, T.M. Application of AIM Parameters at Ring Critical Points for Estimation of π-Electron Delocalization in Six-Membered Aromatic and Quasi-Aromatic Rings. Eur. J. Chem. 2007, 13, 7996–8006. [Google Scholar] [CrossRef] [PubMed]

	



Korabel’nikov, D.V.; Zhuravlev, Y.N. The Nature of the Chemical Bond in Oxyanionic Crystals Based on QTAIM Topological Analysis of Electron Densities. RSC Adv. 2019, 9, 12020–12033. [Google Scholar] [CrossRef]

	



Vener, M.V.; Manaev, A.V.; Egorova, A.N.; Tsirelson, V.G. QTAIM Study of Strong H-Bonds with the O−H···A Fragment (A = O, N) in Three-Dimensional Periodical Crystals. J. Phys. Chem. A 2007, 111, 1155–1162. [Google Scholar] [CrossRef] [PubMed]

	



Bader, R.F.W.; Nguyen-Dang, T.T. Quantum Theory of Atoms in Molecules–Dalton Revisited. In Advances in Quantum Chemistry; Löwdin, P.-O., Ed.; Academic Press: Cambridge, MA, USA, 1981; Volume 14, pp. 63–124. [Google Scholar] [CrossRef]

	



Makovec, T. Cisplatin and Beyond: Molecular Mechanisms of Action and Drug Resistance Development in Cancer Chemotherapy. Radiol. Oncol. 2019, 53, 148–158. [Google Scholar] [CrossRef] [PubMed]

	



Gao, E.J.; Yin, H.X.; Zhu, M.C.; Sun, Y.G.; Gu, X.F.; Wu, Q.; Ren, L.X. Study on the Interaction of a PalladiumComplex with DNA. J. Struct. Chem. 2008, 6, 1048–1054. [Google Scholar] [CrossRef]

	



Vermes, I.; Haanen, C.; Steffens-Nakken, H.; Reutellingsperger, C. A Novel Assay for Apoptosis Flow Cytometric Detection of Phosphatidylserine Expression on Early Apoptotic Cells Using Fluorescein Labelled Annexin V. J. Immunol. Methods 1995, 184, 39–51. [Google Scholar] [CrossRef]

	



Thorburn, A.; Thamm, D.H.; Gustafson, D.L. Autophagy and Cancer Therapy. Mol. Pharmacol. 2014, 85, 830–838. [Google Scholar] [CrossRef]

	



Sui, X.; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F.; Yang, J.; Zhang, Q.; et al. Autophagy and Chemotherapy Resistance: A Promising Therapeutic Target for Cancer Treatment. Cell Death Dis. 2013, 4, 838. [Google Scholar] [CrossRef]

	



Palmeira-dos-Santos, C.; Pereira, G.J.S.; Barbosa, C.M.V.; Jurkiewicz, A.; Smaili, S.S.; Bincoletto, C. Comparative Study of Autophagy Inhibition by 3MA and CQ on Cytarabine-Induced Death of Leukaemia Cells. J. Cancer Res. Clin. Oncol. 2014, 140, 909–920. [Google Scholar] [CrossRef]

	



Tolan, D.; Gandin, V.; Morrison, L.; El-Nahas, A.; Marzano, C.; Montagner, D.; Erxleben, A. Oxidative Stress Induced by Pt(IV) Pro-Drugs Based on the Cisplatin Scaffold and Indole Carboxylic Acids in Axial Position. Sci. Rep. 2016, 6, 29367. [Google Scholar] [CrossRef] [PubMed]

	



Heffeter, P.; Jungwirth, U.; Jakupec, M.; Hartinger, C.; Galanski, M.S.; Elbling, L.; Micksche, M.; Keppler, B.; Berger, W. Resistance against Novel Anticancer Metal Compounds: Differences and Similarities. Drug Resist. Updat. 2008, 11, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Heldt, J.-M.; Guille-Collignon, M.; Lemaître, F.; Jaouen, G.; Vessières, A.; Amatore, C. Quantitative Analyses of ROS and RNS Production in Breast Cancer Cell Lines Incubated with Ferrocifens. ChemMedChem 2014, 9, 1286–1293. [Google Scholar] [CrossRef] [PubMed]

	



Michard, Q.; Jaouen, G.; Vessieres, A.; Bernard, B.A. Evaluation of Cytotoxic Properties of Organometallic Ferrocifens on Melanocytes, Primary and Metastatic Melanoma Cell Lines. J. Inorg. Biochem. 2008, 102, 1980–1985. [Google Scholar] [CrossRef]

	



Jaouen, G.; Vessières, A.; Top, S. Ferrocifen Type Anti Cancer Drugs. Chem. Soc. Rev. 2015, 44, 8802–8817. [Google Scholar] [CrossRef]

	



Mogilnicka, E.; Szmigielski, A.; Niewiadomska, A. The Effect of Alpha, Alpha1-Dipyridyl on Noradrenaline, Dopamine and 5-Hydroxytryptamine Levels and on Dopamine-Beta-Hydroxylase Activity in Brain. Pol. J. Pharmacol. 1975, 27, 619–624. [Google Scholar]

	



Ben-Shachar, D.; Finberg, J.P.M.; Youdim, M.B.H. Effect of Iron Chelators on Dopamine D2 Receptors. J. Neurochem. 1985, 45, 999–1005. [Google Scholar] [CrossRef]

	



Satyamoorthy, K.; Chitnis, M.P.; Pradhan, S.G. Potentiation of Hydroxyurea Cytotoxicity by Iron-Chelating Agent in Murine Tumor Models in Vitro. Cancer Drug Deliv. 1986, 3, 173–182. [Google Scholar] [CrossRef]

	



Rikagu Oxford Diffraction. CrysAlisPro; Agilent Technologies inc.: Yarnton, Oxfordshire, UK, 2018; Available online: https://www.rigaku.com/products/crystallography/crysalis (accessed on 2 January 2023).

	



Sheldrick, G.M. SHELXT – Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr. A 2015, 71, 3–8. [Google Scholar] [CrossRef]

	



Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. C 2015, 71, 3–8. [Google Scholar] [CrossRef]

	



Brandenburg, K. Diamond; Crystal Impact GbR: Bonn, Germany, 2022. [Google Scholar]

	



Armarego, W.L.F.; Chai, C.L.L. Purification of Laboratory Chemicals; Butterworth-Heinemann: Oxford, UK, 2003. [Google Scholar]

	



Kohn, W. Density Functional Theory: Basic Results and Some Observations. In Density Functional Methods in Physics; Dreizler, R.M., da Providência, J., Eds.; NATO ASI Series; Springer: Boston, MA, USA, 1985; pp. 1–9. [Google Scholar] [CrossRef]

	



Neese, F. The ORCA Program System. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73–78. [Google Scholar] [CrossRef]

	



Cramer, C.J.; Truhlar, D.G. Density Functional Theory for Transition Metals and Transition Metal Chemistry. Phys. Chem. Chem. Phys. 2009, 11, 10757–10816. [Google Scholar] [CrossRef] [PubMed]

	



Weymuth, T.; Couzijn, E.P.A.; Chen, P.; Reiher, M. New Benchmark Set of Transition-Metal Coordination Reactions for the Assessment of Density Functionals. J. Chem. Theory Comput. 2014, 10, 3092–3103. [Google Scholar] [CrossRef]

	



Schröder, H.; Creon, A.; Schwabe, T. Reformulation of the D3(Becke–Johnson) Dispersion Correction without Resorting to Higher than C6 Dispersion Coefficients. J. Chem. Theory Comput. 2015, 11, 3163–3170. [Google Scholar] [CrossRef] [PubMed]

	



Kossmann, S.; Neese, F. Efficient Structure Optimization with Second-Order Many-Body Perturbation Theory: The RIJCOSX-MP2 Method. J. Chem. Theory Comput. 2010, 6, 2325–2338. [Google Scholar] [CrossRef] [PubMed]

	



Hellweg, A.; Rappoport, D. Development of New Auxiliary Basis Functions of the Karlsruhe Segmented Contracted Basis Sets Including Diffuse Basis Functions (Def2-SVPD, Def2-TZVPPD, and Def2-QVPPD) for RI-MP2 and RI-CC Calculations. Phys. Chem. Chem. Phys. 2014, 17, 1010–1017. [Google Scholar] [CrossRef] [PubMed]

	



van Lenthe, E.; Snijders, J.G.; Baerends, E.J. The Zero-order Regular Approximation for Relativistic Effects: The Effect of Spin–Orbit Coupling in Closed Shell Molecules. J. Chem. Phys. 1996, 105, 6505–6516. [Google Scholar] [CrossRef]

	



Remya, P.R.; Suresh, C.H. Planar Tetracoordinate Carbon in Tungstenacyclobutadiene from Alkyne Metathesis and Expanded Structures. Dalton Trans. 2016, 45, 1769–1778. [Google Scholar] [CrossRef]

	



Word, J.M.; Lovell, S.C.; Richardson, J.S.; Richardson, D.C. Asparagine and Glutamine: Using Hydrogen Atom Contacts in the Choice of Side-Chain Amide Orientation. J. Mol. Biol. 1999, 285, 1735–1747. [Google Scholar] [CrossRef]

	



Brooks, B.R.; Brooks III, C.L.; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch, S.; et al. CHARMM: The Biomolecular Simulation Program. J. Comput. Chem. 2009, 30, 1545–1614. [Google Scholar] [CrossRef]

	



Phillips, J.C.; Hardy, D.J.; Maia, J.D.C.; Stone, J.E.; Ribeiro, J.V.; Bernardi, R.C.; Buch, R.; Fiorin, G.; Hénin, J.; Jiang, W.; et al. Scalable Molecular Dynamics on CPU and GPU Architectures with NAMD. J. Chem. Phys. 2020, 153, 044130. [Google Scholar] [CrossRef] [PubMed]

	



Shang, X.; Kröger, M. Time Correlation Functions of Equilibrium and Nonequilibrium Langevin Dynamics: Derivations and Numerics Using Random Numbers. SIAM Rev. 2020, 62, 901–935. [Google Scholar] [CrossRef]

	



de Souza, O.N.; Ornstein, R.L. Effect of Periodic Box Size on Aqueous Molecular Dynamics Simulation of a DNA Dodecamer with Particle-Mesh Ewald Method. Biophys. J. 1997, 72, 2395–2397. [Google Scholar] [CrossRef] [PubMed]

	



Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [Google Scholar] [CrossRef]

	



Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R.K.; Olson, A.J. Automated Docking Using a Lamarckian Genetic Algorithm and an Empirical Binding Free Energy Function. J. Comput. Chem. 1998, 19, 1639–1662. [Google Scholar] [CrossRef]

	



Dauvois, S.; Danielian, P.S.; White, R.; Parker, M.G. Antiestrogen ICI 164,384 Reduces Cellular Estrogen Receptor Content by Increasing Its Turnover. Proc. Natl. Acad. Sci. USA 1992, 89, 4037–4041. [Google Scholar] [CrossRef]

	



Berry, M.; Metzger, D.; Chambon, P. Role of the Two Activating Domains of the Oestrogen Receptor in the Cell-Type and Promoter-Context Dependent Agonistic Activity of the Anti-Oestrogen 4-Hydroxytamoxifen. EMBO J. 1990, 9, 2811–2818. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 00682 sch001 550] 





Scheme 1. Incorporation of the nido-carborate dianion in 2,2′-bipyridine complexes: (A) initial formation of metallacarboranes (not shown) followed by reaction with ligand 4; (B) initial formation of metal(II) dichloride complexes 5 and 6 followed by reaction with Tl[closo-TlC2B9H11] for chloride replacement. 
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Figure 2. QTAIM analysis: molecular graphs of metal(II) dichlorido complexes (5 and 6, left) and the metallacarboranes (7 and 8, right). The bond paths of the non-covalent interactions are shown as dashed lines. The bond critical points (BCPs) and the ring critical points (RCPs) are indicated as blue or red dots. 






Figure 2. QTAIM analysis: molecular graphs of metal(II) dichlorido complexes (5 and 6, left) and the metallacarboranes (7 and 8, right). The bond paths of the non-covalent interactions are shown as dashed lines. The bond critical points (BCPs) and the ring critical points (RCPs) are indicated as blue or red dots.



[image: Pharmaceutics 15 00682 g002]







[image: Pharmaceutics 15 00682 g003 550] 





Figure 3. The effect of compounds 4−6 on the viability of peritoneal exudate cells. Peritoneal exudate cells were treated with 4−6 and subjected to CV viability assay after 72 h. The data are expressed as percentage of viability of untreated control (set as 100%) from one representative out of three independent experiments and presented as mean ± SD of triplicate cultures (* p < 0.05 in comparison to untreated cells). 
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Figure 4. Tamoxifen derivatives attenuated MCF-7 cell division and induced programmed cell death type 1 and 2. MCF-7 cells were exposed to IC50 doses of compounds 4, 5 and 6 for 60 or 72 h and analysed by flow cytometry: (A) cell proliferation rate, fluorescence intensity from FL1 channel (exc. 488 nm/em. 536 nm); (B) ApoStat staining for caspase-dependent apoptosis, fluorescence intensity from FL1 channel; (C) apoptosis detection (AnnV-FITC/PI staining) after 60 h (upper panels) or 72 h (lower panels), fluorescence intensity from FL2 channel (y axis, exc. 488 nm/em. 590 nm) vs. FL1 channel (x axis); (D) autophagy detection after 60 h and determination of the role of autophagy by specific inhibitor chloroquine (Chloq) (20 µM), fluorescence intensity from FL3 channel (exc. 488 nm/em. 675 nm). The data are presented as mean ± SD of triplicate cultures (** p < 0.01; *** p < 0.001 refers to compound-treated cultures. Representative dot plots and histograms are shown from at least three independent experiments). 
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Figure 5. Compounds 4−6 differently affect the production of reactive oxygen and nitrogen species (ROS/RNS) in MCF-7 cells. MCF-7 cells were pre-stained with dihydrorhodamine 123 (DHR 123) and treated with 4, 5 or 6 (IC50 dose) for 60 h. Intracellular accumulation of ROS/RNS were measured by flow cytometry. Representative histograms from three independent experiments are shown. 
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Table 1. Comparison of selected bond lengths and topological parameters of the bond critical points’ analyses: electron density (ρcp), Laplacian of electron density (∇2ρcp), total electron energy density (Hcp), and the ratio of the potential to kinetic energy densities |Vcp|/Gcp. The single crystal X-ray crystallography data of 5–8 were used as input, and the geometries were optimised at PBE0 D3BJ/ZORA-def2-TZVPP level of theory using DFT.
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Complex

	
Bond or Ring

	
Bond Length, Å

	
ρcp, a.u.

	
     ∇ 2   ρ cp  ,   a . u .    

	
Hcp, a.u.

	
|Vcp|/Gcp






	
5

	
Pt−N1−C5−C6−N2

	
-

	
0.322

	
−0.969

	
−0.356

	
4.3




	
N1−Pt

	
2.019

	
0.131

	
0.465

	
−0.051

	
1.3




	
Cl1−Pt

	
2.305

	
0.108

	
0.210

	
−0.045

	
1.5




	
6

	
Pd−N1−C5−C6−N2

	
-

	
0.326

	
−0.991

	
−0.356

	
4.3




	
N1−Pd

	
2.017

	
0.113

	
0.452

	
−0.032

	
1.2




	
Cl1−Pd

	
2.276

	
0.098

	
0.236

	
−0.031

	
1.5




	
7

	
B4−Pt

	
2.191

	
0.099

	
−0.012

	
−0.045

	
2.1




	
B8−Pt

	
2.183

	
0.095

	
0.035

	
−0.043

	
1.8




	
B7−Pt

	
2.179

	
0.100

	
−0.014

	
−0.046

	
2.1




	
Pt−(B4, B7) (Pt–cage)

	
-

	
0.042

	
0.144

	
−0.003

	
1.1




	
∑(Pt−B)

	
-

	
0.336

	
-

	
−0.137

	
-




	
N1-Pt

	
2.077

	
0.112

	
0.398

	
−0.038

	
1.3




	
N2-Pt

	
2.082

	
0.114

	
0.401

	
−0.039

	
1.3




	
Pt−N1−C5−C6−N2

	
-

	
0.121

	
−0.121

	
−0.069

	
2.8




	
∑(Pt−N)

	
-

	
0.347

	
-

	
−0.147

	
-




	
8

	
B4−Pd

	
2.178

	
0.089

	
0.031

	
−0.037

	
1.8




	
B8−Pd

	
2.270

	
0.078

	
0.109

	
−0.026

	
1.5




	
B7−Pd

	
2.190

	
0.090

	
0.029

	
−0.037

	
1.8




	
Pd−(B4, B7) (Pd–cage)

	
-

	
0.042

	
0.156

	
−0,003

	
1.0




	
∑(Pd−B)

	
-

	
0.229

	
-

	
−0.103

	
-




	
N1−Pd

	
2.111

	
0.096

	
0.400

	
−0.022

	
1.2




	
N2−Pd

	
2.098

	
0.094

	
0.395

	
−0.021

	
1.2




	
Pd−N1−C5−C6−N2

	
-

	
0.120

	
−0.120

	
−0.069

	
2.8




	
∑(Pd−N)

	
-

	
0.310

	
-

	
−0.112

	
-
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Table 2. IC50 values (µM) of compounds 3−8 from MTT and CV assays after 72 h incubation shown as mean together with one standard deviation (mean ± SD). Compound 3 served as reference.
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Compound

	
Assay

	
U251

	
MCF-7

	
MDA-MB-361

	
MDA-MB-231






	
3

	
MTT

	
28.1 ± 1.4

	
14.3 ± 2.9

	
28.6 ± 0.2

	
24.5 ± 0.7




	
CV

	
20.1 ± 1.9

	
19.1 ± 1.3

	
36.2 ± 2.1

	
26.2 ± 3.7




	
4

	
MTT

	
4.1 ± 0.3

	
2.5 ± 0.4

	
4.8 ± 0.0

	
2.1 ± 0.0




	
CV

	
4.4 ± 0.3

	
2.8 ± 0.1

	
5.8 ± 0.2

	
2.3 ± 0.0




	
5

	
MTT

	
2.4 ± 0.4

	
5.4 ± 0.4

	
5.5 ± 0.1

	
2.2 ± 0.1




	
CV

	
3.0 ± 0.3

	
7.3 ± 0.7

	
6.2 ± 0.0

	
2.6 ± 0.1




	
6

	
MTT

	
4.4 ± 0.3

	
2.7 ± 0.6

	
9.3 ± 0.2

	
2.0 ± 0.1




	
CV

	
5.9 ± 0.2

	
4.4 ± 0.4

	
11.4 ± 1.0

	
2.3 ± 0.1




	
7

	
MTT

	
>100

	
>100

	
>100

	
>100




	
CV

	
>100

	
>100

	
>100

	
>100




	
8

	
MTT

	
30.8 ± 1.4

	
>100

	
>100

	
3.7 ± 0.1




	
CV

	
25.3 ± 2.8

	
>100

	
>100

	
5.2 ± 0.1
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