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The toxicity of and resistance to platinum complexes as cisplatin, oxaliplatin or carboplatin calls for the replacement of these therapeutic agents in clinical settings. We have previously identified a set of half sandwich-type osmium, ruthenium and iridium complexes with bidentate glycosyl heterocyclic ligands exerting specific cytostatic activity on cancer cells but not on non-transformed primary cells. The apolar nature of the complexes, conferred by large, apolar benzoyl protective groups on the hydroxyl groups of the carbohydrate moiety, was the main molecular feature to induce cytostasis. We exchanged the benzoyl protective groups to straight chain alkanoyl groups with varying length (3 to 7 carbon units) that increased the IC50 value as compared to the benzoyl-protected complexes and rendered the complexes toxic. These results suggest a need for aromatic groups in the molecule. The pyridine moiety of the bidentate ligand was exchanged for a quinoline group to enlarge the apolar surface of the molecule. This modification decreased the IC50 value of the complexes. The complexes containing [(η6-p-cymene)Ru(II)], [(η6-p-cymene)Os(II)] or [(η5-Cp*)Ir(III)] were biologically active unlike the complex containing [(η5-Cp*)Rh(III)]. The complexes with cytostatic activity were active on ovarian cancer (A2780, ID8), pancreatic adenocarcinoma (Capan2), sarcoma (Saos) and lymphoma cell lines (L428), but not on primary dermal fibroblasts and their activity was dependent on reactive oxygen species production. Importantly, these complexes were cytostatic on cisplatin-resistant A2780 ovarian cancer cells with similar IC50 values as on cisplatin-sensitive A2780 cells. In addition, the quinoline-containing Ru and Os complexes and the short chain alkanoyl-modified complexes (C3 and C4) proved to be bacteriostatic in multiresistant Gram-positive Enterococcus and Staphylococcus aureus isolates. Hereby, we identified a set of complexes with submicromolar to low micromolar inhibitory constants against a wide range of cancer cells, including platinum resistant cells and against multiresistant Gram-positive bacteria.
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1 INTRODUCTION
Platinum-based compounds play a key role in oncotherapy; cisplatin, oxaliplatin, carboplatin are EMA/FDA registered drugs (Kenny and Marmion, 2019). While the importance of these compounds in not questionable, their applicability is limited by resistance to these drugs and toxicity (Fetoni et al., 2015; Lund et al., 2017; McMullen et al., 2020; Mukherjea et al., 2020; Yu et al., 2020) that calls for the development of novel drugs. A perspective drug class for the replacement of platinum-based drugs is the organometallic complexes of other platinum-group metals such as complexes of ruthenium (MelChart and Sadler, 2005; Hartinger et al., 2011; Leijen et al., 2015; Burris et al., 2016; Zeng et al., 2017; Gichumbi and Friedrich, 2018; Meier-Menches et al., 2018; Štarha and Trávníček, 2019; Kacsir et al., 2021; Kulkarni et al., 2022) osmium (Hartinger et al., 2011; Hanif et al., 2014; Gichumbi and Friedrich, 2018; Konkankit et al., 2018; Meier-Menches et al., 2018; Štarha and Trávníček, 2019; Nabiyeva et al., 2020; Li et al., 2021b; Balázs et al., 2022; Kacsir et al., 2022), iridium (Leung et al., 2013; Liu and Sadler, 2014; Gichumbi and Friedrich, 2018; Konkankit et al., 2018; Štarha and Trávníček, 2019; Kacsir et al., 2022) or rhodium (Leung et al., 2013; Gichumbi and Friedrich, 2018; Máliková et al., 2021). Compounds can be coupled to bait molecules [e.g., biotin, transferrin, hormones or carbohydrates (Hartinger et al., 2008; Fernandes, 2019; Kenny and Marmion, 2019; Bononi et al., 2020)] that improves specific targeting and can limit toxicity. Furthermore, better toxicity profile was reported for these compounds as compared to platinum-based drugs (Mello-Andrade et al., 2018; Gano et al., 2019; Liu et al., 2019; Mihajlovic et al., 2020) in good agreement with the fact that NAMI-A (Leijen et al., 2015), KP1019/1339 (IT-139, BOLD100) (Burris et al., 2016) or TLD-1433 (Kulkarni et al., 2022) compounds are already in different phases of clinical trials against neoplastic diseases as bladder or lung cancer. Of note, NAMI-A and KP-1019 contain monodentate ligands (similar to cisplatin), while in TLD-1433 the central metal ion is coordinated by a bidentate chelating ligand.
Recently, we have identified a series of monosaccharide-heterocycle conjugates as ligands that yield bioactive complexes with Ru(II), Os(II) and Ir(III) (Kacsir et al., 2021; Balázs et al., 2022; Kacsir et al., 2022) (Figure 1, I). The complexes had cytostatic properties with specificity for transformed cancer cell lines including a large set of carcinomas (ovarian and breast cancer, pancreatic adenocarcinoma and glioblastoma), lymphoma and sarcoma cell lines (Kacsir et al., 2021; Kacsir et al., 2022). Furthermore, the compounds were bacteriostatic against isolates of Gram-positive vancomycin-resistant Enterococcus (VRE) and methicillin-resistant Staphylococcus aureus (MRSA) (Balázs et al., 2022). C-Glycosyl 1,3,4-oxadiazole ligands exhibit low micromolar IC50 or MIC values against cancer cells or bacteria, respectively. Replacing the oxadiazole moiety to an N-glycosidically linked 1,2,3-triazole yielded more efficient compounds (e.g., Ia) with submicromolar IC50 values and submicromolar to low micromolar MIC values on the multiresistant clinical VRE/MRSA isolates (Kacsir et al., 2021; Balázs et al., 2022; Kacsir et al., 2022).
[image: Figure 1]FIGURE 1 | Preliminaries based on our previous studies (Kacsir et al., 2021; Balázs et al., 2022; Kacsir et al., 2022), and target compounds of this work.
The activity of the complexes was dependent on the generation of reactive oxygen species (ROS) (Kacsir et al., 2021; Kacsir et al., 2022) similar to other ruthenium complexes (Xu et al., 2018; Fernandes, 2019; Bakewell et al., 2020; Mihajlovic et al., 2020) and partially on PARP activation, again, a feature observed for ruthenium complexes (Xu et al., 2018; de Camargo et al., 2019; Bakewell et al., 2020; Yusoh et al., 2020). Another feature that played key role in the biological activity of the complexes was cooperative binding that was deduced from the Hill-coefficient of the inhibitory curves (Kacsir et al., 2021; Kacsir et al., 2022). Hill coefficient above 1 suggests cooperative binding (Gesztelyi et al., 2012), the compounds we identified earlier had Hill coefficients >1.5 (Kacsir et al., 2021; Kacsir et al., 2022).
In addition, the active compounds had a lipophilic character. The O-perbenzoylated forms of the glycosyl moiety were active in contrast to O-peracetylated and O-unprotected forms (Kacsir et al., 2021; Kacsir et al., 2022). The exchange of the O-perbenzoylated glycosyl moiety for a phenyl group disrupted the biological activity of the compounds (Kacsir et al., 2021). These results point out the importance of the carbohydrate moiety, its protective groups and the overall lipophilic character of the complexes.
In this study we have carried out structure-activity relationship investigations to assess whether the structure of the protective groups or modification of the heterocycle distal to the carbohydrate moiety affected the biological activity of the complexes. Namely, the replacement of the O-benzoyl protecting groups of the most effective complex Ia, identified in our previous studies (Balázs et al., 2022; Kacsir et al., 2022), by aliphatic acyl protecting groups with homologously increasing chain-length (Ib) has been accomplished (Figure 1). In addition, an increase of the size of the sugar aglycon part in Ia and its Ru(II), Ir(III) and Rh(III) analogs (Balázs et al., 2022; Kacsir et al., 2022) by changing the pyridine ring to quinoline (Ic) has also been performed (Figure 1).
2 RESULTS
2.1 Chemistry
First, a series of O-peracylated 1-(β-D-glucopyranosyl)-4-(pyridin-2-yl)-1,2,3,-triazoles was prepared. Gentle heating of the corresponding unprotected glucosyl heterocycle 1 (Kacsir et al., 2021) with aliphatic carboxylic acid chlorides in pyridine furnished the desired triazoles L-2‒L-6 in good yields (Table 1). These compounds were then incorporated as N,N-bidentate ligands into [(η6-p-cym)OsII(N-N)Cl]PF6 type half-sandwich complexes by their reactions with dichloro(η6-p-cymene)osmium(II) dimer ([(η6-p-cym)OsCl2]2, Os-dimer) and TlPF6. Similar to our previous studies on the synthesis of analogous half-sandwich complexes (Kacsir et al., 2021; Kacsir et al., 2022), the new test compounds Os-2‒Os-6 were obtained in good to excellent yields as mixtures of two diastereoisomers (Table 1).
TABLE 1 | Synthesis of O-peracylated 1-(β-D-glucopyranosyl)-4-(pyridin-2-yl)-1,2,3-triazoles and their [(η6-p-cym)OsII(N-N)Cl]PF6 compexes.
[image: Table 1]Next, the synthesis of 1-(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-4-(quinolin-2-yl)-1,2,3,-triazole (L-7) was carried out starting from the O-unprotected derivative 2 (Kacsir et al., 2021) by using standard O-perbenzoylation conditions (Figure 2). p-Cymene-containing Ru(II) and Os(II) and pentamethylcyclopentadienyl containing Ir(III) and Rh(III) cationic half-sandwich complexes with PF6− counter ion were then prepared by the treatment of L-7 with the appropriate dimeric platinum-group metal chloride precursors (Ru/Os-dimer and Ir/Rh-dimer, respectively) in the presence of TlPF6 (Figure 2).
[image: Figure 2]FIGURE 2 | Synthesis of 1-(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-4-(quinolin-2-yl)-1,2,3-triazole and its [(η6-p-cym)MII(N-N)Cl]PF6 (M = Ru, Os) and [(η5-Cp*)MIII(N-N)Cl]PF6 (M = Ir, Rh) compexes.
2.2 Biological characterization of the complexes
2.2.1 Assessment of the complexes with alkanoyl protective groups
First, we assessed a set of osmium complexes (similar to Ia [Kacsir et al., 2022) in Figure 1] and their sugar-derived ligands, in which the benzoyl protective groups on the carbohydrate moiety were replaced by aliphatic acyl groups of different chain length (straight chain C3-C7–CO). Osmium was selected as a central ion, since osmium complexes had the best biological activity in our previous studies (Balázs et al., 2022; Kacsir et al., 2022). These compounds were tested on A2780 ovarian cancer cells for toxicity and cytostasis. The therapy of ovarian cancer is centered around platinum compounds (Brown et al., 2019; Sipos et al., 2021), therefore, it was logical to use a cellular model of ovarian cancer for the initial testing of the compounds. Toxicity was assessed using the MTT assay that measures the activity of mitochondrial complex I. We chose 4 h long treatment as in an MTT assay this time point is suitable to detect rapid, direct toxicity. Cytostasis was assessed after 48 h of treatment using the SRB assay that assesses protein content that corresponds to cell count. The characteristics of the compounds are detailed in Table 2.
TABLE 2 | Numeric values characterizing the complexes assessed in this study. The IC50 value of cisplatin was obtained from (Kacsir et al., 2021). Max—Maximal inhibition in %, ND—not detected.
[image: Table 2]The compounds had high logD value indicating a strong apolar character up to the point that the free ligand L-6 with the longest C7H15–CO alkanoyl protective groups proved to be insoluble, hence, it was not suitable for testing. All complexes Os-2‒Os-6, but not the free ligands L-2‒L-5, exerted rapid toxicity on A2780 cells in MTT assays (Figure 3; Table 2) with cytotoxicity over 80%. Long term treatment of A2780 cells with the O-alkanoylated compounds resulted in lower cell proliferation with IC50 values in the micromolar range (Figure 3; Table 2). The Hill coefficients, highlighting binding mode of the compounds (Gesztelyi et al., 2012), were above two suggesting cooperative binding of the test substances (Table 2). The free ligands had no more than 30% inhibition at the peak concentration (Figure 3; Table 2). When the IC50 value of the complexes were plotted against the logD values we found that the optimum alkyl chain length to provide the best IC50 value was 4 carbons long (Figure 4).
[image: Figure 3]FIGURE 3 | Assessment of free ligands L-2—L-6 and osmium complexes Os-2—Os-6 for cytotoxic and cytostatic activity. 3 × 103 A2780 cells, were plated to 96 well plates. Cells were treated with the compounds in the concentrations indicated for either 4 h for an MTT assay or for 48 h for an SRB assay. Data is represented as average ± SD, from three biological replicates; individual assays were performed in duplicates. Values were normalized for vehicle treated cells, absorbance for vehicle treated cells equals to 1. The MTT dataset for Os-3+L-3 and the SRB datasets for Os-2+L-2, Os-3+L-3 showed normal distribution, the MTT datasets for Os-2+L-2, Os-4+L-4, Os-5+L-5, Os-6 and the SRB dataset for Os-4+L-4, Os-5+L-5, Os-6 was normalized using the Box-Cox method. Except for the Os-6 complex, Two-way ANOVA test was performed and all values were compared with each other (Tukey’s post hoc test). For Os-6 One-way ANOVA was performed on Box-Cox normalized values followed by Dunnett’s post hoc comparing all values to the smallest treatment concentration. *, ** and *** indicate statistically significant differences between vehicle-treated (control) and the cells treated with a compound at p <0.05, p <0.01 and p <0.001, respectively. ## and ### indicate statistically significant differences between the free ligand and the corresponding complex at p <0.01 and p <0.001, respectively. Non-linear regression was performed on the data.
[image: Figure 4]FIGURE 4 | Correlation between the logD and the IC50 values in alkanoyl-protected complexes. The black line represents the IC50 values, while the red line represents the logD values.
Using alkanoyl protective groups instead of benzoyl groups we published earlier (Kacsir et al., 2021; Kacsir et al., 2022) showed that the aliphatic acyl protection significantly deteriorated the biological properties of the complexes. Namely, the new compounds exerted rapid toxicity and their IC50 values were higher than that of Ia in (Kacsir et al., 2022) (0.73 µM for Ia vs. 2.104 µM for Os-3 in this study). Therefore, these complexes were omitted from further testing as anticancer agents.
2.2.2 Complexes with quinoline heterocycle are cytostatic but not cytotoxic
Next, the quinoline-containing complexes Ru-7, Os-7, Ir-7, Rh-7 were tested on A2780 and ID8 ovarian cancer cells, and on non-transformed primary human fibroblasts, used as controls, in a concentration range up to 33.3 µM (Figure 5). In concentrations exceeding 33.3 µM the complexes frequently precipitated. All of the complexes and the free ligand exerted little rapid cytotoxicity in MTT assays, not more than 35% in any of the cell lines assessed in the peak concentration, except for the Os-7 complex with 75% toxicity on ID8 cells (Figure 5; Table 2). In SRB assays that detects cytostasis, the Ru-7, Os-7 and Ir-7 complexes completely blocked cell proliferation with submicromolar or low micromolar IC50 values both in A2780 and ID8 cells (Figure 5; Table 2). The complexes were more efficient in ID8 cells as compared to A2780 cells (Figure 5; Table 2). The free ligand L-7 and the Rh-7 complex had only little cytostatic activity both in A2780 and ID8 cells (Figure 5; Table 2). On primary non-transformed fibroblasts, used as controls, the complexes exerted negligible toxicity and low cytostatic activity (Figure 5; Table 2). The cytostatic activity was not more than 50% in the peak concentration. Similar to our previous results (Kacsir et al., 2021; Kacsir et al., 2022) the complexes had Hill coefficients >1 (Table 2) suggesting cooperative binding to cellular target molecule(s).
[image: Figure 5]FIGURE 5 | Assessment of quinoline-containing complexes Ru-7, Os-7, Ir-7, Rh-7 and the corresponding free ligand L-7 for cytotoxic and cytostatic activity. 3 × 103 A2780 cells, 2 × 103 ID8 cells and 4 × 103 primary fibroblasts were plated to 96 well plates. Cells were treated with the compounds in the concentrations indicated for either 4 h for an MTT assay or for 48 h for an SRB assay. Data is represented as average ± SD, from three biological replicates; individual assays were performed in duplicates. Values were normalized for vehicle treated cells, absorbance for vehicle treated cells equals to 1. Statistical significance was assessed using two-way ANOVA test comparing the free ligand and each complex as a complex-ligand pair. Before the test normality was assessed using the D’Agostino-Pearson test. The ID8 SRB Ir-7+L-7 dataset had lognormal distribution. The A2780 MTT Ru-7+L-7, A2780 SRB Os-7+L-7, Fibroblast SRB Ru-7+L-7 were transformed using the Box-Cox method to achive normal distribution. All other datasets had normal distribution. For better visibility the p values are presented in an excel sheet at https://figshare.com/s/2c942a812caea8869a67. Non-linear regression was performed on the A2780 SRB and the ID8 SRB datasets.
We verified the toxic effects of the active Ru, Os and Ir complexes by Annexin V-FITC propidium iodide (PI) double staining. The complexes were applied in concentrations corresponding to their respective IC50 values and we have not detected increases in the apoptotic (Annexin V positive population) or the necrotic (PI positive and Annexin V—PI double positive populations) as opposed to the hydrogen peroxide-treated cells used as positive control (Figure 6).
[image: Figure 6]FIGURE 6 | Quinoline complexes do not induce cell death. 2 × 106 A2780 cells were plated in 12 well plates and were treated with the complexes (Ru-7 at 0.846 μM, Os-7 at 0.578 µM and Ir-7 at 0.891 µM) and 300 µM hydrogen peroxide for 2 h. Cells were then stained with Annexin V and propidium iodide (PI) and cells were subjected to flow cytometry as described in Materials and Methods. The percent of cells in the quadrants are plotted. Data is represented as average ± SD, from three biological replicates, individual assays were performed in duplicates. Normal distribution was achieved by Box-Cox normalization of the data. Statistical significance was determined using a two-way ANOVA test, all measurement points were compared with each other. * indicate statistically significant differences between vehicle-treated (control) and treated cells (complexes or 300 µM H2O2) corresponding to the same quadrant (e.g., vehicle-treated double negative cells vs. H2O2-treated double negative cells) at p <0.05.
Based on these results, we omitted Rh-7 from further experiments.
2.2.3 Quinoline-containing complexes are active in cisplatin-resistant cells
As noted earlier, one of the major drawbacks of platinum-based drugs is due to cisplatin resistance (Lund et al., 2017; McMullen et al., 2020) that can be likely circumvented when complexes with different central ions and different ligands are used. We tested the three complexes with efficient cytostatic properties (Ru-7, Os-7 and Ir-7) on a cisplatin-resistant A2780 cell line. The complexes did not exert direct toxicity in MTT assays on the cisplatin-resistant cells (Figure 7; Table 2).
[image: Figure 7]FIGURE 7 | Assessment of quinoline-containing complexes Ru-7, Os-7, Ir-7 for cytotoxic and cytostatic activity in cisplatin-resistant A2780 cells. 6 × 103 cisplatin-resistant A2780 cells were plated to 96 well plates. Cells were treated with the compounds in the concentrations indicated for either 4 h for an MTT assay or for 48 h for an SRB assay. Data is represented as average ± SD, from three biological replicates; individual assays were performed in duplicates. Values were normalized for vehicle treated cells, absorbance for vehicle treated cells equals to 1. Each compound was assessed individually. Normality was assessed using the Shapiro-Wilk test. Normality was achieved using the Box-Cox transformation in the case of Os-7 and Ir-7 datasets, while Ru-7 dataset had normal distribution. Statistical significance was assessed using One-way ANOVA test comparing all points to the smallest concentration. For better visibility the p values are presented in an excel sheet at https://figshare.com/s/2c942a812caea8869a67. Non-linear regression was performed on the results of the SRB assay datasets.
Nevertheless, we have observed important differences in cell proliferation. The IC50 value of cisplatin was 1.21 µM in our previous study on cisplatin-sensitive A2780 cells (Kacsir et al., 2021). The IC50 value increased to 16.47 µM in the cisplatin resistant cell line (13.6 fold increase) in SRB assays. In contrast to that, the IC50 value of Ru-7 (0.8466 µM vs. 1.183 µM, 1.40 fold change) and Ir-7 (0.891 µM vs. 1.535 µM, 1.72 fold change) increased, although not to the same extent as for cisplatin. Furthermore, the IC50 value of Os-7 (0.5777 µM vs. 0.476 µM) was left technically unchanged when comparing the cisplatin sensitive and cisplatin resistant cell lines (Figure 7; Table 2). Apparently, these complexes are not detoxified strongly in cisplatin resistant cells suggesting that these compounds can be used to overcome cisplatin resistance.
2.2.4 Quinoline-containing complexes are cytostatic in other carcinoma, sarcoma and lymphoma cell lines
Next we assessed whether Ru-7, Os-7, Ir-7 complexes were active on other cancer cell lines. We tested other carcinoma cell lines, Capan2, a pancreatic adenocarcinoma cell line, Saos, an osteosarcoma cell line and L428, a Hodgkin lymphoma cell line to assess a wide array of neoplasias of different origin. All complexes were cytostatic on all the three cell lines (Figure 8; Table 2) with IC50 values in the low micromolar range (IC50 < 2 µM).
[image: Figure 8]FIGURE 8 | Assessment of quinoline-containing complexes Ru-7, Os-7, Ir-7 for cytostatic activity on other cancer cell lines. 3 × 103 Capan2 cells, 2 × 103 Saos cells and 8 × 103 L428 were plated to 96 well plates. Cells were treated with the compounds in the concentrations for 48 h. Then for Capan2 and Saos SRB assay was performed, L428 cells were counted using a Burker chamber. Data is represented as average ± SD, from three biological replicates; individual assays were performed in duplicates. Values were normalized for vehicle treated cells, absorbance for vehicle treated cells equals to 1. Normality was checked using the Shapiro-Wilk test. The Saos Os-7 dataset was normalized using the Box-Cox method, other datasets had normal distribution. Each complex was individually assessed for statistical significance using One-way ANOVA test followed by Dunnett’s post hoc test; all values were compared to the values of the lowest concentration. For better visibility the p values are presented in an excel sheet at https://figshare.com/s/2c942a812caea8869a67. Non-linear regression was performed on the Capan2 and Saos datasets.
2.2.5 Quinoline-containing complexes induce cytostasis through inducing oxidative stress
Our previous studies (Kacsir et al., 2021; Kacsir et al., 2022) and studies from other laboratories (Xu et al., 2018; Fernandes, 2019; Bakewell et al., 2020; Mihajlovic et al., 2020) evidenced oxidative stress as a mechanism for cytostasis upon treatment with complexes of ruthenium, osmium or iridium. We assessed whether vitamin E, a lipid soluble antioxidant can block cytostasis induced by the bioactive complexes. Vitamin E treatment increased the IC50 values of the complexes in all cases (Figure 9A). This suggests ROS production, similar to the aforementioned prior art (Xu et al., 2018; Fernandes, 2019; Bakewell et al., 2020; Mihajlovic et al., 2020; Kacsir et al., 2021; Kacsir et al., 2022).
[image: Figure 9]FIGURE 9 | (A) Vitamin E, a lipid soluble antioxidant blocks the cytostatic activity of the bioactive complexes. 1.5 × 103 A2780 cells were plated to 96 well plates. Cells were treated with the compounds in the concentrations indicated for 48 h followed by an SRB assay. Data is represented as average ± SD, from four biological replicates; individual assays were performed in duplicates. Values were normalized for vehicle treated cells, absorbance for vehicle treated cells equals to 1. Normality was checked using the D’Agostino-Pearson normality test. The Ru-7 and the Os-7 dataset showed normal distribution, while the Ir-7 dataset was normalized using the Box-Cox normalization method. Statistical significance was assessed using two-way ANOVA test comparing all measurement points. * and *** represent statistical significance at p <0.05 and 0.001, respectively, between the lowest concentration and the higher concentrations among non-vitamin E-treated cells. ! and !!! represent statistical significance at p <0.05 and 0.001, respectively, between the lowest concentration and the higher concentrations among vitamin E-treated cells. #, ## and ### represent statistical significance at p <0.05, p <0.01 and 0.001, respectively, between the non-vitamin E-treated vs. vitamin E-treated cells. (B) A2780 cells were treated with the indicated complexes (Ru-7 at 0.846 μM, Os-7 at 0.578 µM and Ir-7 at 0.891 µM) for the time indicated. Cells were harvested and lysed. Cellular proteins were separated on a 10% SDS-PAGE gel and were blotted. Blots were probed with the antibodies indicated (top blot with 4HNE antibody, lower blot with actin antibody). Arrows point at band of interest. Experiments were repeated three times and a representative blot is shown. On the blots brightness and contrast were adjusted.
To complement the vitamin E experiments we assessed oxidative stress by detecting the formation of 4-hydroxynonenal (4HNE)-modified proteins, a hallmark of oxidative stress (Ayala et al., 2014; Zhang and Forman, 2017). We applied the active Os-7, Ru-7 and Ir-7 complexes on A2780 cells and sampled cells at early time points, 15 min and 30 min post treatment, to assess 4HNE expression. Treatments were carried out at the IC50 concentrations of the respective complexes. We observed a gross induction of 4HNE formation by Ru-7, Os-7 and Ir-7 with marked increases at molecular weight of ∼70 kDa and ∼60 kDa 15 or 30 min post-treatment (Figure 9B). These bands are similar in size to our previous observation (Kacsir et al., 2021).
2.2.6 Quinoline-containing complexes are bacteriostatic against multiresistant Gram-positive bacteria
In our previous study (Balázs et al., 2022) we showed that ruthenium, osmium, iridium and rhodium complexes, with similar structure to the quinoline-based compounds identified in this study, show bacteriostatic activity against vancomycin-resistant Enterococcus (VRE) and methicillin-resistant Staphylococcus aureus (MRSA) clinical isolates in low micromolar or submicromolar concentrations, therefore, we tested the bioactive Ru-7, Os-7 and Ir-7 complexes for bacteriostatic activity.
The Ru-7 complex had a minimum inhibitory concentration (MIC) of 5 µM against the reference Enterococcus faecalis (ATCC29212) strain and a MIC of 10 µM against the Staphylococcus aureus (ATCC29213) reference strain. The Ru-7 complex was bacteriostatic against all tested clinical VRE isolates with a MIC of 5 μM, while inhibited the growth of all clinical MRSA isolates with MIC of 5–40 µM (Figure 10A; Table 3).
[image: Figure 10]FIGURE 10 | (A) Ru-7, Os-7 and Ir-7 complexes exert bacteriostatic activity against reference strains and clinical VRE and MRSA isolates. The MIC values of the complexes were determined against the reference strains of S. aureus (ATCC29213) and E. faecalis. (ATCC29212) and against clinical VRE and MRSA isolates by microdilution assays (repeated at least twice in duplicates) as described in Materials and Methods. The numbers indicate how many isolates were susceptible to the compound out of those tested; i.e., 1/6 stands for 1 isolate was susceptible out of 6 tested. (B) The indicated reference strains were treated with the indicated complexes (Ru-7 at 5 μM, Os-7 at 10 µM on Enterococcus faecalis, Ru-7 at 10 μM, Os-7 at 20 µM on Staphylococcus aureus) for the time indicated. Cells were harvested and lysed. Cellular proteins was separated on a 10% SDS-PAGE gel and were blotted. Blots were probed with 4HNE antibody (top blot), the lower blot was stained with amido black. Arrows point at band of interest. Experiments were repeated three times and a representative blot is shown. On the blots brightness and contrast were adjusted. Abbreviations: MRSA—methicillin-resistant Staphylococcus aureus, VRE—vancomycin-resistant Enterococcus, ND—not detected, MIC>40 μM, Veh—vehicle.
TABLE 3 | The clinical isolates used in the study and the MIC values (in µM) of the complexes against the isolates. VRE—vancomycin-resistant Enterococcus, MRSA—methicillin-resistant Staphylococcus aureus.
[image: Table 3]The Os-7 complex exhibited a MIC of 10 µM against the reference Enterococcus faecalis (ATCC29212) strain and a MIC of 20 µM against the Staphylococcus aureus (ATCC29213) reference strain. The Os-7 complex was bacteriostatic against all clinical VRE isolates with a MIC of 10 μM, while inhibited the growth of 1 out of the 6 clinical MRSA isolates with a MIC of 5 µM (Figure 10A; Table 3).
The Ir-7 complex had no activity either against reference strains or against the clinical isolates (Figure 10A) and was, therefore, omitted from the subsequent experiment.
The quinoline-containing complexes induced reactive oxygen species production that played central role in inducing cytostasis, therefore, we assessed whether Ru-7, Os-7 and Ir-7 induced 4HNE expression in the Enterococcus faecalis and Streptococcus aureus reference strains. All treatments were performed in the MIC concentration of the complexes. As the MIC values were higher than the IC50 measured on mammalian cells, we opted for longer treatment times (15 min, 30 min and 1 h). Ru-7 and Os-7 induced 4HNE expression in a band of ∼120 kDa in the Enterococcus faecalis reference strain (Figure 10B). In the reference Staphylococcus aureus strain Ru-7 and Os-7 induced 4HNE formation in band of ∼ 50 kDa (Figure 10B).
As the Ru-7, and Os-7 complexes exerted bacteriostatic activity we assessed the Os-2—Os-6 compounds in this model system. Enterococcus faecalis and Staphylococcus aureus reference strains were susceptible to Os-2 and Os-3 complexes at MIC values of 2.5—10 µM (Table 3; Figure 11). The reference strain of Enterococcus faecalis, but not of Staphylococcus aureus was susceptible to the Os-4 complex with a MIC value of 40 µM (Table 3; Figure 11). Multiresistant VRE and MRSA isolates were also susceptible to Os-2 and Os-4 with low micromolar MIC values (Table 3; Figure 11). Os-4 inhibited the growth of the multiresistant VRE isolates at MIC value of 40 µM (Table 3; Figure 11). Os-5 and Os-6 did not inhibit the growth of either of the reference strains or the multiresistant clinical isolates up to 40 µM (Table 3; Figure 11).
[image: Figure 11]FIGURE 11 | Os-2 and Os-3 complexes exert bacteriostatic activity against reference strains and clinical VRE and MRSA isolates. The MIC values of the complexes were determined against the reference strains of S. aureus (ATCC29213) and E. faecalis. (ATCC29212) and against clinical VRE and MRSA isolates by microdilution assays (repeated at least twice in duplicates) as described in Materials and Methods. The numbers indicate how many isolates were susceptible to the compound out of those tested; i.e., 1/6 stands for 1 isolate was susceptible out of 6 tested. Abbreviations: MRSA—methicillin-resistant Staphylococcus aureus, VRE—vancomycin-resistant Enterococcus, ND—not detected, MIC>40 µM.
3 DISCUSSION
In previous studies we identified a set of antineoplastic and antimicrobial carbohydrate-based half sandwich-type complexes with platinum-group metal ions, such as ruthenium(II), osmium(II), iridium(III) and rhodium(III) (Kacsir et al., 2021; Kacsir et al., 2022). A main feature driving the biological activity of these complexes was their apolar nature (logD >+2). The O-benzoyl protective groups on the carbohydrate moiety played pivotal role in bringing about the apolar character of the complexes, the removal of the O-Bz protective groups or their replacement with O-acetyl groups abolished the biological activity of the complexes (Kacsir et al., 2021; Kacsir et al., 2022). These observations were new even in view of reports from other groups, as Hamala and co-workers (Hamala et al., 2020) showed that the length of the carbon chain of O-alkanoyl groups on the carbohydrate moiety in 1,4-bis(β-D-glycopyranosyl)tetrazene containing half-sandwich Ru(II) complexes influenced the biological activity (Hamala et al., 2020). The most active compounds contained lipophilic propionyl and butyryl groups. Rapid toxicity, evidenced from the MTT assays, appeared to contribute to the mechanism of cell death. The longer acyl chains improved the antineoplastic activity of the complexes (acetyl < propionyl < butyryl). Another study by Hanif and colleagues (Hanif et al., 2013) evidenced that in RAPTA-analogues, in which the apolar character of the arene moiety was increased by replacing phenyl to biphenyl, the inhibitory activity of the molecules was enhanced. In these compounds cytotoxicity depended on the apolar character of the arene moiety capping the Ru ion of the complex, while the arene ligand had little influence on the hydrolysis behavior.
Hereby, we assessed a set of compounds where the hydroxyl groups of the carbohydrate moiety were protected by aliphatic acyl groups with increasing chain length (C3→C7–CO). Increasing the length of the acyl chain up to 4 carbons (C3–CO) improved the biological activity of the complexes (butyryl < pentanoyl). However, when the acyl chain contained 5 or more carbons (C≥5–CO) the IC50 values increased above that of the C4-CO-protected complex (pentanoyl < hexanoyl < heptanoyl), despite the continuous increase in the logD value. Likely, increasing length of the acyl chain increased the apolar character of the complexes and thus decreased their solubility in cell medium impairing the cytostatic activity.
Furthermore, in contrast to the complexes with O-Bz protective groups, the O-alkanoyl-protected complexes exerted toxicity to the cells and their IC50 values were inferior to those of the complexes with O-Bz-protective groups (Kacsir et al., 2022). Apparently, the nature of the protective groups strongly influences the biological activity of the complexes. Aroyl residues provide superior performance over the alkanoyl groups.
Based on these observations, we prepared another O-perbenzoylated 1-glucopyranosyl-1,2,3-triazole ligand, where the pyridine moiety was replaced with a larger quinoline moiety. We synthesized Ru(II), Os(II), Ir(III) and Rh(III) complexes of that free ligand. The IC50 values of the quinoline complexes were superior to the previously published complexes (Kacsir et al., 2021; Kacsir et al., 2022). Furthermore, in previous studies pyridine-containing complexes had higher IC50 values on ID8 ovarian cancer cells than on A2780 ovarian cancer cells (Kacsir et al., 2021; Kacsir et al., 2022), however, the quinoline-containing complexes had similar submicromolar IC50 values on both ovarian cancer cell lines further supporting their superior biological activity. Importantly, none of the complexes was toxic or cytostatic on primary, non-transformed human dermal fibroblasts pointing out the selectivity of these compounds to cancer cells. Selectivity was assessed for structurally unrelated Os(II) and Ru(II) complexes with cinnamic acid-derived ligands that were selective for ovarian cancer cells and had no impact on the proliferation of keratinocytes, fibroblasts (Hildebrandt et al., 2022). Selectivity is not a common feature of Ru(II) or Os(II) complexes, as in another study (Iacopini et al., 2022) glycoconjugated ruthenium(II) arene complexes had no selectivity for non-transformed cells.
In addition to the selectivity of the quinoline-containing complexes towards transformed cancer cells apparently the complexes have widespread cytostatic activity among other carcinomas (as Capan2 cells), sarcomas (as SAOS cells) or hematological malignancies (as L428 cells). These observations are similar to our previous findings with analogous pyridine-containing osmium, ruthenium and iridium complexes (Kacsir et al., 2021; Kacsir et al., 2022). In addition, other ruthenium complexes, with similar structure, were shown to be active on different carcinoma cell lines as MDA-MD-231 and MCF7 breast cancer cells (Hamala et al., 2020; Kacsir et al., 2021), colon cancer (Berger et al., 2008; Hanif et al., 2013; Florindo et al., 2015; Florindo et al., 2016), lung cancer (Hanif et al., 2013), cervical carcinoma (HeLa) cells (Florindo et al., 2014), U251 glioblastoma cells (Kacsir et al., 2021), or Capan2 pancreatic adenocarcinoma cells (Kacsir et al., 2021; Kacsir et al., 2022) apart from ovarian cancer. These observations point towards a wide applicability of the complexes, identified in this study, in anticancer therapy.
Cisplatin resistance is a major drawback for the use of the currently registered platinum-based drugs (Lund et al., 2017; Mukherjea et al., 2020; Yu et al., 2020; Sipos et al., 2021). We provided evidence that the quinoline-containing compounds, we described hereby, had IC50 values in cisplatin resistant A2780 cells similar to the control, cisplatin-sensitive A2780 cells. Importantly, complex Os-7 had the same IC50 value on both cell lines. Structurally unrelated Ru(II) and Os(II) complexes (Hildebrandt et al., 2022; Iacopini et al., 2022) can overcome cisplatin resistance in A2780 and SKOV3 cell models, similarly to our compounds.
In addition to the selective cytostatic activity, the quinoline-containing complexes exerted bacteriostatic activity similar to the bacteriostatic activity of platinum or palladium compounds (Quirante et al., 2011; Vieites et al., 2011; Zhang et al., 2011; McCarron et al., 2012; Yuan et al., 2018; Hummell and Kirienko, 2020; Yufanyi et al., 2020; Frei et al., 2021; Mansour, 2021) and ruthenium, osmium, iridium and rhodium complexes with similar structure (Balázs et al., 2022). Interestingly, the Ir-7 complex had no bacteriostatic activity, although, in our previous report (Balázs et al., 2022) certain iridium complexes proved to be active. Our previous observation was that ruthenium and osmium complexes were more likely to be active than iridium or rhodium complexes (Balázs et al., 2022), however, yet we have no bona fide explanation to that phenomenon. The MIC values of the Ru-7 and Os-7 complexes were in the low micromolar range similar to their pyridine-containing counterparts against both the VRE and the MRSA isolates (Balázs et al., 2022). VRE isolates were more susceptible to Ru-7 and Os-7 than MRSA isolates that aligns well with our previous observation (Balázs et al., 2022). A very recent report showed that dinuclear Ru(II) sandwich complexes with O-acetyl protected galactopyranose moieties exhibited nanomolar IC50 against Trypanosoma gondii, indicating a further potential field of application of the compounds presented here (Holzer et al., 2022).
The complexes with O-alkanoyl-protected glucosyl-1,2,3-triazoles also exerted bacteriostatic activity on the reference strains of Enterococcus faecalis and Staphylococcus aureus, as well as on the multiresistant VRE and MRSA isolates. The complexes with C3-CO and the C4-CO alkanoyl protective groups were bacteriostatic in the low micromolar range. However, complexes with longer alkanoyl chains were less efficient or proved to be inactive. This observation is similar to the changes in cytostatic activity, where increasing length of the acyl chain increased the apolar character of the complexes and thus decreased their solubility. Importantly, both the alkanoyl-protected and the quinoline complexes were active on multiresistant clinical isolates suggesting that these compounds may represent a novel class of antibiotics.
The cytostatic activity of the complexes was dependent on the generation of reactive oxygen species (ROS). In fact, ROS production was evidenced among platinum group metal complexes (Xu et al., 2018; Fernandes, 2019; Parveen et al., 2019; Bakewell et al., 2020; Mihajlovic et al., 2020; Li et al., 2021a; Kacsir et al., 2021). Importantly, 4HNE signal was induced at an early time point, 15 min after treatment. Furthermore, 4HNE signal was induced on specific bands that were similar to those we observed earlier (Kacsir et al., 2021). A plethora of studies report that ROS production in tumor cells is limited and even minute increases in oxidative stress leads to cytostasis (Xu et al., 2018; Fernandes, 2019; Kovács et al., 2019; Sári et al., 2020a; Bakewell et al., 2020; Sári et al., 2020b; Mihajlovic et al., 2020; Smolková et al., 2020). We have demonstrated previously that complexes with similar structure induce oxidative stress and oxidative stress has central roles in their cytostatic activity (Kacsir et al., 2021; Kacsir et al., 2022). In the case of the quinoline-based complexes, that we report here, vitamin E protected cells against the cytostatic effects of the osmium, ruthenium and iridium complexes that underlines the pivotal role of oxidative stress elicited by the complexes. Of note, vitamin E has a long, apolar phytyl chain; if this phytyl chain was removed the protective capacity was lost in the case of ruthenium complexes of similar structure as the ones we report here (Kacsir et al., 2021). This observation together with the apolar nature of the complexes suggest that the complexes likely target apolar compartments in cells.
In this study we have assessed whether changing apolar parts of platinum-group metal half sandwich complexes with bidentate glycosyl heterocyclic ligands influenced their biological activity. We showed that replacing the O-benzoyl protective groups of the carbohydrate moiety to straight chain O-acyl groups worsened the cytostatic ability of the complexes and rendered them toxic. The replacement of the pyridine substituent with a quinoline moiety improved the IC50 value of the complexes. The complexes were active in a wide variety of carcinoma, sarcoma and lymphoma cell lines. Furthermore, we showed ROS production to play a central role in the biological activity of the complexes. Importantly, the bioactive derivatives were active on platinum-resistant cells suggesting that these complexes may be able to overcome cisplatin resistance in vivo. Finally, the bioactive complexes were bacteriostatic on MRSA and VRE clinical isolates with low micromolar MIC values.
4 MATERIALS AND METHODS
4.1 Syntheses
4.1.1 General methods
The 1H and 13C NMR spectra of the newly synthesized compounds were recorded with DRX360 (360/90 MHz for 1H/13C) or DRX400 (400/100 MHz for 1H/13C) spectrometers (Bruker, Karlsruhe, Germany). Chemical shifts are referenced to Me4Si (1H-NMR) or to the residual solvent signals (13C-NMR). The HRMS data were obtained by using a Bruker maXis II (ESI-HRMS) spectrometer in positive ionization mode. For TLC analysis DC Kieselgel 60 F254 plates (Sigma-Aldrich, Saint Louis, MO, United States) were applied, and the spots on the plates were checked under UV light and were developed by gentle heating. For column chromatographic purification Kieselgel 60 (Molar Chemicals, Halásztelek, Hungary, particle size 0.063–0.2 mm) silica gel was applied. Anhydrous pyridine was purchased from VWR Chemicals, while anhydrous CH2Cl2 and MeOH were freshly prepared before using: CH2Cl2 was obtained by distillation from P4O10, while MeOH was distilled over Mg turnings and iodine. The dichloro(η6-p-cymene)ruthenium(II) dimer (Ru-dimer, Strem Chemicals, Newburyport, MA, United States), the dichloro(pentamethylcyclopentadienyl)iridium(III) dimer (Ir-dimer, Acros Organics), the dichloro(pentamethylcyclopentadienyl)rhodium(III) dimer (Rh-dimer, Alfa Aesar) and TlPF6 (Strem Chemicals) are commercially available chemicals purchased from the listed suppliers. The dichloro(η6-p-cymene)osmium(II) dimer (Os-dimer) was prepared according to a literature method (Godó et al., 2012). The 1-(β-D-glucopyranosyl)-4-(pyridin-2-yl)- and -(quinolin-2-yl)-1,2,3-triazoles (1 and 2, respectively) were synthesized according to our earlier described procedures (Kacsir et al., 2021).
4.1.2 General procedure I for O-peracylation of the 1-(β-D-glucopyranosyl)-4-hetaryl-1,2,3-triazoles
A solution of the appropriate 1-(β-D-glucopyranosyl)-4-hetaryl-1,2,3-triazole (1 or 2) in anhydrous pyridine (4 mL/50 mg substrate) was cooled down in an ice bath and the corresponding carboxylic acid chloride (4.8 equiv.) was added under stirring. The reaction mixture was then heated at 60°C and monitored by TLC (1 : 1 CHCl3-MeOH and 1 : 2 EtOAc-hexane). If the TLC showed incomplete conversion after one hour, an additional portion of acid chloride (4.8 equiv.) was added to the mixture. After completion of the reaction the pyridine was removed in vacuo. The residue was dissolved in CHCl3 (30 mL) and extracted with sat. aq. solution of NaHCO3 (2 × 30 mL) and with water (35 mL). The separated organic phase was dried over MgSO4, filtered and evaporated. The residual crude product was purified by column chromatography.
4.1.3 General procedure II for the preparation of the [(η6-p-cym)MII(N-N)Cl]PF6 (M = Ru, Os) and [(η5-Cp*)MIII(N-N)Cl]PF6 (M = Ir, Rh) type complexes
The corresponding O-peracylated 1-(β-D-glucopyranosyl)-4-hetaryl-1,2,3-triazole (L-2‒L-7, 2.0 or 2.1 equiv.), the complex dimer (Ru-/Os-/Ir-/Rh-dimer, 1 equiv.) and TlPF6 (2 equiv.) were dissolved in a 1 : 1 mixture of anhydrous CH2Cl2 and MeOH (1–1 mL/10 mg dimer). The reaction mixture was vigorously stirred until the TLC (95 : 5 CHCl3-MeOH) showed complete disappearance of the starting dimer complex. After completion of the reaction, the precipitated TlCl was filtered off and the solvents were removed. The residual crude product was purified by crystallization or by column chromatography.
4.2 Determination of the distribution coefficients (logD)
The logD values of the newly synthesized complexes Os-2‒Os-7, Ru-7, Ir-7 and Rh-7 were determined according to a procedure described in our previous publications (Kacsir et al., 2021; Kacsir et al., 2022).
4.3 Materials
In the cell biology and biochemistry assays all chemicals were from Sigma-Aldrich unless otherwise stated. Cisplatin was purchased from Sigma-Aldrich.
4.4 Cell cultures
Cells were cultured under standard cell culture conditions, 37°C, 5% CO2, humidified atmosphere.
A2780 cells were cultured in RMPI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin.
ID8 cells were cultured in high glucose DMEM (4.5 g/L glucose) medium supplemented with 4% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin, 1% ITS supplement (I3146).
Capan2 cells were maintained in MEM, 10% fetal bovine serum, 1% Penicillin/Streptomycin, 2 mM Glutamine.
Human primary dermal fibroblasts were cultured in low glucose DMEM (1 g/L glucose) medium supplemented with 20% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin.
L428 cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin.
Saos cells were maintained in DMEM (4.5 g/L glucose) medium supplemented with 10% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin.
Cisplatin resistant A2780 cells were grown in RMPI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin. Cisplatin resistant cells underwent selection (1 µM cisplatin) once a week for 3 days before plating for any assay.
4.5 Bacterial reference strains
We used the reference strains of Staphylococcus aureus (ATCC29213), and Enterococcus faecalis (ATCC29212) that were purchased from ATCC (Manassas, VA, United States).
4.6 Clinical isolates of S. aureus and E. faecium
We used a set of clinical isloates of S. aureus and E. faecium that were collected at the Medical Center of the University of Debrecen (Hungary) between 01. 01. 2018.—31. 12. 2020. The isolates were reported in (Balázs et al., 2022) and are presented in Table 3. The clinical isolates were identified using a Microflex MALDI-TOF mass spectrometer (Bruker, Billerica, MA, United States). Antibiotic susceptibility of the isolates was tested following the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2021) guidelines valid at the time of collection.
4.7 Methylthiazolyldiphenyl-tetrazolium bromide (MTT) reduction assay
MTT reduction assay measures the activity of mitochondrial complex I and can be used to detect toxicity (Virág et al., 1998; Henslee et al., 2016). The assay was performed similar to (Bakondi et al., 2003). Briefly, cells were plated in 96 well plates the day before the assay. Cells were treated with the compounds for 4 h, then MTT was added in 0.5 mg/ml final concentration and cells were incubated at 37°C in a cell incubator. Culture media was removed and the reduced MTT dye was dissolved in dimethyl-sulfoxide (DMSO) and plates were measured in a plate photometer (Thermo Scientific Multiscan GO spectrophotometer, Waltham, MA, United States) at 540 nm. On each plate wells were designed to contain untreated/vehicle-treated cells. In calculations the readings for these wells was considered as 1 and all readings were expressed relative to these values.
4.8 Sulforhodamine B (SRB) binding assay
The SRB assay measures total protein content that is proportional to cell number, hence can be used to assess cell proliferation or long-term cytostasis (Skehan et al., 1990). The assay was performed similar to (Kovács et al., 2019). Cells were seeded in 96 well plates the day before the assay. Cells were treated with the compounds for 48 h. Cells were fixed with 10% trichloroacetic acid (TCA). Fixed cells were washed in distilled water 3 times followed by staining with SRB (0.4 m/V% dissolved in 1% acetic acid) for 10 min. Stained cells were washed in 1% acetic acid 5 times; acetic acid was removed and cells were left to dry. Protein-bound SRB was released by adding 100 µl 10 mM Tris base. Plates were measured in a plate photometer (Thermo Scientific Multiscan GO spectrophotometer, Waltham, MA, United States) at 540 nm. On each plate wells were designed to contain vehicle-treated cells. In calculations the readings for these wells was considered as 1 and all readings were expressed relative to these values.
4.9 Assessment of cell proliferation on L428 cells
Cells were seeded in 96 well plates the day before the assay. Cells were treated with the compounds for 96 h. Cells were counted using a Burker chamber. On each plate wells were designed to contain untreated cells. In calculations the readings for these wells was considered as 1 and all readings were expressed relative to these values.
4.10 Annexin V—Propidium iodide double staining
The proportions of dead cells was assessed using the Annexin V—propidium iodide assay and was measured using flow cytometry using BD FacsCalibur (BD Biosciences, Franklin Lakes, NJ, United States) instrument and the FITC Annexin V/Dead Cell Apoptosis kit (Life Technologies, Eugene, OR, United States) according to the manufacturer’s instructions similar to (Bai et al., 2001). Quadrants were set based on the FITC and PI values observed for the vehicle-treated cells. Ten thousand cells were measured and the percent in the quadrants was used for the subsequent calculation.
4.11 Broth microdilution
Microdilution experiments were performed according to the standards of EUCAST (EUCAST, 2021). The bacterial isolates to be tested were grown on Mueller-Hinton agar plates. Inoculum density of bacteria was set at 5.0 × 105 CFU/mL in microtiter plates in a final volume of 200 µL Mueller-Hinton broth. Tested concentration range was 0.08–40 µM (10 concentrations, two-fold serial dilutions), drug-free growth control and inoculum-free negative control were included. The inoculated plates were incubated for 24 h at 37°C then were assessed visually. Minimum inhibitory concentration (MIC) was defined as the lowest concentration with 50% ≤ inhibitory effect compared to the growth control. All experiments were performed at least twice in duplicates.
4.12 SDS-polyacrylamide gel electrophoresis and western blot
SDS-polyacrylamide gel electrophoresis and Western blot was performed as in (Márton et al., 2018) using an antibody against 4HNE (Abcam (ab46545) 1:1000) that was detected using a corresponding peroxidase-conjugated secondary antibody (1:10000, Cell Signaling Technology, Inc., Beverly, MA, United States). Protein loading in the A2780 lysates was controlled using a peroxidase-conjugated anti-actin antibody (Sigma, 1:1000). Blots were developed using the Western Pico ECL kit (Thermo Scientific). Equal loading in the bacterial lysates was controlled by amido black coloration of the blots. ECL and amido black pictures were captured using the ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc., Hercules, California, United States) and the pictures were evaluated using the Image Lab software (Bio-Rad).
4.13 Statistical analysis
Statistical analysis was performed using 8.0.1 version of Graphpad Prism. Values were tested for normal distribution using the D’Agostino and Pearson normality test. When necessary, values were log normalized or were normalized using the Box-Cox normalization method (Box and Cox, 1964) as indicated in the figure captions. The following statistical test, post hoc test and the level of significance is indicated in the figure captions. Non-linear regression was performed using the built-in “[Inhibitor] vs. response—Variable slope (four parameters), least square fit” utility of Graphpad that yielded IC50 and Hill slope values.
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