

  ijms-21-09584




ijms-21-09584







Int. J. Mol. Sci. 2020, 21(24), 9584; doi:10.3390/ijms21249584




Article



The Impact of [C16Pyr][Amp] on the Aggressiveness in Breast and Prostate Cancer Cell Lines



Filipa Quintela Vieira 1,2,3,†[image: Orcid], Ângela Marques-Magalhães 1,3,†[image: Orcid], Vera Miranda-Gonçalves 3[image: Orcid], Ricardo Ferraz 1,4,5[image: Orcid], Mónica Vieira 1,5,6, Cristina Prudêncio 1,5,6, Carmen Jerónimo 3,7,*,‡[image: Orcid] and Regina Augusta Silva 1,2,*,‡





1



Research Centre in Health and Environment (CISA), School of Health (ESS), Polytechnic Institute of Porto (P.PORTO), 4200-072 Porto, Portugal






2



Department of Pathological, Cytological and Thanatological Anatomy, ESS|P.PORTO, 4200-072 Porto, Portugal






3



Cancer Biology and Epigenetics Group, IPO Porto Research Center (CI-IPOP), Portuguese Oncology Institute of Porto (IPO Porto), 4200-072 Porto, Portugal






4



LAQV-REQUIMTE, Departamento de Química e Bioquímica, Faculdade de Ciências, Universidade do Porto, 4169-007 Porto, Portugal






5



Ciências Químicas e das Biomoléculas, ESS|P.PORTO, 4200-072 Porto, Portugal






6



Instituto de Investigação e Inovação em Saúde (i3S), Universidade do Porto, 4200-072 Porto, Portugal






7



Department of Pathology and Molecular Immunology, Institute of Biomedical Sciences Abel Salazar (ICBAS), University of Porto, 4050-313 Porto, Portugal









*



Correspondence: carmenjeronimo@ipoporto.min-saude.pt or cljeronimo@icbas.up.pt (C.J.); ras@eu.ipp.pt (R.A.S.)






†



These authors contributed equally to this work.








‡



Joint senior authors.









Received: 18 September 2020 / Accepted: 14 December 2020 / Published: 16 December 2020



Abstract

:

Breast (BrCa) and prostate (PCa) cancers are the most common malignancies in women and men, respectively. The available therapeutic options for these tumors are still not curative and have severe side effects. Therefore, there is an urgent need for more effective antineoplastic agents. Herein, BrCa, PCa, and benign cell lines were treated with two ionic liquids and two quinoxalines and functional experiments were performed—namely cell viability, apoptosis, cytotoxicity, and colony formation assays. At the molecular level, an array of gene expressions encompassing several molecular pathways were used to explore the impact of treatment on gene expression. Although both quinoxalines and the ionic liquid [C2OHMIM][Amp] did not show any effect on the BrCa and PCa cell lines, [C16Pyr][Amp] significantly decreased cell viability and colony formation ability, while it increased the apoptosis levels of all cell lines. Importantly, [C16Pyr][Amp] was found to be more selective for cancer cells and less toxic than cisplatin. At the molecular level, this ionic liquid was also associated with reduced expression levels of CPT2, LDHA, MCM2, and SKP2, in both BrCa and PCa cell lines. Hence, [C16Pyr][Amp] was shown to be a promising anticancer therapeutic agent for BrCa and PCa cell lines.
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1. Introduction


Cancer is one of the leading causes of disease-related death worldwide. In particular, breast (BrCa) and prostate (PCa) cancer are the first and second most common cancers in women and men, respectively [1]. Concerning BrCa, more than 70% are positive for estrogen receptor expression and, from these, approximately 65% are progesterone receptor-positive and candidates for endocrine therapies [2,3]. Although these tumors are less aggressive and present a better outcome compared to hormone-negative BrCa [4], 30–50% of patients present disease relapse [5]. Moreover, metastatic BrCa remains an incurable disease with a median overall survival of approximately two to three years and a five-year survival rate of only 25% of BrCa patients [6]. Indeed, BrCa remains the foremost cause of cancer-related death in women due to the development of recurrent and/or metastatic disease [1,7]. Likewise, 30% of PCa patients with advanced disease that initially respond to androgen deprivation therapy develop a lethal castration-resistant PCa after 18–24 months [8]. Although these patients might be treated with secondary hormonal therapeutic agents, they inevitably develop therapy resistance and relapse [9]. In the worst-case scenario of metastatic castration-resistant PCa, even after standard therapy with chemotherapy, the disease progresses after few months, with an overall survival (OS) lower than two years [10,11].



Ionic liquids (ILs) and quinoxalines have emerged has potential anticancer drugs [12,13]. ILs are organic salts with a melting point below 100 °C which have been receiving increasing interest, not only in the scientific community but also in industry [14]. ILs are exclusively made up of ions, giving rise to many possible cation–anion combinations, and have high chemical stability [15,16]. Moreover, these multiple combinations allow the adjustment of interactions for a variety of tunable applications. For example, in the case of the polarity and hydrophobicity of ILs, these properties could be adjusted to reach the required effect, making them attractive for drug development and therapeutic treatment [17]. This has led to a wide range of applications in chemistry, biotechnology, pharmaceutics, and medicine [18,19,20]. In the case of ionics based on ampicillin, they have been described to display antiproliferative activity against human cancer cell lines with very low cytotoxicity to normal human cells [12]. Herein, we focused on members from the imidazolium and pyridinium classes as anticancer compounds: [C2OHMIM][Amp] (3-(2-hydroxyethyl)-1-methyl-1H-imidazol-3-ium ampicillinate) and [C16Pyr][Amp] (1-hexadecylpyridin-1-ium ampicillinate) (Figure S1).



Quinoxalines are chemical compounds whose structures are similar to quinolone antibiotics. Quinoxaline derivates are synthetic heterocyclic compounds formed by the fusion of two aromatic rings, i.e., benzene and pyrazine, with a nitrogen atom replacing carbons in the naphthalene ring [21]. Although rare in a natural state, they have an easy synthesis and present several biological properties—namely anti-inflammatory, antibacterial, antifungal, antiviral, antioxidant, and anticancer activities [13,21]. In fact, quinoxaline-1,4-dioxide and 2-methylquinoxaline-1,4-dioxide (Figure S1) were previously described as promising antibacterial agents [13] and also revealed anticancer properties with low human cytotoxicity [22].



Considering the promising applications of both ILs and quinoxalines in biomedical research and the pharmaceutical industry, we aimed to investigate the effect of these synthetic compounds—in particular, two ILs, one with imidazolium ([C2OHMIM][Amp]) and the other with pyridinium ([C16Pyr][Amp]) cations, as well as quinoxaline-1,4-dioxide and 2-methylquinoxaline-1,4-dioxide—in BrCa and PCa cell lines with a malignant phenotype. These four compounds were chosen as they have shown promising results in previous publications [12,22].




2. Results


2.1. [C16Pyr][Amp] Synthetic Compound Displayed Low Half-Maximal Inhibitory Concentration (IC50) Values


Ten immortalized epithelial cell lines from the breast and prostate were used to assess the impact of four compounds—namely two quinoxalines (i.e., quinoxaline-1,4-dioxide and 2-methylquinoxaline-1,4-dioxide) and two ILs based on ampicillin (i.e., [C16Pyr][Amp] and [C2OHMIM][Amp]). The BrCa cell lines used were HTB22 (MCF-7), HTB133 (T-47D), HCC1937, and MDA-MB-231, while 22Rv1, LNCaP, Du145, and PC-3 were the PCa cell lines chosen. The remaining two cell lines were benign and used as controls: MCF-10A (breast) and RWPE-1 (prostate).



For each compound, the half-maximal inhibitory concentration (IC50) of each cell line and the dose–response curves were evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay. The IC50 of the compounds was determined by exposing each cell line to different concentrations of the compounds (Figure S2). [C16Pyr][Amp] exhibited the most promising results, reducing the viability of all cell lines (Table 1 and Figure S2). Nonetheless, neither of the quinoxalines or [C2OHMIM][Amp] showed a significant effect on the viability of the BrCa (Figure S2A) or PCa (Figure S2B) cell lines with the range of concentrations used. Importantly, the IC50 value of [C16Pyr][Amp] for the BrCa hormone-independent and PCa castration-resistant cell lines HCC1927, MDA-MB-231, and PC-3, which are representative of the most aggressive tumor phenotypes, was lower than the IC50 value for the corresponding benign cell line (MCF-10A and RWPE). Considering these results, phenotypic assays were only performed with the IL [C16Pyr][Amp], at both the IC50 and at the double IC50 concentrations for each cell line.




2.2. [C16Pyr][Amp] Exhibited Higher Selectivity toward Tumor Cells Compared to Cisplatin


Cisplatin was the first FDA-approved platinum compound for cancer treatment in 1978, being a well-known chemotherapeutic agent widely used for several tumors in the clinic [23,24]. Cisplatin is a DNA-intercalating agent that cross-links and denatures DNA strands, leading to cytotoxic effects [25]. Moreover, it produces DNA adducts and induces oxidative stress and DNA damage that interfere with RNA transcription and DNA synthesis, triggering cell cycle arrest and apoptosis [25,26,27]. In BrCa, cisplatin has been used in triple-negative BrCa patients [28] and has also been tested in clinical trials involving other tumor types [29,30]. In PCa, several clinical trials using cisplatin alone or in combination have shown its antitumor activity, with partial and complete responses and improved progression-free and overall survival [31,32,33,34,35,36,37].



Knowing the relevance of this chemotherapeutic agent in the clinic, we used this drug as a control. In our study, [C16Pyr][Amp] presented lower IC50 values than cisplatin (p = 0.0039) in both BrCa and PCa cell lines (Table 1 and Figure S3). Moreover, as previously described, cisplatin displayed a lower IC50 value in benign cell lines (MCF-10A and RWPE) than in tumor cells, indicating that cisplatin is non-specific for tumor cells and induces toxicity to normal cells [38,39,40]. Indeed, the cisplatin selectivity index (SI) was rather limited in most of the tumor cell lines (SI < 1), with the exception of MDA-MB-231 (SI = 4.37) and DU145 (SI = 8.20) (Table 2). Hence, [C16Pyr][Amp] displayed comparatively higher SI values in all cell lines in both tumor models than cisplatin, although without statistical significance (p = 0.1094). Regarding the BrCa cell lines, [C16Pyr][Amp] presented the highest SI value for MDA-MB-231 (SI = 11.00). This value is 2.5-fold the SI value found for cisplatin, which is a promising result since MDA-MB-231 is an aggressive cell line derived from a metastatic site of pleural effusion. Similarly, although to a lower extent, the SI values of [C16Pyr][Amp] for HTB22 and HCC1937 were also remarkable. Compared to cisplatin, the SI value of [C16Pyr][Amp] was 8-fold higher in HTB22. Concerning the PCa cell lines, [C16Pyr][Amp] exhibited the greatest SI value in LNCaP (SI = 7.16), which is approximately 11-fold the value obtained for cisplatin. Importantly, in PC-3, this compound also presented an interesting SI (SI = 2.63), especially because of the metastatic and castration-resistant nature of this cell line. Hence, [C16Pyr][Amp] might be a potential compound for clinical purposes, with the highest selectivity for tumor cells without significantly impairing normal cell lines when compared to cisplatin.




2.3. [C16Pyr][Amp] Decreased Tumor Cell Viability and Increased Apoptosis Levels


Overall, a time- and dose-dependent reduction in the viability of BrCa and PCa cells was observed upon [C16Pyr][Amp] treatment (Figure 1). The decrease in tumor cell viability was evident from day 1, at least for the highest concentration, except for the PCa cell lines LNCaP and Du145. When exposed to [C16Pyr][Amp], the BrCa cell lines HTB133 and HCC1937 and the PCa cell line 22Rv1 were the most responsive, presenting the highest decrease in cell viability (76 to 96.5%) at both concentrations, contrarily to HTB22 (BrCa cell line) and LNCaP (PCa cell line), with only a 16–45% reduction. When comparing the cell viability of malignant cells with the corresponding benign cell lines, MCF-10A exhibited 3–4 times more viable cells compared to HCC1937 treated with both concentrations of [C16Pyr][Amp] and twice the number relative to HTB133 after treatment with 2 µM of [C16Pyr][Amp]. Likewise, RWPE also displayed a higher number of viable cells when compared to 22Rv1 upon exposure to both concentrations of [C16Pyr][Amp] (data not shown).



These results were paralleled by those obtained in the analysis of the resistance to apoptosis. Indeed, [C16Pyr][Amp] significantly increased apoptotic levels in a dose-dependent manner in all cancer and benign cell lines (Figure 2). The HTB133, HCC1937, and 22Rv1 cell lines depicted up to a 34-fold increase in apoptosis levels after being treated with both doses of [C16Pyr][Amp]. These three cell lines also displayed the highest apoptosis levels when compared to their respective benign counterparts, with a 2–6-fold increase. Of note, the HCC1937 results were obtained with half of the [C16Pyr][Amp] concentration used for the breast benign cell line MCF-10A, showing a more exacerbated effect on malignant cell lines even with lower [C16Pyr][Amp] concentrations.



Regarding the cytotoxic effect, [C16Pyr][Amp] promoted a slight lactate dehydrogenase (LDH) increase in the medium (data not shown) comparative to the control condition, which is indicative of necrosis and cytotoxicity due to a damaged plasma membrane [41]. Herein, HTB22 and MDA-MB-231 (BrCa cell lines), as well as LNCaP and Du145 (PCa cell lines), showed the highest increase.




2.4. [C16Pyr][Amp] Reduced the Colony Formation Capacity of Tumor Cells


The in vitro colony formation assay is based on the ability of a single malignant cell to grow and divide, thereby forming colonies, contrarily to healthy cells [42]. All cell lines, except HTB22, were able to form colonies. After [C16Pyr][Amp] exposure, the fraction of surviving cancer cells was significantly reduced, and, consequently, the number of colonies formed was reduced in a dose-dependent manner (Figure 3). When exposed to [C16Pyr][Amp], the colony formation ability in the hormone-dependent cell lines displayed a higher inhibition than the hormone-independent BrCa and castration-resistant PCa cells at both concentrations, with a more pronounced effect on the PCa cell lines. Both BrCa cell lines HCC1937 and MDA-MB-231 showed a smaller decrease in the percentage of colony formation, mainly at the minor doses of 1 µM (60.61%) and 0.2 µM (31.48%), respectively. The BrCa cell line HTB22 was excluded from this assay due to its limited proliferative rate, reduced survival, growth capacity, and, consequently, low colony formation at a low cell concentration. In fact, this cell line was already shown to be the least responsive to [C16Pyr][Amp], according to the cell viability and apoptosis results.




2.5. CPT2, LDHA, MCM,2 and SKP2 Gene Expression Is Downregulated in Tumor Cells


Considering the antitumor activity of [C16Pyr][Amp] exhibited in the functional assays, the main cellular pathways possibly affected by [C16Pyr][Amp] treatment were assessed through the identification of altered gene expression that could corroborate the anticancer effects shown. For this purpose, the cell lines that best responded to treatment with [C16Pyr][Amp], identified in the previous trials and representative of the wide range of breast and prostate tumors, were chosen. Specifically, two hormone-dependent (HTB133 and 22Rv1) and two hormone-independent BrCa and castration-resistant PCa (MDA-MB-231 and Du145) cells were treated with the highest [C16Pyr][Amp] concentration and further tested via transcript analysis. A commercial custom array panel of cancer research was used to evaluate the expression of several genes involved in cell cycle, apoptosis, DNA repair, cellular metabolism, and mTOR or MAPK/ERK pathways. From the 96 genes analyzed in the array, four were downregulated in the four tested cell lines upon [C16Pyr][Amp] treatment: CPT2, LDHA, MCM2, and SKP2 (Table 3 and Figure S4). The CTP2 gene was significantly downregulated in both PCa cell lines, with a marked decrease in 22Rv1 (10.65-fold decrease, p = 0.006). Concerning the MCM2 gene, a higher difference was depicted in HTB133 (2.78-fold decrease, p < 0.0001) and MDA-MB-231 (2-fold decrease, p = 0.003), although 22Rv1 also presented a statistically significant decrease. Both the LDHA and SKP2 genes also depicted significantly decreased expression in the BrCa cell lines, SKP2 being also significantly downregulated in both PCa cell lines, although to a lower extent. Curiously, the hormone-dependent cell lines (HTB133 and 22Rv1) depicted a more impressive decreased expression of these genes compared to the respective BrCa hormone-independent and PCa castration-resistant (MDA-MB-231 and Du145) cell lines.





3. Discussion


Despite technological and social development, cancer remains an important cause of morbidity and mortality. The global increment in cancer incidence and mortality rates, among several other complex reasons, is a consequence of demographic factors (e.g., aging and populational growth) and socioeconomic development, which alter the prevalence and distribution of cancer risk factors [1]. BrCa and PCa are some of the most common cancers worldwide [1], with a high rate of mortality mainly due to the aggressiveness of these tumors and their resistance to therapy [5,7]. Although there have been a lot of efforts in investigating new agents to improve cancer treatment and patients’ health, only around 10% of the drugs in clinical trials are launched in the market, highlighting the urgent need to increase this low successful percentage through the identification of new effective drugs [16,43]. Considering this scenario, the development of novel and more effective therapeutic agents is mandatory, with improved selectivity and less toxicity relative to conventional therapies.



ILs have been increasingly considered an important topic of investigation in the pharmaceutical industry, particularly concerning life sciences and medicine [14,17]. The third generation of ILs is a fusion of physical, chemical, and biological properties and provides improved water solubility and permeability, low toxicity, and better bioavailability [12,14]. The promising anticancer properties of these agents toward malignant cell lines of several tumor models have already been described [12,17,43,44,45,46]. The combination of ILs with chemotherapeutic agents has also been studied, with promising results in terms of reducing chemotherapy toxicity [47,48,49]. The high tunability of ILs implies their possible selectivity toward tumor cells without significantly impairing normal cells [12,14]. However, despite the investigation into the anticancer properties of ILs, there is still knowledge that needs to be explored and consolidated. In the case of [C16Pyr][Amp], there is only one study that, through IC50 determination, demonstrated that this compound has potent antiproliferative activity against five different human cancer cell lines, but with no exploration of the functional and genetic alterations of the cells treated. In that study, [C16Pyr][Amp] proved to be active in doses between 0.005 and 132.700 µM [12].



In our study, we evaluated the anticancer activity of two IL formulations containing the ampicillin anion, namely [C2OHMIM][Amp] and [C16Pyr][Amp], in BrCa and PCa cell lines. These compounds were previously reported to display a growth inhibitory effect in HTB133 and PC-3 cancer cells [12]. Although IC50 values of 0.146 and 0.297 µM were reported for HTB133 and PC-3, respectively, treated with [C2OHMIM][Amp][12], in this study, none of the tested cell lines responded to this compound. This might be explained by the different range of concentrations used to calculate the IC50 values, as well as the distinct growth medium and supplements to culture the cells, which can influence cell behavior and metabolism [50,51] and, consequently, the response to the treatment. Additionally, [C2OHMIM][Amp] was shown to be less cytotoxic than [C16Pyr][Amp] in the previously mentioned study. Conversely, lower IC50 values were obtained for [C16Pyr][Amp] in BrCa and PCa cell lines. These lower concentrations are possibly related to the hydrophobic nature of the [C16Pyr] cation conferred by the alkyl side chain [52]. ILs are organic salts that form a strong pair and it is the cation and the anion working together that are responsible for the activity [12]. This indicates that strong interaction between the cation and anion is very important. For example, the [C2OHMIM] anion can establish hydrogen bonding and π–π interactions and the [C16Pyr] anion can establish hydrogen bonding and π–π interaction but also has a long alkyl chain, as illustrated in Figure 4. The structure–activity relationship shows that ILs with long alkyl chains may be related to the high permeability of the membrane, altering the physical properties of the lipid bilayer. The long alkyl chains increase the lipophilic nature of the compounds, consequently increasing interactions with the phospholipid bilayer of the cell membrane and with the hydrophobic domains of membrane proteins, which may lead to the dissolution of the physiological functions of the membrane and ultimately lead to cell death [53]. Indeed, it has been described that toxicity increases with the length of the alkyl chain [52,54]. [C16Pyr][Amp] is also the compound with the highest inhibitory activity against cancer cells, without affecting normal fibroblasts [12]. Other ILs, such as those based on phosphonium and ammonium, have also been reported to have antitumor activity against a wide range of malignant cells [55].



Nonetheless, to the best of our knowledge, we are the first to report the role of [C16Pyr][Amp] formulation in inhibiting or attenuating the aggressive features of cancer cells. Overall, this compound was effective in attenuating the malignant phenotype of cancer cells by reducing cell viability and colony formation ability while inducing apoptosis. Moreover, the SI of [C16Pyr][Amp] revealed selectivity toward the majority of the tested tumor cells, mainly for MDA-MB-231 (SI = 11.00) and LNCaP (SI = 7.16), contrarily to the cisplatin SI values. This is a rather promising result, mainly for MDA-MB-231, since it is an aggressive cell line derived from a metastasis of pleural effusion. Moreover, [C16Pyr][Amp] presented a 2–11-fold augmentation of the SI values compared to cisplatin, a drug commonly used in the clinic, thus suggesting the higher selectivity of [C16Pyr][Amp] than cisplatin. In general, cancer is mainly treated with long-term intensive chemotherapy sessions to shrink the tumor so that it can effectively be removed by surgery, if necessary. However, chemotherapy is a highly debilitating therapeutic approach for patients, with severe side effects due to the lack of selectivity toward tumor cells. Despite its cytotoxicity, cisplatin is a widely known chemotherapeutic agent frequently used in the clinic, as well as docetaxel, doxorubicin, cyclophosphamide, and paclitaxel, already reported in BrCa and PCa cell lines (Table S1). In order to reduce chemotherapy toxicity, recently, a paclitaxel formulation based on ILs with promising results has been reported. Briefly, paclitaxel solubility and stability were improved, and less cytotoxicity and reduced hypersensitive reactions were exhibited compared to paclitaxel alone [47]. Hence, the combination of chemotherapeutic drugs with [C16Pyr][Amp] might be interesting to further investigate.



The MTT assay is among the most commonly used methods to evaluate the cytotoxicity of a chemical through the analysis of the capacity of mitochondrial enzymes to reduce the tetrazolium dye MTT to formazan crystals [14,56]. However, a cytotoxicity assay in molecular biology classically assesses cell death by the level of damage of the plasma membrane of a cell population. Moreover, LDH is a stable cytoplasmic enzyme, present in nearly all eukaryotic living cells, which is rapidly released into the cell culture medium upon damage of the plasma membrane [46,57,58]. Based on this, our study assessed both effects to better infer the possible mechanism of action of [C16Pyr][Amp]. Considering the MTT assay, all cell lines displayed a significant dose- and time-dependent decrease in cell viability upon exposure to [C16Pyr][Amp]. An exacerbated effect was achieved in two BrCa cell lines, i.e., HTB133 and HCC1937, and the PCa cell line 22Rv1 at both concentrations. These cell lines also depicted the highest dose-dependent apoptosis levels, and no increased LDH was found in the supernatant (data not shown) compared to the control condition. Therefore, these data indicate that [C16Pyr][Amp] might induce apoptosis, a programmed and controlled cell death mechanism. Conversely, the BrCa cell lines HTB22 and MDA-MB-231 and the PCa cell lines LNCaP and Du145 presented lower apoptosis but increased LDH levels, although to a lower extent (data not shown). The permeabilization of the plasma membrane compromises its integrity, being a key signature of necrotic cells [41]. Contrarily to apoptosis, the recruitment of immune cells in the neoplasia context by necrotic cells has a pro-inflammatory effect and actively contributes to tumor promotion [59]. However, since this LDH increase was very low, and because these cell lines also depicted apoptosis levels in accordance with decreased cell viability, this suggests that the cell death mechanism implied in these cells does not boost tumorigenesis. PC-3 was the less affected cell line in terms of treatment with C16: although cell viability was decreased, the apoptosis levels were not exacerbated compared to the other cell lines and did not present increased LDH levels in the culture medium. Comparing the PCa cell lines treated with the same concentrations, 1 µM of [C16Pyr][Amp] showed a more pronounced cell viability reduction and an increase in apoptosis in Du145 and PC-3 cells compared to those obtained for the benign prostate cell line RWPE. The same was found for 2 µM of [C16Pyr][Amp], where the BrCa cell lines HTB133 and HCC1937 displayed a higher cell viability reduction and apoptosis augmentation compared to the benign breast cell line MCF-10A. These results suggest that [C16Pyr][Amp] at 1 and 2 µM is effective in decreasing the tumorigenic features of cancer cells without significantly impairing benign cell lines. Moreover, [C16Pyr][Amp] was also shown to be more selective for cancer cells than the well-known chemotherapeutic agent cisplatin.



Kaushik et al. reported that ammonium and imidazolium ILs also inhibit the colony formation capability of brain cancer cells in a concentration-dependent manner [60]. Herein, [C16Pyr][Amp] also reduced the colony formation ability of BrCa and PCa cell lines in a dose-dependent manner. Specifically, in both tumor models, the effect was less apparent in the cell lines with a higher colony forming ability. Contrary to the results in previous assays, the most significant effect was found in the PCa cell lines. Altogether, the functional assays revealed that [C16Pyr][Amp] efficiently reduced cell viability and colony formation, while it induced the cell death of all BrCa and PCa cell lines, not being specific for a tumor model or tumor phenotype.



In order to dissect the possible molecular pathways and mechanisms involved in the effects of [C16Pyr][Amp], a gene expression panel of 96 genes was analyzed and revealed downregulation of the CPT2, LDHA, MCM2, and SKP2 genes upon treatment with [C16Pyr][Amp]. These genes are mainly involved in cellular metabolism and cell division and their decreased expression corroborates the exacerbated effects observed on cell viability and apoptosis after [C16Pyr][Amp] exposure. CPT2 encodes a mitochondrial enzyme involved in lipid metabolism, regulating fatty acid oxidation (FAO) in normal cells [61]. In cancer cells, the most advantageous fuels are fatty acids, since mitochondrial FAO produces a higher amount of ATP than the oxidation of glucose or amino acids, highlighting its crucial role in the energy homeostasis of cancer cell metabolism [62]. The strong dependency in mitochondrial FAO induces resistance to nutrient deprivation and environmental stress inducers in some tumors [63]. Indeed, even under abundant nutrient conditions, PCa cells promote FAO as the main source of energy production and express high levels of FAO enzymes [64]. [C16Pyr][Amp] treatment of the PCa cells induced a pronounced decrease in CPT2 expression, mainly in the 22Rv1 cell line, indicating that this IL might shut down the most profitable cellular energy source of malignant cells. Another important energy source of cancer cells is the oxidation of glucose during glycolysis with lactate production at high levels to support rapid cell growth, supplying metabolic intermediates for macromolecule biosynthesis [65]. In cancer cells, a large fraction of pyruvate is converted into lactate preferentially by LDHA, with NAD+ as a cofactor, even with high oxygen availability (called the Warburg effect), minimizing pyruvate’s entry into the Krebs cycle in the mitochondria [66]. LDHA is commonly upregulated in several rapidly grown tumors [67,68,69,70,71], allowing cancer cells to survive and proliferate under hypoxic conditions (0.5% oxygen) [66,72]. LDHA phosphorylation elicits its activation on BrCa cells, promoting invasion and metastasis with enhanced anoikis resistance [70]. Indeed, LDHA knockout in xenograft BrCa cell lines has been shown to increase the levels of pro-apoptotic proteins and to reduce Bcl-2 expression [73]. In the same line, [C16Pyr][Amp] treatment induces elevated apoptosis levels that might be explained by the statistically significant reduction of LDHA expression in BrCa cells, reflecting the phenotype of the molecular effect found in the xenograft study. Interestingly, LDHA targeting has been reported to sensitize cancer cells to the cytotoxic effects of chemotherapy [74], including paclitaxel-resistant BrCa cells [75]. Therefore, and as aforementioned, the combination of [C16Pyr][Amp] with cisplatin or another chemotherapeutic drug should be considered in the future. Overall, our data suggest that [C16Pyr][Amp] impairs the hallmark of cancer related to the reprogramming of cellular energy and metabolism [76], decreasing both CPT2 (in PCa cell lines) and LDHA (in BrCa cell lines) expression, which affects the energy supply by FAO and the lactate production during glycolysis, respectively. Consequently, the tumorigenic potential of cancer cells is diminished.



[C16Pyr][Amp] treatment of the BrCa and PCa cell lines also significantly downregulated MCM2 and SKP2 expression implicated in eukaryotic DNA replication and cell cycle regulation, respectively. Indeed, in normal cell lines, the correct initiation of DNA replication is fundamental to maintaining genomic integrity and stability. The efficiency of this biological process is dependent on the formation of pre-replicative complexes in the late M/early G phase through the recruitment of MCM2-7 molecules. Upon MCM phosphorylation, the replicative helicase complex is formed with robust helicase activity to initiate DNA replication and unwinding [77,78]. MCM2 was previously shown to be overexpressed in BrCa cells and associated with poor prognosis and therapy resistance [79,80]. Moreover, in PCa, MCM2 immunohistochemistry expression is associated with short-term survival [81] and predicts biochemical recurrence [82]. Herein, decreased MCM2 mRNA upon [C16Pyr][Amp] exposure paralleled the reduced cell proliferation found in in vitro assays. Indeed, MCM2 has been proposed to be an alternative proliferation marker to ki67 in the BrCa model [83]. Both MCM2 and SKP2 are implicated in the G1/S phase transition of the mitotic cell cycle and are reported to be co-expressed in lung and squamous cell carcinoma tissue samples [84], showing the close relationship between these two proteins. SKP2 is an oncogene that encodes a protein that regulates cell cycle entry and G1/S transition through a negative feedback loop targeting p21 and p27 degradation, thereby inhibiting cyclin-dependent kinases [85,86]. SKP2 overexpression has been already described in BrCa and PCa, contributing to the development and proliferation of these tumors, the acquisition of a mesenchymal phenotype, and the resistance to radio- and chemotherapy [87,88,89,90], being a potential therapeutic target [73]. Accordingly, [C16Pyr][Amp] showed promising results by reducing the SKP2 mRNA levels in the BrCa and PCa cell lines. Contrarily, SKP2 depletion is associated with the diminished disease progression, epithelial-to-mesenchymal transition, and stem cell features of castration-resistant PCa in a twist destabilization-dependent mechanism [91]. Hence, [C16Pyr][Amp] treatment might also have an inhibitory effect on the epithelial-to-mesenchymal transition capacity through SKP2 downregulation. In BrCa, SKP2 expression downregulation by doxorubicin has been found to induce cell cycle arrest in the G1/M or G2/M phase in BrCa cell lines, with differential effects depending on the cell cycle checkpoint activated [92]. In the same line, in our study, the MCM2 and SKP2 downregulation upon [C16Pyr][Amp] treatment suggests a role of this IL in DNA replication and cell cycle rate reduction in both BrCa and PCa cell lines.



Our study demonstrated that [C16Pyr][Amp] has potential as an anticancer therapeutic agent in BrCa and PCa cell lines with disparate phenotypes. The tumorigenic features of these cell lines were impaired upon [C16Pyr][Amp] treatment, leading to a decreased number of malignant viable cells, accompanied by increased cell death, mainly by apoptosis. The aggressiveness of malignant cells was also quantitatively diminished, herein reflected by a reduction in colony formation capacity. At the molecular level, downregulation of the genes involved in two well-known hallmarks of cancer, namely cellular energetics and sustaining the proliferative signaling in the context of DNA replication and cell cycle regulation, might contribute to the malignant behavior attenuation of cell lines upon [C16Pyr][Amp] treatment in phenotypic assays. The selectivity and lower toxicity of [C16Pyr][Amp] compared to cisplatin render it a promising therapeutic agent that might be administered alone or in combination with the currently used conventional therapies. In vivo studies are needed to further evaluate the antitumor effect of C16, as well as to identify targetable proteins that may serve as surrogate markers of therapy response in BrCa and PCa patients.




4. Materials and Methods


4.1. Cell Culture


Ten American Type Culture Collection (ATCC) (Lockville, MD, USA) immortalized epithelial cell lines available at the Instituto Português de Oncologia do Porto laboratory were cultured in the recommended medium supplemented with 10% fetal bovine serum (FBS) (Merck, Berlin, Germany) and a 1% antibiotic–antimycotic (Anti–Anti (100×), Gibco, Waltham, MA, USA). The cancer cell lines chosen present distinct features, covering a large spectrum of breast and prostate tumors, while the benign cell lines were used as controls. Briefly, minimum essential media (MEM) was used to culture the HTB22 and Du145 cell lines; Roswell Park Memorial Institute (RPMI)-1640 was used to culture the HTB133, HCC1937, 22Rv1, and LNCaP cell lines; Dulbecco’s Modified Eagle Medium (DMEM) was used to culture the MDA-MB-231 cell line; RPMI-1640/Ham’s F-12 Nutrient Mixture (50:50, v/v) was used to culture the PC-3 cell line; Keratinocyte Serum-Free Medium (SFM) was used to culture the RWPE-1 cell line (Gibco). Specifically, MCF-10A was cultured with DMEM/F12 (50:50, v/v) supplemented with 5% horse serum (Gibco), 20 ng/mL of Epidermal Growth Factor (EGF) (PeproTech, London, UK), 0.5 mg/mL of hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 100 ng/mL of cholera toxin (Sigma-Aldrich), 10 µg/mL of insulin (Sigma-Aldrich), and 1% penicillin–streptomycin (Gibco). All cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2 and routinely tested for Mycoplasma spp. contamination (PCR Mycoplasma Detection Set, Takara Bio, Shiga, Japan).




4.2. Compound Formulation


Four synthetic compounds were used in this study, including two quinoxalines (quinoxaline-1,4-dioxide and 2-methylquinoxalinep1,4-dioxide) and two ILs ([C16Pyr][Amp] (C16) and [C2OHMIM][Amp]) based on ampicillin. The quinoxaline derivates were purified by reduced pressure sublimation, and thermal stability was verified by differential scanning calorimetry (DSC), as previously described [93,94]. The ILs based on ampicillin were prepared by an optimized and sustainable buffer neutralization method, as described by Ferraz et al. [95]. Synthesis and spectral data of [C16Pyr][Amp] and [C2OHMIM][Amp] are supplied as Supplementary Materials. The quinoxalines and ILs were dissolved in purified water and dimethyl sulfoxide (DMSO) (Sigma-Aldrich), respectively, to concentrations from 500 µM to 0.5 nM in serial dilutions of 1:10. Work solutions with a solvent final concentration of 1% were prepared for all of the tested concentrations to avoid solvent effects during treatment.




4.3. Cell Viability Assay, IC50, and Selectivity Index Assessment


The IC50 value and the dose–response curves of each compound were determined with an MTT assay. Cells were seeded onto 96-well flat-bottomed culture plates at 2 × 103 (MCF-10A and Du145), 7 × 103 (HTB22), 2.5 × 103 (HTB133, HCC1937, MDA-MB-231, and RWPE), 4 × 103 (22Rv1), 5 × 103 (LNCaP), and 1.6 × 103 (PC-3) cells per well. The IC50 value was determined using nonlinear regression (curve fit) with all logarithmic absorbance values. For control purposes, cell lines were also exposed to the compounds’ vehicles, i.e., purified water and DMSO for the quinoxalines and ILs, respectively. To assess the toxicity of the compounds, cisplatin was used as a control. All cells were treated 24 h after being cultured (day 0) and were evaluated with 72 h of exposure to the compounds (day 3). The IC50 values of cisplatin were calculated for all cell lines after 72 h with concentrations of 50 nM, 500 nM, 5 µM, 50 µM, and 100 µM, considering the IC50 values previously described in the literature [96,97,98,99,100,101]. For control purposes, cells were treated with cisplatin solvent (saline solution). Cisplatin was always freshly prepared immediately before use.



For each compound, the selectivity for the tumor cells relative to the normal ones was assessed by calculating the SI, i.e., the ratio between the IC50 values of the normal and tumor cell lines. The higher the SI value, the greater the selectivity of the compound toward the tumor cells. Indeed, a compound with SI > 3 is highly selective for tumor cells [102].



Cell viability was assessed using an MTT assay (Sigma-Aldrich), as previously described [103]. Cells were allowed to adhere overnight and then exposed to two different compound concentrations, i.e., the IC50 concentration and one concentration above once. MTT (0.5 mg/mL) was added to each well and the viability measured every day until 72 h using a microplate reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany) at a wavelength of 540 nm with background subtraction at 630 nm. Three replicates were used for each condition and at least three biological independent experiments were performed. The number of viable cells was calculated as follows: (experiment Optical Density (OD) × number of cells at day 0)/mean OD at day 0.




4.4. Apoptosis Assay


Apoptosis was evaluated using the APOPercentageTM apoptosis assay kit (Biocolor Ltd., Belfast, Northern Ireland), according to the manufacturer’s instructions. Briefly, 4 × 103 (MCF-10A), 3.25 × 104 (HTB22), 1 × 104 (HTB133), 4.5 × 103 (HCC1937), 3.5 × 103 (MDA-MB-231), 6.25 × 103 (RWPE), 2.25 × 104 (22Rv1), 1.5 × 104 (LNCaP), 5 × 103 (Du145), and 3 × 103 (PC-3) cells were seeded per well onto 24-well plates and allowed to adhere overnight. At 72 h, 5% of the kit dye was added to the media and incubated at 37 °C for 15–30 min. As a positive control, cells were treated with hydrogen peroxide. After exposure to a dye releasing agent, the absorbance was determined in a microplate reader (FLUOstar Omega) at a wavelength of 550 nm with background subtraction at 620 nm. Three biological and three experimental replicates were performed for each condition. Apoptosis levels were calculated using the following formula: Apoptosis OD/mean MTT OD at day 3.




4.5. Cytotoxicity Assay


The cytotoxic effect of the compounds was evaluated using a commercial lactate dehydrogenase (LDH) kit (Pyruvate–Kinetic–UV Kit, SPINREACT, Barcelona, Spain), following the manufacturer’s recommendations. Briefly, this kit directly measured the NADH concentration in the cell-conditioned media, which is inversely proportional to the LDH activity; a lower NADH concentration is associated with more lysed cells, suggesting cytotoxicity of the compound used. NADH concentration was photometrically measured at 340 nm and the data were analyzed with the following formula: (vehicle-treated)/vehicle × 100.




4.6. Colony Formation Assay


Both the BrCa and PCa cell lines were seeded in 6-well culture plates at specific concentrations: 7.5 × 102 cells/mL for HTB133, MDA-MB-231, 22Rv1, and Du145; 3.75 × 102 cells/mL for LNCaP; 2.5 × 102 cells/mL for HCC1937; 1.0 × 102 cells/mL for PC-3. Cells were allowed to adhere overnight and then treated. Since the time needed for colony formation was more than 72 h and varied for each cell line (5–6 days for HCC1937, MDA-MB-231, Du145, and PC-3; 10–12 days for HTB133 and 22Rv1; 18 days for LNCaP), the treatment was repeated every 3 days. Colonies were stained with 25% (w/v) Giemsa in dH2O. Colonies were defined with at least 50 cells each, as done previously [104], and counted using an Olympus IX51 microscope (Olympus, Tokyo, Japan). The data were analyzed following the formula: (Colony number/control group colony number) × 100.




4.7. RNA Quantification, Reverse Transcription, and Real-Time PCR


After compound exposure, RNA was extracted from the cell lines using TRIzol® (Invitrogen, Carlsbad, CA, USA), according to manufacturer’s instructions. The extracted RNA was quantified using a Nanodrop Life Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Furthermore, 400 ng of complementary DNA (cDNA) was synthetized using a Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Basel, Switzerland), according to manufacturer’s instructions. The RT2 Profiler PCR Array System Kit (Qiagen, Hilden, Germany) included 96 genes corresponding to cancer research molecular pathways and adequate controls in quadruplicate. The expression levels were determined by real-time PCR in a LightCycler 480 (Roche Diagnostics) and ACTINB, GAPDH, and HPRT1 were used as endogenous controls. The RT2 profiler PCR array analysis was performed using the Qiagen-specific platform. The data analysis in the web portal calculated fold change using the ΔΔCT method. Genes with a logarithmized fold change above 1 or below −1 were considered. Additionally, the DNA genomic contamination (GDC), as well as the first strand synthesis (RTC) and real-time PCR efficiency (PPC), were monitored using the Qiagen platform for the RT2 profiler PCR array analysis. The lower limit of detection was set at CT ≥ 35.




4.8. Statistical Analysis


One-way analysis of variance (ANOVA) with the post-hoc Dunnett’s multiple comparison test was used to compare the results obtained in each parameter for the different compounds concentrations and the control/vehicle, when appropriate. Comparison of IC50 and SI values of [C16Pyr][Amp] and cisplatin was carried out using Wilcoxon matched pair tests and Pearson’s correlations. For RNA expression in the RT2 profiler PCR array, p-values were calculated based on a Student’s t-test of the replicate 2(−ΔΔCT) values for each gene in the control and treatment groups. Analysis was performed with GraphPad Prism 7, and statistical significance was set at p < 0.05.
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	One-way analysis of variance



	BrCa
	Breast cancer



	cDNA
	Complementary DNA



	DMEM
	Dulbecco’s Modified Eagle Medium



	DMSO
	Dimethyl Sulfoxide
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	Differential scanning calorimetry



	EGF
	Epidermal Growth Factor
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	Fetal bovine serum
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	Half-maximal inhibitory concentration
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	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide



	OD
	Optical Density



	PCa
	Prostate cancer



	PPC
	Real-time PCR efficiency



	RTC
	First strand synthesis



	SFM
	Serum-Free Medium



	SI
	Selectivity index







References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Schuur, E.R.; DeAndrade, J.P. Breast Cancer: Molecular Mechanisms, Diagnosis, and Treatment. In International Manual of Oncology Practice; Springer: Berlin/Heidelberg, Germany, 2015; pp. 155–200. [Google Scholar]

	



Lakhani, S.R. WHO Classification of Tumours of the Breast; International Agency for Research on Cancer: Lyon, France, 2012. [Google Scholar]

	



Putti, T.C.; El-Rehim, D.M.; Rakha, E.A.; Paish, C.E.; Lee, A.H.; Pinder, S.E.; Ellis, I.O. Estrogen receptor-negative breast carcinomas: A review of morphology and immunophenotypical analysis. Mod. Pathol. 2005, 18, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Szostakowska, M.; Trebinska-Stryjewska, A.; Grzybowska, E.A.; Fabisiewicz, A. Resistance to endocrine therapy in breast cancer: Molecular mechanisms and future goals. Breast Cancer Res. Treat. 2019, 173, 489–497. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, F.; Costa, A.; Senkus, E.; Aapro, M.; Andre, F.; Barrios, C.H.; Bergh, J.; Bhattacharyya, G.; Biganzoli, L.; Cardoso, M.J.; et al. 3rd ESO-ESMO International Consensus Guidelines for Advanced Breast Cancer (ABC 3). Ann. Oncol. 2017, 28, 16–33. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, A.; Jinno, H.; Murata, T.; Seki, T.; Takahashi, M.; Hayashida, T.; Kameyama, K.; Kitagawa, Y. Prognostic implications of receptor discordance between primary and recurrent breast cancer. Int. J. Clin. Oncol. 2015, 20, 701–708. [Google Scholar] [CrossRef]

	



Heidenreich, A.; Bastian, P.J.; Bellmunt, J.; Bolla, M.; Joniau, S.; van der Kwast, T.; Mason, M.; Matveev, V.; Wiegel, T.; Zattoni, F.; et al. EAU guidelines on prostate cancer. Part II: Treatment of advanced, relapsing, and castration-resistant prostate cancer. Eur. Urol. 2014, 65, 467–479. [Google Scholar] [CrossRef]

	



Watson, P.A.; Arora, V.K.; Sawyers, C.L. Emerging mechanisms of resistance to androgen receptor inhibitors in prostate cancer. Nat. Rev. Cancer 2015, 15, 701–711. [Google Scholar] [CrossRef]

	



Saad, F.; Miller, K. Treatment options in castration-resistant prostate cancer: Current therapies and emerging docetaxel-based regimens. Urol. Oncol. 2014, 32, 70–79. [Google Scholar] [CrossRef]

	



Petrylak, D.P.; Tangen, C.M.; Hussain, M.H.; Lara, P.N., Jr.; Jones, J.A.; Taplin, M.E.; Burch, P.A.; Berry, D.; Moinpour, C.; Kohli, M.; et al. Docetaxel and estramustine compared with mitoxantrone and prednisone for advanced refractory prostate cancer. N. Engl. J. Med. 2004, 351, 1513–1520. [Google Scholar] [CrossRef]

	



Ferraz, R.; Costa-Rodrigues, J.; Fernandes, M.H.; Santos, M.M.; Marrucho, I.M.; Rebelo, L.P.; Prudencio, C.; Noronha, J.P.; Petrovski, Z.; Branco, L.C. Antitumor Activity of Ionic Liquids Based on Ampicillin. ChemMedChem 2015, 10, 1480–1483. [Google Scholar] [CrossRef]

	



Vieira, M.; Pinheiro, C.; Fernandes, R.; Noronha, J.P.; Prudencio, C. Antimicrobial activity of quinoxaline 1,4-dioxide with 2- and 3-substituted derivatives. Microbiol. Res. 2014, 169, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological Activity of Ionic Liquids and Their Application in Pharmaceutics and Medicine. Chem. Rev. 2017, 117, 7132–7189. [Google Scholar] [CrossRef] [PubMed]

	



Gilmore, B.F. Antimicrobial ionic liquids. In Ionic Liquids: Applications and Perspectives; Kokorin, P.A., Ed.; InTech: London, UK, 2011; pp. 587–604. [Google Scholar]

	



Ferraz, R.; Branco, L.C.; Prudencio, C.; Noronha, J.P.; Petrovski, Z. Ionic liquids as active pharmaceutical ingredients. Chem. Med. Chem. 2011, 6, 975–985. [Google Scholar] [CrossRef] [PubMed]

	



Marrucho, I.M.; Branco, L.C.; Rebelo, L.P. Ionic liquids in pharmaceutical applications. Ann. Rev. Chem. Biomol. Eng. 2014, 5, 527–546. [Google Scholar] [CrossRef]

	



Smiglak, M.; Pringle, J.M.; Lu, X.; Han, L.; Zhang, S.; Gao, H.; MacFarlane, D.R.; Rogers, R.D. Ionic liquids for energy, materials, and medicine. Chem. Commun. 2014, 50, 9228–9250. [Google Scholar] [CrossRef]

	



Malhotra, S.V. Ionic Liquid Applications: Pharmaceuticals, Therapeutics, and Biotechnology; American Chemical Society: Washington, DC, USA, 2010; pp. i–v. [Google Scholar] [CrossRef]

	



Plechkova, N.V.; Seddon, K.R. Applications of ionic liquids in the chemical industry. Chem. Soc. Rev. 2008, 37, 123–150. [Google Scholar] [CrossRef]

	



Pereira, J.A.; Pessoa, A.M.; Cordeiro, M.N.; Fernandes, R.; Prudencio, C.; Noronha, J.P.; Vieira, M. Quinoxaline, its derivatives and applications: A State of the Art review. Eur. J. Med. Chem. 2015, 97, 664–672. [Google Scholar] [CrossRef]

	



Silva, L.; Coelho, P.; Soares, R.; Prudencio, C.; Vieira, M. Quinoxaline-1,4-dioxide derivatives inhibitory action in melanoma and brain tumor cells. Future Med. Chem. 2019, 11, 645–657. [Google Scholar] [CrossRef]

	



Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364–378. [Google Scholar] [CrossRef]

	



Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573. [Google Scholar] [CrossRef]

	



Rabik, C.A.; Dolan, M.E. Molecular mechanisms of resistance and toxicity associated with platinating agents. Cancer Treat Rev. 2007, 33, 9–23. [Google Scholar] [CrossRef] [PubMed]

	



Siddik, Z.H. Cisplatin: Mode of cytotoxic action and molecular basis of resistance. Oncogene 2003, 22, 7265–7279. [Google Scholar] [CrossRef] [PubMed]

	



Jordan, P.; Carmo-Fonseca, M. Molecular mechanisms involved in cisplatin cytotoxicity. Cell Mol. Life Sci. 2000, 57, 1229–1235. [Google Scholar] [CrossRef] [PubMed]

	



Caparica, R.; Lambertini, M.; de Azambuja, E. How I treat metastatic triple-negative breast cancer. ESMO Open. 2019, 4, e000504. [Google Scholar] [CrossRef]

	



Gronwald, J.; Byrski, T.; Lubinski, J.; Narod, S.A. Cisplatin in breast cancer treatment in BRCA1 carriers. Hered Cancer Clin. Pract. 2012, 10, A17. [Google Scholar] [CrossRef]

	



Petrelli, F.; Barni, S.; Bregni, G.; de Braud, F.; Di Cosimo, S. Platinum salts in advanced breast cancer: A systematic review and meta-analysis of randomized clinical trials. Breast Cancer Res. Treat 2016, 160, 425–437. [Google Scholar] [CrossRef]

	



ClinicalTrials.gov. Cisplatin in Castration Resistant Prostate Cancer (NCT03275857). 2020. Available online: https://clinicaltrials.gov/ct2/show/NCT03275857 (accessed on 9 May 2020).

	



ClinicalTrials.gov. Gemcitabine Hydrochloride and Cisplatin With or Without Bevacizumab in Treating Patients With Advanced Urinary Tract Cancer (NCT00942331). 2020. Available online: https://clinicaltrials.gov/ct2/show/NCT00942331 (accessed on 9 May 2020).

	



Qazi, R.; Khandekar, J. Phase II study of cisplatin for metastatic prostatic carcinoma. An Eastern Cooperative Oncology Group study. Am. J. Clin. Oncol. 1983, 6, 203–205. [Google Scholar] [CrossRef]

	



Loening, S.A.; Beckley, S.; Brady, M.F.; Chu, T.M.; deKernion, J.B.; Dhabuwala, C.; Gaeta, J.F.; Gibbons, R.P.; McKiel, C.F.; McLeod, D.G.; et al. Comparison of estramustine phosphate, methotrexate and cis-platinum in patients with advanced, hormone refractory prostate cancer. J. Urol. 1983, 129, 1001–1006. [Google Scholar] [CrossRef]

	



Yagoda, A.; Petrylak, D. Cytotoxic chemotherapy for advanced hormone-resistant prostate cancer. Cancer 1993, 71, 1098–1109. [Google Scholar] [CrossRef]

	



Buonerba, C.; Federico, P.; D’Aniello, C.; Rescigno, P.; Cavaliere, C.; Puglia, L.; Ferro, M.; Altieri, V.; Perdonà, S.; De Placido, S.; et al. Phase II trial of cisplatin plus prednisone in docetaxel-refractory castration-resistant prostate cancer patients. Cancer Chemother. Pharmacol. 2011, 67, 1455–1461. [Google Scholar] [CrossRef] [PubMed]

	



ClinicalTrials.gov. Combination Chemotherapy Plus Peripheral Stem Cell Transplantation in Treating Patients With Metastatic Prostate Cancer (NCT00003400). 2019. Available online: https://clinicaltrials.gov/ct2/show/NCT00003400 (accessed on 9 May 2020).

	



Pabla, N.; Dong, Z. Cisplatin nephrotoxicity: Mechanisms and renoprotective strategies. Kidney Int. 2008, 73, 994–1007. [Google Scholar] [CrossRef] [PubMed]

	



Kostova, I. Platinum complexes as anticancer agents. Recent Patents Anti Cancer Drug Discov. 2006, 1, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Olszewski, U.; Hamilton, G. A better platinum-based anticancer drug yet to come? Anti Cancer Agents Med. Chem. Form. Curr. Med. Chem. Anti Cancer Agents 2010, 10, 293–301. [Google Scholar] [CrossRef]

	



Chan, F.K.; Moriwaki, K.; De Rosa, M.J. Detection of necrosis by release of lactate dehydrogenase activity. Methods Mol. Biol. 2013, 979, 65–70. [Google Scholar] [CrossRef] [PubMed]

	



Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Karuppusamy Rathinam, M.K.; Tauler, J.; Bikkavilli, R.K.; Winn, R.A. The soft agar colony formation assay. J. Vis. Exp. 2014, e51998. [Google Scholar] [CrossRef] [PubMed]

	



Dias, A.R.; Costa-Rodrigues, J.; Fernandes, M.H.; Ferraz, R.; Prudêncio, C. The anticancer potential of ionic liquids. ChemMedChem 2017, 12, 11–18. [Google Scholar] [CrossRef]

	



Jovanovic-Santa, S.; Kojic, V.; Atlagic, K.; Tot, A.; Vranes, M.; Gadzuric, S.; Karaman, M. Anticancer and antimicrobial properties of imidazolium based ionic liquids with salicylate anion. J. Serb. Chem. Soc. 2020, 85, 291–303. [Google Scholar] [CrossRef]

	



Malhotra, S.V.; Kumar, V. A profile of the in vitro anti-tumor activity of imidazolium-based ionic liquids. Bioorg. Med. Chem. Lett. 2010, 20, 581–585. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Aaronson, S.A.; Abrams, J.; Alnemri, E.S.; Andrews, D.W.; Baehrecke, E.H.; Bazan, N.G.; Blagosklonny, M.V.; Blomgren, K.; Borner, C.; et al. Guidelines for the use and interpretation of assays for monitoring cell death in higher eukaryotes. Cell Death Differ. 2009, 16, 1093–1107. [Google Scholar] [CrossRef]

	



Chowdhury, M.R.; Moshikur, R.M.; Wakabayashi, R.; Tahara, Y.; Kamiya, N.; Moniruzzaman, M.; Goto, M. Ionic-Liquid-Based Paclitaxel Preparation: A New Potential Formulation for Cancer Treatment. Mol. Pharm. 2018, 15, 2484–2488. [Google Scholar] [CrossRef]

	



Rahimi, M.; Shafiei-Irannejad, V.; Safa, K.D.; Salehi, R. Multi-branched ionic liquid-chitosan as a smart and biocompatible nano-vehicle for combination chemotherapy with stealth and targeted properties. Carbohydr. Polym. 2018, 196, 299–312. [Google Scholar] [CrossRef]

	



Tang, W.; Liu, B.; Wang, S.; Liu, T.; Fu, C.; Ren, X.; Tan, L.; Duan, W.; Meng, X. Doxorubicin-loaded ionic liquid–polydopamine nanoparticles for combined chemotherapy and microwave thermal therapy of cancer. RSC Adv. 2016, 6, 32434–32440. [Google Scholar] [CrossRef]

	



Heger, J.I.; Froehlich, K.; Pastuschek, J.; Schmidt, A.; Baer, C.; Mrowka, R.; Backsch, C.; Schleußner, E.; Markert, U.R.; Schmidt, A. Human serum alters cell culture behavior and improves spheroid formation in comparison to fetal bovine serum. Exp. Cell Res. 2018, 365, 57–65. [Google Scholar] [CrossRef]

	



Ledur, P.F.; Onzi, G.R.; Zong, H.; Lenz, G. Culture conditions defining glioblastoma cells behavior: What is the impact for novel discoveries? Oncotarget 2017, 8, 69185–69197. [Google Scholar] [CrossRef]

	



Ivankovic, T.; Hrenovic, J. Surfactants in the environment. Arh. Hig. Rada Toksikol. 2010, 61, 95–110. [Google Scholar] [CrossRef]

	



Bubalo, M.C.; Radosevic, K.; Redovnikovic, I.R.; Halambek, J.; Srcek, V.G. A brief overview of the potential environmental hazards of ionic liquids. Ecotoxicol. Environ. Saf. 2014, 99, 1–12. [Google Scholar] [CrossRef]

	



Garcia, M.T.; Campos, E.; Ribosa, I. Biodegradability and ecotoxicity of amine oxide based surfactants. Chemosphere 2007, 69, 1574–1578. [Google Scholar] [CrossRef]

	



Kumar, V.; Malhotra, S.V. Study on the potential anti-cancer activity of phosphonium and ammonium-based ionic liquids. Bioorg. Med. Chem. Lett. 2009, 19, 4643–4646. [Google Scholar] [CrossRef]

	



Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef]

	



Smith, S.M.; Wunder, M.B.; Norris, D.A.; Shellman, Y.G. A simple protocol for using a LDH-based cytotoxicity assay to assess the effects of death and growth inhibition at the same time. PLoS ONE 2011, 6, e26908. [Google Scholar] [CrossRef]

	



Kabakov, A.E.; Gabai, V.L. Cell Death and Survival Assays. Methods Mol. Biol. 2018, 1709, 107–127. [Google Scholar] [CrossRef]

	



Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899. [Google Scholar] [CrossRef]

	



Kaushik, N.K.; Attri, P.; Kaushik, N.; Choi, E.H. Synthesis and antiproliferative activity of ammonium and imidazolium ionic liquids against T98G brain cancer cells. Molecules 2012, 17, 13727–13739. [Google Scholar] [CrossRef]

	



Bonnefont, J.P.; Djouadi, F.; Prip-Buus, C.; Gobin, S.; Munnich, A.; Bastin, J. Carnitine palmitoyltransferases 1 and 2: Biochemical, molecular and medical aspects. Mol. Asp. Med. 2004, 25, 495–520. [Google Scholar] [CrossRef]

	



Melone, M.A.B.; Valentino, A.; Margarucci, S.; Galderisi, U.; Giordano, A.; Peluso, G. The carnitine system and cancer metabolic plasticity. Cell Death Dis. 2018, 9, 228. [Google Scholar] [CrossRef]

	



Viale, A.; Pettazzoni, P.; Lyssiotis, C.A.; Ying, H.; Sánchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.; Giuliani, V.; et al. Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature 2014, 514, 628–632. [Google Scholar] [CrossRef]

	



Wu, X.; Daniels, G.; Lee, P.; Monaco, M.E. Lipid metabolism in prostate cancer. Am. J. Clin. Exp. Urol. 2014, 2, 111–120. [Google Scholar]

	



Zhao, D.; Xiong, Y.; Lei, Q.-Y.; Guan, K.-L. LDH-A acetylation: Implication in cancer. Oncotarget 2013, 4, 802–803. [Google Scholar] [CrossRef]

	



Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell proliferation. Science 2009, 324, 1029–1033. [Google Scholar] [CrossRef]

	



Le, A.; Cooper, C.R.; Gouw, A.M.; Dinavahi, R.; Maitra, A.; Deck, L.M.; Royer, R.E.; Vander Jagt, D.L.; Semenza, G.L.; Dang, C.V. Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor progression. Proc. Natl. Acad. Sci. USA 2010, 107, 2037–2042. [Google Scholar] [CrossRef]

	



Sheng, S.L.; Liu, J.J.; Dai, Y.H.; Sun, X.G.; Xiong, X.P.; Huang, G. Knockdown of lactate dehydrogenase A suppresses tumor growth and metastasis of human hepatocellular carcinoma. FEBS J. 2012, 279, 3898–3910. [Google Scholar] [CrossRef]

	



Xian, Z.Y.; Liu, J.M.; Chen, Q.K.; Chen, H.Z.; Ye, C.J.; Xue, J.; Yang, H.Q.; Li, J.L.; Liu, X.F.; Kuang, S.J. Inhibition of LDHA suppresses tumor progression in prostate cancer. Tumour Biol. 2015, 36, 8093–8100. [Google Scholar] [CrossRef]

	



Jin, L.; Chun, J.; Pan, C.; Alesi, G.N.; Li, D.; Magliocca, K.R.; Kang, Y.; Chen, Z.G.; Shin, D.M.; Khuri, F.R.; et al. Phosphorylation-mediated activation of LDHA promotes cancer cell invasion and tumour metastasis. Oncogene 2017, 36, 3797–3806. [Google Scholar] [CrossRef]

	



Feng, Y.; Xiong, Y.; Qiao, T.; Li, X.; Jia, L.; Han, Y. Lactate dehydrogenase A: A key player in carcinogenesis and potential target in cancer therapy. Cancer Med. 2018, 7, 6124–6136. [Google Scholar] [CrossRef]

	



Fantin, V.R.; St-Pierre, J.; Leder, P. Attenuation of LDH-A expression uncovers a link between glycolysis, mitochondrial physiology, and tumor maintenance. Cancer Cell 2006, 9, 425–434. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Gao, D.; Fukushima, H.; Inuzuka, H.; Liu, P.; Wan, L.; Sarkar, F.H.; Wei, W. Skp2: A novel potential therapeutic target for prostate cancer. Biochim. Biophys. Acta 2012, 1825, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, D.; Banerjee, D. Lactate Dehydrogenases as Metabolic Links between Tumor and Stroma in the Tumor Microenvironment. Cancers 2019, 11, 750. [Google Scholar] [CrossRef]

	



Zhou, M.; Zhao, Y.; Ding, Y.; Liu, H.; Liu, Z.; Fodstad, O.; Riker, A.I.; Kamarajugadda, S.; Lu, J.; Owen, L.B.; et al. Warburg effect in chemosensitivity: Targeting lactate dehydrogenase-A re-sensitizes taxol-resistant cancer cells to taxol. Mol. Cancer 2010, 9, 33. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Duzdevich, D.; Warner, M.D.; Ticau, S.; Ivica, N.A.; Bell, S.P.; Greene, E.C. The dynamics of eukaryotic replication initiation: Origin specificity, licensing, and firing at the single-molecule level. Mol. Cell 2015, 58, 483–494. [Google Scholar] [CrossRef]

	



Evrin, C.; Fernández-Cid, A.; Riera, A.; Zech, J.; Clarke, P.; Herrera, M.C.; Tognetti, S.; Lurz, R.; Speck, C. The ORC/Cdc6/MCM2-7 complex facilitates MCM2-7 dimerization during prereplicative complex formation. Nucleic Acids Res. 2014, 42, 2257–2269. [Google Scholar] [CrossRef] [PubMed]

	



Kwok, H.F.; Zhang, S.-D.; McCrudden, C.M.; Yuen, H.-F.; Ting, K.-P.; Wen, Q.; Khoo, U.-S.; Chan, K.Y.-K. Prognostic significance of minichromosome maintenance proteins in breast cancer. Am. J. Cancer Res. 2014, 5, 52–71. [Google Scholar] [PubMed]

	



Issac, M.S.M.; Yousef, E.; Tahir, M.R.; Gaboury, L.A. MCM2, MCM4, and MCM6 in Breast Cancer: Clinical Utility in Diagnosis and Prognosis. Neoplasia 2019, 21, 1015–1035. [Google Scholar] [CrossRef]

	



Meng, M.V.; Grossfeld, G.D.; Williams, G.H.; Dilworth, S.; Stoeber, K.; Mulley, T.W.; Weinberg, V.; Carroll, P.R.; Tlsty, T.D. Minichromosome maintenance protein 2 expression in prostate: Characterization and association with outcome after therapy for cancer. Clin. Cancer Res. 2001, 7, 2712–2718. [Google Scholar]

	



Toubaji, A.; Sutcliffe, S.; Chaux, A.; Lecksell, K.; Hicks, J.; De Marzo, A.M.; Platz, E.A.; Netto, G.J. Immunohistochemical expression of minichromosome maintenance complex protein 2 predicts biochemical recurrence in prostate cancer: A tissue microarray and digital imaging analysis-based study of 428 cases. Hum. Pathol. 2012, 43, 1852–1865. [Google Scholar] [CrossRef]

	



Yousef, E.M.; Furrer, D.; Laperriere, D.L.; Tahir, M.R.; Mader, S.; Diorio, C.; Gaboury, L.A. MCM2: An alternative to Ki-67 for measuring breast cancer cell proliferation. Mod. Pathol. 2017, 30, 682–697. [Google Scholar] [CrossRef]

	



Zhong, K.; Yang, F.; Han, Q.; Chen, J.; Wang, J. Skp2 expression has different clinicopathological and prognostic implications in lung adenocarcinoma and squamous cell carcinoma. Oncol. Lett. 2018, 16, 2873–2880. [Google Scholar] [CrossRef]

	



Carrano, A.C.; Eytan, E.; Hershko, A.; Pagano, M. SKP2 is required for ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1999, 1, 193–199. [Google Scholar] [CrossRef]

	



Bornstein, G.; Bloom, J.; Sitry-Shevah, D.; Nakayama, K.; Pagano, M.; Hershko, A. Role of the SCFSkp2 ubiquitin ligase in the degradation of p21Cip1 in S phase. J. Biol. Chem. 2003, 278, 25752–25757. [Google Scholar] [CrossRef]

	



Zhang, W.; Cao, L.; Sun, Z.; Xu, J.; Tang, L.; Chen, W.; Luo, J.; Yang, F.; Wang, Y.; Guan, X. Skp2 is over-expressed in breast cancer and promotes breast cancer cell proliferation. Cell Cycl. 2016, 15, 1344–1351. [Google Scholar] [CrossRef]

	



Li, C.; Du, L.; Ren, Y.; Liu, X.; Jiao, Q.; Cui, D.; Wen, M.; Wang, C.; Wei, G.; Wang, Y.; et al. SKP2 promotes breast cancer tumorigenesis and radiation tolerance through PDCD4 ubiquitination. J. Exp. Clin. Cancer Res. 2019, 38, 76. [Google Scholar] [CrossRef] [PubMed]

	



Šimečková, Š.; Kahounová, Z.; Fedr, R.; Remšík, J.; Slabáková, E.; Suchánková, T.; Procházková, J.; Bouchal, J.; Kharaishvili, G.; Král, M.; et al. High Skp2 expression is associated with a mesenchymal phenotype and increased tumorigenic potential of prostate cancer cells. Sci. Rep. 2019, 9, 5695. [Google Scholar] [CrossRef]

	



Yang, Y.; Lu, Y.; Wang, L.; Mizokami, A.; Keller, E.T.; Zhang, J.; Fu, J. Skp2 is associated with paclitaxel resistance in prostate cancer cells. Oncol. Rep. 2016, 36, 559–566. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, D.; He, J.; Li, C.F.; Lee, H.J.; Liu, J.; Lin, H.K.; Chan, C.H. Skp2 deficiency restricts the progression and stem cell features of castration-resistant prostate cancer by destabilizing Twist. Oncogene 2017, 36, 4299–4310. [Google Scholar] [CrossRef] [PubMed]

	



Bar-On, O.; Shapira, M.; Hershko, D.D. Differential effects of doxorubicin treatment on cell cycle arrest and Skp2 expression in breast cancer cells. Anticancer Drugs 2007, 18, 1113–1121. [Google Scholar] [CrossRef]

	



Acree, W.E.; Powell, J.R.; Tucker, S.A.; Ribeiro da Silva, M.D.M.C.; Matos, M.A.R.; Gonçalves, J.M.; Santos, L.M.N.B.F.; Morais, V.M.F.; Pilcher, G. Thermochemical and Theoretical Study of Some Quinoxaline 1,4-Dioxides and of Pyrazine 1,4-Dioxide. J. Organ. Chem. 1997, 62, 3722–3726. [Google Scholar] [CrossRef]

	



Ribeiro da Silva, M.D.M.C.; Gomes, J.R.B.; Gonçalves, J.M.; Sousa, E.A.; Pandey, S.; Acree, W.E. Thermodynamic Properties of Quinoxaline-1,4-Dioxide Derivatives:  A Combined Experimental and Computational Study. J. Organ. Chem. 2004, 69, 2785–2792. [Google Scholar] [CrossRef]

	



Ferraz, R.; Branco, L.C.; Marrucho, I.M.; Araújo, J.M.M.; Rebelo, L.P.N.; da Ponte, M.N.; Prudêncio, C.; Noronha, J.P.; Petrovski, Ž. Development of novel ionic liquids based on ampicillin. MedChemComm 2012, 3. [Google Scholar] [CrossRef]

	



Yin, L.L.; Wen, X.M.; Lai, Q.H.; Li, J.; Wang, X.W. Lenalidomide improvement of cisplatin antitumor efficacy on triple-negative breast cancer cells in vitro. Oncol. Lett. 2018, 15, 6469–6474. [Google Scholar] [CrossRef]

	



Pan, T.; Mao, T.; Yang, H.; Wang, H.; Wang, Y. Silencing of TGIF sensitizes MDA-MB-231 human breast cancer cells to cisplatin-induced apoptosis. Exp. Ther. Med. 2018, 15, 2978–2984. [Google Scholar] [CrossRef]

	



Dunne, M.; Dou, Y.N.; Drake, D.M.; Spence, T.; Gontijo, S.M.; Wells, P.G.; Allen, C. Hyperthermia-mediated drug delivery induces biological effects at the tumor and molecular levels that improve cisplatin efficacy in triple negative breast cancer. J. Control. Release 2018, 282, 35–45. [Google Scholar] [CrossRef] [PubMed]

	



Erdogan, S.; Turkekul, K.; Serttas, R.; Erdogan, Z. The natural flavonoid apigenin sensitizes human CD44+ prostate cancer stem cells to cisplatin therapy. Biomed. Pharmacother. 2017, 88, 210–217. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Yue, C.; Li, J.; Wu, J.; Wang, S.; Sun, D.; Guo, Y.; Lin, Z.; Zhang, D.; Wang, R. Enhancement of cisplatin cytotoxicity by Retigeric acid B involves blocking DNA repair and activating DR5 in prostate cancer cells. Oncol. Lett. 2018, 15, 2871–2880. [Google Scholar] [CrossRef] [PubMed]

	



Gu, J.; Li, Y.; Zeng, J.; Wang, B.; Ji, K.; Tang, Y.; Sun, Q. Knockdown of HIF-1α by siRNA-expressing plasmid delivered by attenuated salmonella enhances the antitumor effects of cisplatin on prostate cancer. Sci. Rep. 2017, 7, 7546. [Google Scholar] [CrossRef] [PubMed]

	



Prayong, P.; Barusrux, S.; Weerapreeyakul, N. Cytotoxic activity screening of some indigenous Thai plants. Fitoterapia 2008, 79, 598–601. [Google Scholar] [CrossRef]

	



Vieira-Silva, T.S.; Monteiro-Reis, S.; Barros-Silva, D.; Ramalho-Carvalho, J.; Graca, I.; Carneiro, I.; Martins, A.T.; Oliveira, J.; Antunes, L.; Hurtado-Bages, S.; et al. Histone variant MacroH2A1 is downregulated in prostate cancer and influences malignant cell phenotype. Cancer Cell Int. 2019, 19, 112. [Google Scholar] [CrossRef]

	



Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1, 2315–2319. [Google Scholar] [CrossRef]








[image: Ijms 21 09584 g001 550] 





Figure 1. The impact of [C16Pyr][Amp] on cell viability at days 0, 1, 2, and 3 was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay for the (A) breast (BrCa) and (B) prostate (PCa) cancer cell lines. Statistically significant differences (p < 0.05) were observed between (a) the vehicle and the lowest concentration, as well as (b) the vehicle and the highest concentration. All data are presented as the mean of three independent experiments ± SD. 
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Figure 2. The impact of [C16Pyr][Amp] on apoptosis levels on day 3 after treatment was measured and compared with the vehicle for the (A) BrCa and (B) PCa cell lines. All data are presented as mean of three independent experiments ± SD. ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3. Effect of [C16Pyr][Amp] on the colony formation ability of the (A) BrCa and (B) PCa cell lines after treatment compared to the vehicle. All data are presented as mean of three independent experiments ± SD (**** p < 0.0001). 






Figure 3. Effect of [C16Pyr][Amp] on the colony formation ability of the (A) BrCa and (B) PCa cell lines after treatment compared to the vehicle. All data are presented as mean of three independent experiments ± SD (**** p < 0.0001).



[image: Ijms 21 09584 g003]







[image: Ijms 21 09584 g004 550] 





Figure 4. Structure of [C2OHMIM][Amp] and [C16Pyr][Amp] with their possible cation–anion interactions. 
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Table 1. Half-maximal inhibitory concentration (IC50) values of [C16Pyr][Amp] and cisplatin for different breast and prostate cell lines. All data are presented as mean of three independent experiments ± standard deviation (SD).
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Model

	
Cell Lines

	
IC50 Value ± SD (µM)




	
[C16Pyr][Amp]

	
Cisplatin






	
Breast

	
MCF-10A

	
2.1 ± 0.27

	
4.9 ± 0.42




	
HTB22

	
0.6 ± 0.08

	
10.9 ± 0.62




	
HTB133

	
2.0 ± 0.55

	
8.2 ± 0.69




	
HCC1937

	
0.8 ± 0.01

	
3.5 ± 0.25




	
MDA-MB-231

	
0.2 ± 0.01

	
1.1 ± 0.10




	
Prostate

	
RWPE

	
0.9 ± 0.13

	
4.9 ± 0.06




	
22Rv1

	
1.4 ± 0.16

	
5.5 ± 0.18




	
LNCaP

	
0.1 ± 0.02

	
7.4 ± 0.33




	
Du145

	
0.9 ± 0.08

	
0.6 ± 0.01




	
PC-3

	
0.3 ± 0.00

	
5.1 ± 0.67
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Table 2. Selectivity index (SI) of [C16Pyr][Amp] and cisplatin for each breast (BrCa) and prostate (PCa) cancer cell line.
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Tumor Model

	
Cell Lines

	
Selectivity Index




	
[C16Pyr][Amp]

	
Cisplatin






	
Breast cancer

	
HTB22

	
3.73

	
0.45




	
HTB133

	
1.05

	
0.60




	
HCC1937

	
2.66

	
1.41




	
MDA-MB-231

	
11.00

	
4.37




	
Prostate cancer

	
22Rv1

	
0.66

	
0.89




	
LNCaP

	
7.16

	
0.66




	
Du145

	
1.01

	
8.20




	
PC-3

	
2.63

	
0.96
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Table 3. CPT2, LDHA, MCM2, and SPK2 fold change values between the vehicle and the [C16Pyr][Amp] treatment conditions for the selected BrCa and PCa cell lines.
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Genes

	
HTB133

	
MDA-MB-231

	
22Rv1

	
Du145




	
Fold Change

	
p-Value

	
Fold Change

	
p-Value

	
Fold Change

	
p-Value

	
Fold Change

	
p-Value






	
CPT2

	
−1.51

	
0.160

	
−1.22

	
0.360

	
−10.65

	
0.006

	
−1.73

	
0.004




	
LDHA

	
−5.21

	
<0.001

	
−3.68

	
0.0001

	
−1.04

	
0.840

	
−1.15

	
0.203




	
MCM2

	
−2.78

	
<0.0001

	
−1.99

	
0.003

	
−1.55

	
0.030

	
−1.18

	
0.163




	
SKP2

	
−2.90

	
<0.0001

	
−2.86

	
<0.0001

	
−2.36

	
0.030

	
−1.96

	
0.002
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