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Abstract

:

The conversion of betulinic acid (BA) to organic salts is a strategic approach to modulate its physicochemical properties and biological activity. In our previous study, we demonstrated the enhanced cytotoxicity of certain amino acid ethyl ester betulinates ([AAOEt][BA]) compared to BA against hormone-dependent breast cancer cells (MCF-7). In this study, we extended our investigation to evaluate the cytotoxic response and thermodynamic properties of hormone-independent breast cancer cells (MDA-MB-231) following 72 h of treatment with the same series of betulinates. Our data reveal a lower cytotoxic response in MDA-MB-231 cells, indicated by higher half-maximal inhibitory concentration (IC50) values, which ranged between 31 and 109 μM. Differential scanning calorimetry analysis supported these findings, showing negligible changes in the thermodynamic parameters of the treated MDA-MB-231 cells. However, consistent with our previous observations, [LysOEt][BA]2, exhibited the highest cytotoxicity and induced the most pronounced morphological alterations in the cancer cells. Overall, our results suggest that MDA-MB-231 cells are less sensitive to [AAOEt][BA] compared to MCF-7 cells, likely due to their distinct phenotypic and genotypic profiles and differences in oncogenic signalling pathways. Nonetheless, the fact that [LysOEt][BA]2 enhances the cytotoxic activity of BA even in hormone-independent breast cancer cells underscores its therapeutic potential and warrants further investigation, particularly in the context of adjuvant breast cancer therapy.
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1. Introduction


Breast cancer, one of the leading causes of death in women worldwide, is a highly heterogeneous disease. Based on gene expression profiling, it is currently classified into four subtypes: luminal A, luminal B, HER2-positive, and triple-negative. The luminal subtypes are positive for estrogen (ER+) and progesterone (PR+) receptors, whereas HER2-positive and triple-negative breast cancer (TNBC) do not express hormone receptors. The genetic diversity of breast cancer correlates with different responses to treatment, requiring specific targeted therapies based on molecular profiling. There is currently no effective treatment for TNBC, which is the most malignant subtype with a high propensity to metastasize [1,2].



In recent years, investigations regarding the utilization of natural products derived from distinct plant species have tremendously increased in experimental breast cancer therapy due to their potential to affect multiple targets. The latter allows simultaneous inhibition of several signalling pathways associated with proliferation, migration, and invasiveness, enhancing the treatment efficacy [3].



Pentacyclic triterpenoids are a group of plant secondary metabolites consisting of a 30-carbon skeleton organized into five six-membered rings or four six-membered rings and one five-membered ring, which exhibit a wide range of biological activities [4]. In terms of their antitumour activities, they act as activators of programmed cell death in various types of cancer cells by affecting multiple signalling pathways, as demonstrated by numerous in vitro and in vivo studies [5,6]. Betulinic acid (BA) is a lupane-type pentacyclic triterpenoid, which is well-studied for its inhibition of cancer cell proliferation and tumour suppression [7], making it a promising anticancer drug candidate. It exhibits strong anti-breast cancer activity through various mechanisms, including topoisomerase inhibition, induction of reactive oxygen species (ROS), apoptosis via the mitochondrial pathway, and inhibition of the NF-kB signalling pathway, sp transcription factors, and estrogen receptors. BA also shows anti-angiogenic and antimetastatic effects by inhibiting vascular endothelial growth factors and receptors and matrix metalloproteinases 2 and 9 (MMP-2, MMP-9), respectively [8,9]. Furthermore, it has demonstrated synergistic effects with other chemotherapeutics and chemosensitizers in taxol-resistant breast cancer cells [9,10].



Unfortunately, many natural compounds that show great pharmaceutical potential in vitro and in vivo fail in further investigations due to low intestinal absorption and high levels of clearance, resulting in poor bioavailability. The low oral bioavailability is one of the main reasons associated with clinical development failure of approximately 90% of potential drug candidates [11]. If the pharmacokinetic profile is poor, it may be difficult to achieve the dose profile that is required for therapeutic efficacy. Drug–drug interactions and the presence of active metabolites are additional reasons for failure. Therefore, the effective prediction of pharmacokinetic effects is of vital importance in the selection of drug candidates for development. In this respect, the main challenge in using BA as a pharmaceutical is its extremely low water solubility, which is approximately 0.02 µg/mL [12]. This low solubility also leads to inconsistencies in the results of in vitro assays reported in the literature. Moreover, due to its poor water solubility and permeability, it is not easy to prepare oral drug BA-containing formulations [13]. Currently, the only FDA (Food and Drug Administration)-approved drug containing betulinic acid is Filsuvez®, which is used for topical treatment of the rare skin disease Epidermolysis Bullosa [14].



In recent years, scientists have focused on improving the therapeutic effectiveness of drug formulations by enhancing their aqueous solubility through various strategies. For instance, several studies have demonstrated that BA oil-in-water nanoemulsions exhibit high loading efficiencies and increased bioavailability for BA. Moreover, they have shown a slight increase in anti-angiogenic and antitumour activity compared to the free compound [15,16]. Another approach to increase the bioavailability and activity of BA is its inclusion in various particle formulations. For instance, BA spray-dried mucoadhesive microparticle formulations have been reported to show a 3.9-fold increase in the plasma concentration of BA and improved permeability through the gastrointestinal tract [17]. Similarly, a nucleoside analogue of BA (gemcitabine), co-delivered in poly(lactic-co-glycolic acid) (PLGA)-polyethylene glycol (PEG) nanocarriers, demonstrated enhanced activity in an Ehrlich solid tumour model compared to the free drugs [18]. Other attempts to include BA in biopolymer microspheres based on chitosan or microbial cyclic glucan showed only minor effects on loading efficiency for BA (up to 10%) [19,20].



The use of ionic liquids (ILs) in drug formulations offers an innovative approach to overcoming challenges in drug development, such as poor solubility and stability in biological fluids, while enhancing bioavailability. This strategy can also prevent polymorphic conversion, reduce systemic toxicity, and enable new routes of drug administration [21,22]. ILs are organic lipophilic salts capable of interacting with highly hydrophobic drug molecules, thereby improving their poor solubility and facilitating drug passage across cell membranes [23].



Numerous studies have demonstrated that IL formulations combined with various drugs effectively enhance solubility [24]. Different types of ILs, including those based on imidazoles, piperidines, morpholines, choline, amino acids, and fatty acids, have been successfully used in drug crystal engineering and the preparation of drug vesicles such as nanoemulsions, micelles, hydrates, and solvates for oral, injectable, or topical delivery [25,26]. Additionally, converting active pharmaceutical ingredients into salts can improve drug delivery efficacy and pharmacokinetics [25,26]. For example, cholinium-, chloride-, and imidazolium-based ILs and salts have effectively increased the solubility of hydrophobic drugs like the non-steroidal anti-inflammatory drug ibuprofen [27,28]. Solubility-boosting properties of ILs have also been demonstrated in vivo, where choline- and geranic acid-based organic salts of the hydrophobic anticancer drug sorafenib significantly enhanced solubility and oral absorption in rat models compared to the parent drug [29].



Despite over 3000 research papers highlighting the biological activity of BA and showing its potential, particularly in breast cancer treatment, the number of studies on novel BA-based formulations remains surprisingly low. Several studies have shown that the solubility and cytotoxicity of BA can be enhanced through single-site derivatization at positions C-3 or C-19 [30,31]. For example, the introduction of a propargylpyrrolidine moiety at C-3, or a 3,5-dinitrophenylhydrazine moiety at C-3 or C-19, resulted in a 2-fold decrease in the half-maximal inhibitory concentration (IC50) against hormone-dependent breast cancer cells (MCF-7) compared to parent BA [30]. Notably, adding a benzenesulfonyl group at C-3 of BA reduced the IC50 against TNBC cells (MDA-MB-231) by 18-fold [32]. In contrast, skeletal modifications to BA negatively impacted cytotoxicity. Only a few reports have explored improving the solubility and activity of BA by converting it to ILs. BA-ILs containing choline or benzalkonium cation have been the most extensively studied and show enhanced solubility in aqueous media, with a 3- to 5-fold increase in cytotoxicity against MCF-7 cells [33,34,35,36].



Recently, we reported the synthesis and characterization of 15 amino acid ethyl ester salts of betulinic acid ([AAOEt][BA]) [37]. We found that formulations containing polar or charged amino acid cations exhibited improved water solubility compared to BA. Furthermore, some of these salts, particularly [LysOEt][BA]2, with enhanced aqueous solubility, showed remarkable cytotoxic effects on hormone-dependent MCF-7 breast cancer cells, compared to BA alone. This was further confirmed by a loss in heat capacity. Therefore, this study aims to expand the research on the anti-proliferative activity of the same IL formulations on MDA-MB-231, as an in vitro representative of the triple-negative subtype of breast cancer.




2. Materials and Methods


2.1. Materials


Betulinic acid (BA) (≥98%), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from (Sigma-Aldrich, Steinheim, Germany). The tested [AAOEt][BA], namely L-alanine ethyl ester betulinate [AlaOEt][BA]; L-valine ethyl ester betulinate [ValOEt][BA; L-proline ethyl ester betulinate [ProOEt][BA]; L-threonine ethyl ester betulinate [ThrOEt][BA]; L-leucine ethyl ester betulinate [LeuOEt][BA]; L-isoleucine ethyl ester betulinate [IleOEt][BA]; L-aspartic acid ethyl ester betulinate [Asp(OEt)2][BA]; L-methionine ethyl ester betulinate [MetOEt][BA]; L-cysteine ethyl ester betulinate [CysOEt][BA]; L-serine ethyl ester betulinate [SerOEt][BA]; L-phenylalanine ethyl ester betulinate [PheOEt][BA]; L-lysine ethyl ester betulinate [LysOEt][BA]; L-lysine ethyl ester bis(betulinate) [LysOEt][BA]2; L-tryptophan ethyl ester betulinate [TrpOEt][BA]; L-tyrosine ethyl ester betulinate [TyrOEt][BA] were synthesized as described in [37].



The MycoStripTM mycoplasma detection kit was purchased from InvivoGen (Toulouse, France).




2.2. Methods


2.2.1. Cell Culturing


The triple-negative human breast cancer cells MDA-MB-231 were a gift from Prof. Martin Berger, DKFZ, Heidelberg, Germany. Cells were cultured with DMEM supplemented with 10% fetal bovine serum, L-glutamine (2 mM) and penicillin (100 U/mL), streptomycin (100 µg/mL) and amphotericin B (0.25 µg/mL). The cells were maintained in a thermostat at 37 °C and 5% CO2 and were passaged every 2–3 days. Cells were routinely tested for mycoplasma by a MycoStripTM mycoplasma detection kit. Only MDA-MB-231 cells free of mycoplasma contamination were used in all experiments performed.




2.2.2. Viability Assay


The cell viability was analyzed colorimetrically by an MTT assay, measuring metabolic activity and assessing cell proliferation and cytotoxicity [38]. MDA-MB-231 cells were seeded at a density of 5 × 103 cells/mL in 96-well plates. The cells were incubated for 24 h and then were treated with varying concentrations of [AAOEt][BA] (5 µM, 10 µM, 20 µM, 40 µM, 60 µM, 80 µM, 100 µM, and 120 µM). The cytotoxicity was followed for a period of 72 h. Cells treated only with dimethylsulphoxide at a concentration below 1% were used as a negative control. After 72 h treatment, MTT solution with a concentration of 5 mg/mL diluted in PBS 1× was directly added to the wells of 96-well plates and cells were incubated for 3 h in a thermostat. After incubation, the liquid was aspirated and the obtained formazan crystals were dissolved by adding 100 µL of 5% formic acid in iso-propanol. Then, the absorbance was measured immediately at a wavelength of 570 nm by a microplate reader (Tecan Infinite F200 PRO, Mannedorf, Switzerland). Cell viability (%) was estimated as a percentage of the control using the following formula:


% cell viability = OD treated cells/OD control cells × 100











The values of half maximal inhibitory concentration (IC50) were calculated by a non-linear regression analysis using GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA).




2.2.3. Cell Morphology Assessment by Phase Contrast Microscopy


Cell morphology of treated MDA-MB-231 cells with the most effective ionic liquids was performed by inverted phase contrast microscopy (MEIJI, CHUO-KU, Japan) with camera Optikam B1 Digital (Optica, Ponteranica, Italy).




2.2.4. Differential Scanning Calorimetry (DSC) Experiment


MDA-MB-231 cells were seeded in T-150 culture flasks at a density of 2 × 106 cells per flask and grown in complete DMEM for 24 h at 37 °C and 5% CO2. The cancer cells were exposed to BA or [LysOEt][BA]2 at concentrations corresponding to the estimated IC50 for 72 h. The cancer cells were then trypsinized and collected by centrifugation, together with the dead cells floating in the culture medium. The cancer cells were thoughtfully washed with PBS (pH 7.4). For comparison, a DSC experiment was also carried out with non-treated MDA-MB-231. The DSC measurements required about 2 × 107−4 × 107 cells in PBS.



The DSC measurements were performed using a DASM4 (Privalov, BioPribor, Moscow, Russia) built-in, high-sensitivity calorimeter. The measuring cell volume was 0.47 mL to prevent any degassing of the solution, and a constant pressure of 2 atm was applied to the cells. The heating scan of the samples was carried out at a scan rate of 1.0 °C/min in the range of 20 °C to 120 °C. DSC thermograms provide a heat capacity curve as a function of temperature. The sample heating scans showing the thermal denaturation profiles of the native samples were preceded by a baseline run with buffer-filled cells. Each sample solution was reheated after it had cooled down from the first scan. Transitions observed in the first heating were found to be irreversible since they were not observed in the second heating runs. Raw DSC data were corrected by subtracting the second scan from the first one. Corrected calorimetric profiles were normalized to the DNA concentration (determined spectrophotometrically using the extinction coefficient of 0.020 (μg/mL)−1 cm−1 for double-stranded DNA at 260 nm [39]. The obtained calorimetric data were analyzed by the Origin Pro 2018 software package, and the main thermodynamic parameters: transition temperature (Tm), excess heat capacity (cPex) of successive thermal transitions, and total calorimetric enthalpy (ΔH) were determined.






3. Results and Discussion


3.1. Cell Viability of MDA-MB-231 Cells Treated with [AAOEt][BA]


In our recent work, we have shown that some of [AAOEt][BA] exhibit enhanced cytotoxic activity against hormone-dependent MCF-7 breast cancer cells compared to BA [37]. In this study, we further investigated the cytotoxic effects of [AAOEt][BA] on breast cancer, focusing on the highly invasive and hormone-independent MDA-MB-231 cell line. We hypothesize that the ethyl ester modification of AAs (cations) may increase their lipophilicity, thereby facilitating their uptake by breast cancer cells. The increased intracellular concentration of AA may affect the metabolic pathways that cancer cells rely on growth and survival and potentially exert a synergistic antiproliferative effect with BA. All tested [AAOEt][BA] show a dose-dependent decrease in cell proliferation. The ILs with non-polar cations and negatively charged hydrophobic amino acids generally have a cytotoxicity similar to or lower than the parent BA. However, the salts with polar and positively charged hydrophilic AAs showed a slightly higher cytotoxic effect on the TNBC cells. This observation is likely related to the negatively charged cell membrane of MDA-MB-231 cells, which can engage in favourable electrostatic interactions with the positively charged ILs, enhancing their internalization and cytotoxic potential [40].



As shown in Table 1, the estimated IC50 values of the [AAOEt][BA] formulations are between 31 and 109 μM, and most are comparable to that of BA. For BA, the results are consistent with those reported by other authors [41].



As expected, this cell line is less sensitive to the tested ILs than MCF-7 cells, whose IC50 values ranged from 4.8 to 25.7 μM [37]. Indeed, the most prominent anti-proliferative effect on MDA-MB-231 cells was detected after exposure to the polar and positively charged IL ([LysOEt][BA]2 compared to BA). These data are similar to our previous results obtained in MCF-7, although the effect was less pronounced in the TNBC cells. However, in addition to the net positive charge of the ionic liquid, the increased cytotoxicity must also be due to the increased net amount of BA in this IL.




3.2. Morphological Alterations of MDA-MB-231 Cells Treated with [AAOEt][BA]


We analyzed the morphology of MDA-MB-231 cells after exposure to lower (20 µM), around IC50, and above IC50 concentrations of BA or [AAOEt][BA] for 72 h by inverted light microscopy. As shown in the microscopic images (Figure 1), treatment with 20 µM BA and IL formulations with the pronounced cytotoxic effect ([LysOEt][BA] and [LysOEt][BA]2) did not induce significant morphological changes in MDA-MB-231 cells compared to BA. Additionally, no significant changes in cell density were observed in any treated cells compared to the control.



At concentrations close to the IC50 of the compounds, only the cell culture treated with [LysOEt][BA]2 showed a large number of rounded cells, suggesting apoptotic cell death. Increasing the concentration above IC50 (60 µM) exacerbated this process only in the [LysOEt][BA]2 treatment (Figure 1), whereas in the [LysOEt][BA] and BA treatments, the cells retained their typical spreading shape, although their number decreased, indicating inhibited cell proliferation.



In summary, we observed that the MDA-MB-231 cell line is less sensitive to the tested ILs than MCF-7 cells, for which the IC50 values ranged from 4.8 to 25.7 µM [37]. The lower response of the MDA-MB-231 cell line to treatment with natural products (including BA) compared to the hormone-dependent cell line (MCF-7) can be attributed to several factors such as higher expression of drug efflux pumps, lack of estrogen and progesterone receptors, mutational profiles, and metabolic differences [42]. For example, one of the major targets of BA is estrogen receptor signalling, specifically estrogen receptor alpha (ERα), which mediates the proliferative capacity of MCF-7 cells [8,43]. In this context, it is not surprising that the hormone-independent breast cancer cell line MDA-MB-231 is less sensitive to BA treatments. In addition, the observed differences in cytotoxicity could also be attributed to the different status in the two cell lines of p53 tumour suppressor protein, which is also a target of BA [8,44]. The impaired function of p53 in MDA-MB-231 leads to an increase in genomic instability and abnormal mitosis, promoting tumour cell survival and escape from the apoptosis cascade [45], which may explain why BA is unable to induce p53-mediated G1 arrest in these cells [8]. Another known target of BA in cancer cells is aerobic glycolysis by altering Cav-1/NF-κB/c-Myc signalling in MCF-7 and MDA-MB-231 breast cancer cells [46]. The authors found a stronger inhibitory effect of BA on glycolysis in MCF-7 compared to MDA-MB-231. The reduced effect of BA in MDA-MB-231 may be related to the increased level of glycolysis found in this highly invasive cell line, which is associated with impaired mitochondrial function, suppression of apoptosis, and correlates with tumour progression and a high rate of metastasis due to upregulation of genes involved in angiogenesis [47,48].



All these findings support our previous and present study data and suggest that BA exerts a more potent cytotoxic effect in MCF-7 due to its effect on multiple molecular targets, specifically the estrogen receptor and p53 signalling. In contrast, in MDA-MB-231 cells, BA may target alternative signalling pathways. The latter may be one of the possible explanations for the observed lower sensitivity of the hormone-negative breast cancer cells to BA and [AAOEt][BA].




3.3. Calorimetric Analysis of MDA-MB-231 Cells Treated with [AAOEt][BA]


In parallel, we investigated the effect of BA and [LysOEt][BA]2, the most cytotoxic compound, on the thermal denaturation of MDA-MB-231 cells by differential scanning calorimetry (DSC). DSC can provide preliminary information on possible interactions between the cell components (DNA, lipid membrane, cytoplasmic or nuclear matrix proteins, etc.) and the compound [49] and can be potentially used for monitoring the side effects of cancer therapy [50]. Figure 2 displays the DSC thermograms of non-treated MDA-MB-231 cells and cells exposed to BA and [LysOEt][BA]2 for 72 h, at concentrations corresponding to IC50 values.



The DSC profile of non-treated MDA-MB-231 cells shows five endothermic thermal transitions in the temperature range of 30–110 °C (designated as T1 to T5) and three shoulders (Sh1, Sh2, and Sh3) (Figure 2). The DSC curves of the treated cells have similar profiles; however, the first shoulder (Sh1) is missing in the thermogram of MDA-MB-231 treated with [LysOEt][BA]2. The transition temperatures (Tm) and the excess heat capacities for the main peaks are listed in Table 2. The calorimetric enthalpy of the overall cell curve (ΔHcal) and those estimated for the low- (ΔHL) and high- (ΔHH) temperature regions were also determined. Typically, the low-temperature (LT) peaks (up to 72 °C) are attributed to the thermal denaturation of non-chromosomal cellular components, whereas the high-temperature (HT) peaks (above 72 °C) refer to the nuclear structures [49]. Interestingly, we did not observe any significant shifts in the temperature maxima in the DSC curves of the treated cells compared to those of non-treated cells.



On the other hand, we found that treatment with BA or [LysOEt] salt resulted in a remarkable reduction in the excess heat capacity (cPex) of the transition and, consequently, in the total calorimetric enthalpies of the thermogram (Table 2). Although the treatment with [LysOEt][BA]2 displayed the highest cytotoxic effect on MDA-MB-231 cells, it had little influence on the thermograms from a thermodynamic perspective. However, it should be noted that ΔHL for this compound is diminished by more than 20% versus that of untreated cells. For BA-treated cells, the enthalpy change is dropped by more than 40% for both the low- and high-temperature regions compared to the respective values of untreated cells. In particular, the endotherms in the low-temperature region (L) decreased sharply, mostly related to the highly cooperative transition with Tm at ~61 °C and that at ~99 °C in the high-temperature range (H) (Figure 2).



The observed effect may be associated with changes in the cellular structure and metabolism. For example, apoptotic cells are characterized by morphological alterations, including chromatin condensation and cellular shrinkage, which can decrease enthalpy change [51]. On the other hand, a decrease in the enthalpy change may be due to a reduction in cell proliferation, characterized by diminished metabolic activity and changes in the structural dynamics of cellular components, including proteins and membranes [52]. Recent studies have confirmed that some anticancer drugs, including those obtained from medicinal plants, conventional chemotherapeutics, etc., can alter the thermal properties of the membrane lipid bilayer, including the phase transition enthalpy and/or the lipid domains organization, fluidity, or elasticity of cell membranes [53,54,55]. Compared to the effect observed in our previous study for MCF-7 cells, the lower impact of BA and the tested ILs on the thermodynamic profile of MDA-MB-231 cells is consistent with their lower cytotoxicity. Although [LysOEt][BA]2 exhibited slightly higher cytotoxicity than BA, the effect is probably not high enough and, therefore, changes in the stability of biomolecules may be difficult to detect.



Multiple factors of metabolic, genetic, and epigenetic origin contribute to the multidrug resistance of MDA-MB-231 cells, making them less responsive to treatment regimens [56]. A widely explored strategy to overcome this resistance in TNBC cells is to increase their sensitivity using natural products that target multiple oncogenic pathways [3,5,57,58]. An example of such a natural product would be BA in an ionic liquid formulation. Our findings suggest that L-lysine esters allow conjugation with double amounts of BA, enhance BA activity, and improve its aqueous solubility, which is probably the reason for the observed higher cytotoxic effect of [LysOEt][BA]2 towards MDA-MB-231 cells. The increased activity of this salt could also be explained by electrostatic interactions of the charged AA cation with the phospholipid membrane of the cells, causing membrane deformations or sensing of membrane potentials, effects widely studied in model systems regarding the interactions of cells with charged AAs [59]. Consequently, the cell membrane damage disturbs homeostasis by significantly increasing intracellular calcium concentrations, activating proteolysis, and inducing osmotic stress. All these molecular events at the end lead to cell death [60]. Unfortunately, the IC50 of [LysOEt][BA]2 for normal human mammary epithelial cells, found in our previous study [37], was lower than IC50 of MDA-MB-231 cells. Therefore, these findings could restrain the use of [LysOEt][BA]2 in further potential treatment of TNBC, due to possible toxic effects to normal cells. However, BA is found to sensitize breast cancer cells to several chemotherapeutics [5,58]. Hence, the response of normal and triple negative breast cancer cells to a low-dose combination of [LysOEt][BA]2 and other anticancer drugs is worth further analysis.





4. Conclusions


In conclusion, our results indicate that the hormone-independent breast cancer cells, MDA-MB-231, are less sensitive to the amino acid ethyl ester betulinates [AAOEt][BA], compared to the hormone-dependent breast cancer cells (MCF-7) obtained in our previous study. These results are also confirmed by DSC analysis showing a lower impact of BA and [AAOEt][BA] on the MDA-MB-231 thermodynamic profile. These findings suggest that BA and its IL formulations provoke differential responses in breast cancer cell subtypes due to their phenotypic and genotypic differences, resulting in the activation of distinct oncogenic pathways. However, similar to our previous work, the IL formulation based on the polar and positively charged lysine, [LysOEt][BA]2, enhances the sensitivity of MDA-MB-231 to BA and exhibits a higher cytotoxicity. The latter is probably due to the increased activity of the double amount of BA and its improved water solubility, allowing intracellular distribution of the active compound. The effect might also be promoted by disruption of cell membranes as a result of their interactions with the charged amino acid. Further studies investigating the sensitizing effect of ILs on the basis of AAs and BA on hormone-independent breast cancer cells to other therapeutic drugs would be of great importance.







Author Contributions


Conceptualization, P.O.-R. and M.G.; methodology, S.A., R.T. and S.T.; formal analysis, S.A., I.G., J.K. and S.T.; investigation, S.A., I.G., P.O.-R., R.T. and M.G.; writing—original draft preparation, M.G.; writing—review and editing, S.A., P.O.-R., R.T., S.T. and M.G.; visualization, S.A. and S.T.; project administration, M.G.; funding acquisition, M.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Bulgarian National Science Fund, grant number KP-06-H69/2.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in this study are included in the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Polyak, K. Heterogeneity in breast cancer. J. Clin. Investig. 2011, 121, 3786–3788. [Google Scholar] [CrossRef] [PubMed]

	



Orrantia-Borunda, E.; Anchondo-Nuñez, P.; Acuña-Aguilar, L.E.; Gómez-Valles, F.O.; Valdespino, C.A.R. Subtypes of Breast Cancer. In Breast Cancer; Mayrovitz, H.N., Ed.; Exon Publications: Brisbane, Australia, 2022; Chapter 3. Available online: https://www.ncbi.nlm.nih.gov/books/NBK583808/ (accessed on 19 September 2024). [CrossRef]

	



Zhang, J.; Wu, Y.; Li, Y.; Li, S.; Liu, J.; Yang, X.; Xia, G.; Wang, G. Natural products and derivatives for breast cancer treatment: From drug discovery to molecular mechanism. Phytomedicine 2024, 129, 155600. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, J.; Li, L.; Song, W.; Li, M.; Hua, X.; Wang, Y.; Yuan, J.; Xue, Z. Natural products of pentacyclic triterpenoids: From discovery to heterologous biosynthesis. Nat. Prod. Rep. 2023, 40, 1303–1353. [Google Scholar] [CrossRef]

	



Yadav, V.R.; Prasad, S.; Sung, B.; Kannappan, R.; Aggarwal, B.B. Targeting inflammatory pathways by triterpenoids for prevention and treatment of cancer. Toxins 2010, 2, 2428–2466. [Google Scholar] [CrossRef] [PubMed]

	



Aly, S.H.; Elbadry, A.M.M.; Doghish, A.S.; El-Nashar, H.A.S. Unveiling the pharmacological potential of plant triterpenoids in breast cancer management: An updated review. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2024, 397, 5571–5596. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Li, X.; Dong, S.; Zhou, W. Betulinic acid in the treatment of tumour diseases: Application and research progress. Biomed. Pharmacother. 2021, 142, 111990. [Google Scholar] [CrossRef] [PubMed]

	



Luo, R.; Fang, D.; Chu, P.; Wu, H.; Zhang, Z.; Tang, Z. Multiple molecular targets in breast cancer therapy by betulinic acid. Biomed. Pharmacother. 2016, 84, 1321–1330. [Google Scholar] [CrossRef]

	



Mu, H.; Sun, Y.; Yuan, B.; Wang, Y. Betulinic acid in the treatment of breast cancer: Application and mechanism progress. Fitoterapia 2023, 169, 105617. [Google Scholar] [CrossRef]

	



Cai, Y.; Zheng, Y.; Gu, J.; Wang, S.; Wang, N.; Yang, B.; Zhang, F.; Wang, D.; Fu, W.; Wang, Z. Betulinic acid chemosensitizes breast cancer by triggering ER stress-mediated apoptosis by directly targeting GRP78. Cell Death Dis. 2018, 9, 636. [Google Scholar] [CrossRef] [PubMed]

	



Sun, D.; Gao, W.; Hu, H.; Zhou, S. Why 90% of clinical drug development fails and how to improve it? Acta Pharm. Sin. B 2022, 12, 3049–3062. [Google Scholar] [CrossRef]

	



Wang, H.M.; Şoica, C.M.; Wenz, G.A. Comparison investigation on the solubilization of betulin and betulinic acid in cyclodextrin derivatives. Nat. Prod. Commun. 2012, 7, 289–291. [Google Scholar] [CrossRef] [PubMed]

	



Rajendran, P.; Jaggi, M.; Singh, M.K.; Mukherjee, R.; Burman, A.C. Pharmacological evaluation of C-3 modified Betulinic acid derivatives with potent anticancer activity. Investig. New Drugs 2008, 26, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Available online: https://www.drugs.com/history/filsuvez.html (accessed on 19 September 2024).

	



Dehelean, C.A.; Feflea, S.; Ganta, S.; Amiji, M. Anti-angiogenic effects of betulinic acid administered in nanoemulsion formulation using chorioallantoic membrane assay. J. Biomed. Nanotechnol. 2011, 7, 317–324. [Google Scholar] [CrossRef] [PubMed]

	



Ochoa-Rodríguez, L.R.; Bravo-Alfaro, D.A.; Treviño-Quintanilla, C.D.; Esperon-Rojas, A.A.; Ochoa-Flores, A.A.; Mauricio, A.; Gómez-Lim, M.A.; Medina-Torres, L.; Luna-Bárcenas, G.; García, H.S. Enhanced Bioavailability of Betulinic Acid Through the Utilization of Low-Energy Nanoemulsions with Fish Oil. 2024. Available online: https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4717706 (accessed on 29 December 2024).

	



Godugu, C.; Patel, A.R.; Doddapaneni, R.; Somagoni, J.; Singh, M. Approaches to improve the oral bioavailability and effects of novel anticancer drugs berberine and betulinic acid. PLoS ONE 2014, 9, e89919. [Google Scholar] [CrossRef] [PubMed]

	



Saneja, A.; Kumar, R.; Mintoo, M.J.; Dubey, R.D.; Sangwan, P.L.; Mondhe, D.M.; Panda, A.K.; Gupta, P.N. Gemcitabine and betulinic acid co-encapsulated PLGA-PEG polymer nanoparticles for improved efficacy of cancer chemotherapy. Mater. Sci. Eng. C 2019, 98, 764–771. [Google Scholar] [CrossRef]

	



Zhou, H.R.; Fang, X.J.; Lv, J.; Wang, D.X. Preparation and release kinetics of betulinic acid/CS drug-loaded microspheres. In MATEC Web of Conferences; EDP Sciences: Les Ulis, France, 2016; Volume 63, p. 03008. [Google Scholar] [CrossRef]

	



Kambhampati, N.S.V.; Kar, S.; Pinnepalli, S.S.K.; Chelli, J.; Doble, M. Microbial cyclic β-(1→3), (1→6)-glucans as potential drug carriers: Interaction studies between cyclic β-glucans isolated from Bradyrhizobium japonicum and betulinic acid. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 203, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Zhuo, Y.; Cheng, H.-L.; Zhao, Y.-G.; Cui, H.-R. Ionic Liquids in pharmaceutical and biomedical applications: A review. Pharmaceutics 2024, 16, 151. [Google Scholar] [CrossRef]

	



Liu, C.; Bin, C.; Shi, W.; Huang, W.; Qian, H. Ionic liquids for enhanced drug delivery: Recent progress and prevailing challenges. Mol. Pharm. 2022, 19, 1033–1046. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.; Zhou, N.; Wu, J.; Yin, T.; Jia, Y. Ionic liquids as effective additives to enhance the solubility and permeation for puerarin and ferulic acid. RSC Adv. 2022, 12, 3416–3422. [Google Scholar] [CrossRef]

	



Curreri, A.M.; Mitragotri, S.; Tanner, E.E.L. Recent advances in ionic liquids in biomedicine. Adv. Sci. 2021, 8, e2004819. [Google Scholar] [CrossRef] [PubMed]

	



Moshikur, R.M.; Carrier, R.L.; Moniruzzaman, M.; Goto, M. Recent advances in biocompatible ionic liquids in drug formulation and delivery. Pharmaceutics 2023, 15, 1179. [Google Scholar] [CrossRef]

	



Shukla, M.K.; Tiwari, H.; Verma, R.; Dong, W.-L.; Azizov, S.; Kumar, B.; Pandey, S.; Kumar, D. Role and recent advancements of ionic liquids in drug delivery systems. Pharmaceutics 2023, 15, 702. [Google Scholar] [CrossRef] [PubMed]

	



Sintra, T.E.; Shimizu, K.; Ventura, S.P.; Shimizu, S.; Lopes, J.N.; Coutinho, J. Enhanced dissolution of ibuprofen using ionic liquids as catanionic hydrotropes. Phys. Chem. Chem. Phys. 2018, 20, 2094–2103. [Google Scholar] [CrossRef] [PubMed]

	



Chantereau, G.; Sharma, M.; Abednejad, A.S.; Neves, B.M.; Sèbe, G.; Coma, V.; Freire, M.G.; Freire, C.S.; Silvestre, A.J. Design of nonsteroidal anti-inflammatory drug-based ionic liquids with improved water solubility and drug delivery. ACS Sustain. Chem. Eng. 2019, 7, 14126–14134. [Google Scholar] [CrossRef]

	



Shi, Y.; Zhao, Z.; Gao, Y.; Pan, D.C.; Salinas, A.K.; Tanner, E.E.L.; Guo, J.; Mitragotri, S. Oral delivery of sorafenib through spontaneous formation of ionic liquid nanocomplexes. J. Control. Release 2020, 322, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.-M.; Xu, H.-G.; Wang, L.; Li, Y.-J.; Sun, P.-H.; Wu, X.-M.; Wang, G.-J.; Chen, W.-M.; Ye, W.-C. Betulinic acid and its derivatives as potential antitumor agents. Med. Res. Rev. 2015, 35, 1127–1155. [Google Scholar] [CrossRef] [PubMed]

	



Salvador, J.A.R.; Leal, A.S.; Alho, D.P.S.; Gonçalves, B.M.F.; Valdeira, A.S.; Mendes, V.I.S.; Jing, Y. Chapter 2. Highlights of pentacyclic triterpenoids in the cancer settings. Stud. Nat. Prod. Chem. 2014, 41, 33–73. [Google Scholar] [CrossRef]

	



Bar, F.M.A.; Khanfar, M.A.; Elnagar, A.Y.; Liu, H.; Zaghloul, A.M.; Badria, F.A.; Sylvester, P.W.; Ahmad, K.F.; Raisch, K.P.; El Sayed, K.A. Rational design and semisynthesis of betulinic acid analogues as potent topoisomerase inhibitors. J. Nat. Prod. 2009, 72, 1643–1650. [Google Scholar] [CrossRef] [PubMed]

	



Suresh, C.; Zhao, H.; Gumbs, A.; Chetty, C.S.; Bose, H.S. New ionic derivatives of betulinic acid as highly potent anti-cancer agents. Bioorg. Med. Chem. Lett. 2012, 22, 1734–1738. [Google Scholar] [CrossRef]

	



Zhao, H.; Holmes, S.S.; Baker, G.A.; Challa, S.; Bose, H.S.; Song, Z. Ionic derivatives of betulinic acid as novel HIV-1 protease inhibitors. J. Enzym. Inhib. Med. Chem. 2011, 27, 715–721. [Google Scholar] [CrossRef]

	



Visalli, R.J.; Ziobrowski, H.; Badri, K.R.; He, J.J.; Zhang, X.; Arumugam, S.R.; Zhao, H. Ionic derivatives of betulinic acid exhibit antiviral activity against herpes simplex virus type-2 (HSV-2), but not HIV-1 reverse transcriptase. Bioorg. Med. Chem. Lett. 2015, 25, 3168–3171. [Google Scholar] [CrossRef]

	



Phillips, J.; Phillips, I.; Enya, B.; Zhao, H.; Nitta, T. Effect of betulinic acid and its ionic derivatives on M-MuLV replication. Biochem. Biophys. Res. Commun. 2018, 500, 365–369. [Google Scholar] [CrossRef] [PubMed]

	



Ossowicz-Rupniewska, P.; Klebeko, J.; Georgieva, I.; Apostolova, S.; Struk, Ł.; Todinova, S.; Tzoneva, R.D.; Guncheva, M. Tuning of the anti-breast cancer activity of betulinic acid via its conversion to ionic liquids. Pharmaceutics 2024, 16, 496. [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] [PubMed]

	



Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2001; Volume 1. [Google Scholar]

	



Li, B.; Lane, L.A. Probing the biological obstacles of nanomedicine with gold nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1542. [Google Scholar] [CrossRef] [PubMed]

	



Qi, X.; Gao, C.; Yin, C.; Fan, J.; Wu, X.; Guo, C. Improved anticancer activity of betulinic acid on breast cancer through a grafted copolymer-based micelles system. Drug Deliv. 2021, 28, 1962–1971. [Google Scholar] [CrossRef]

	



Dai, X.; Xiang, L.; Li, T.; Bai, Z. Cancer hallmarks, biomarkers and breast cancer molecular subtypes. J. Cancer 2016, 7, 1281–1294. [Google Scholar] [CrossRef]

	



Kim, H.I.; Quan, F.S.; Kim, J.E.; Lee, N.R.; Kim, H.J.; Jo, S.J.; Lee, C.M.; Jang, D.S.; Inn, K.S. Inhibition of estrogen signaling through depletion of estrogen receptor alpha by ursolic acid and betulinic acid from Prunella vulgaris var. lilacina. Biochem. Biophys. Res. Commun. 2014, 451, 282–287. [Google Scholar] [CrossRef] [PubMed]

	



Foo, J.B.; Saiful Yazan, L.; Tor, Y.S.; Wibowo, A.; Ismail, N.; How, C.W.; Armania, N.; Loh, S.P.; Ismail, I.S.; Cheah, Y.K.; et al. Induction of cell cycle arrest and apoptosis by betulinic acid-rich fraction from Dillenia suffruticosa root in MCF-7 cells involved p53/p21 and mitochondrial signalling pathway. J. Ethnopharmacol. 2015, 166, 270–278. [Google Scholar] [CrossRef]

	



Lim, L.Y.; Vidnovic, N.; Ellisen, L.W.; Leong, C.O. Mutant p53 mediates survival of breast cancer cells. Br. J. Cancer 2009, 101, 1606–1612. [Google Scholar] [CrossRef]

	



Jiao, L.; Wang, S.; Zheng, Y.; Wang, N.; Yang, B.; Wang, D.; Yang, D.; Mei, W.; Zhao, Z.; Wang, Z. Betulinic acid suppresses breast cancer aerobic glycolysis via caveolin-1/NF-κB/c-Myc pathway. Biochem. Pharmacol. 2019, 161, 149–162. [Google Scholar] [CrossRef] [PubMed]

	



San-Millan, I.; Martinez, J.L.; Pickard, S.L.; Yu, H.; Hirsch, F.R.; Rivard, C.J.; Brooks, G.A. Role of lactate in the regulation of transcriptional activity of breast cancer-related genes and epithelial-to-mesenchymal transition proteins: A compassion of MCF7 and MDA-MB-231 cancer cell lines. bioRxiv 2023. [Google Scholar] [CrossRef]

	



Zhou, D.; Duan, Z.; Li, Z.; Ge, F.; Wei, R.; Kong, L. The significance of glycolysis in tumor progression and its relationship with the tumor microenvironment. Front. Pharmacol. 2022, 13, 1091779. [Google Scholar] [CrossRef] [PubMed]

	



Todinova, S.; Nikolova, B.; Iliev, I.; Semkova, S.; Krumova, S.; Taneva, S.G. Thermodynamic behavior of breast cancer cell lines after miltefosine and cisplatin treatment. J. Therm. Anal. Calorim. 2022, 147, 7819–7828. [Google Scholar] [CrossRef]

	



Farkas, P.; Könczöl, F.; Lőrinczy, D. Monitoring the side effects with DSC caused by cyclophosphamide treatment. J. Therm. Anal. Calorim. 2020, 142, 765–770. [Google Scholar] [CrossRef]

	



Saraste, A.; Pulkki, K. Morphologic and biochemical hallmarks of apoptosis. Cardiovasc. Res. 2000, 45, 528–537. [Google Scholar] [CrossRef] [PubMed]

	



McGuinness, S.M.; Roess, D.A.; Barisas, B.G. Acute toxicity effects of mercury and other heavy metals on HeLa cells and human lymphocytes evaluated via microcalorimetry. Thermochim. Acta 1990, 172, 131–145. [Google Scholar] [CrossRef]

	



Zambrano, P.; Manrique-Moreno, M.; Petit, K.; Colina, J.R.; Jemiola-Rzeminska, M.; Suwalsky, M.; Strzalka, K. Differential scanning calorimetry in drug-membrane interactions. Biochem. Biophys. Res. Commun. 2024, 709, 149806. [Google Scholar] [CrossRef]

	



Alves, A.C.; Ribeiro, D.; Nunes, C.; Reis, S. Biophysics in cancer: The relevance of drug-membrane interaction studies. Biochim. Biophys. Acta Biomembr. 2016, 1858, 2231–2244. [Google Scholar] [CrossRef]

	



Kumari, P.; Pillai, V.V.; Benedetto, A. Mechanisms of action of ionic liquids on living cells: The state of the art. Biophys. Rev. 2020, 12, 1187–1215. [Google Scholar] [CrossRef] [PubMed]

	



Salemme, V.; Centonze, G.; Avalle, L.; Natalini, D.; Piccolantonio, A.; Arina, P.; Morellato, A.; Ala, U.; Taverna, D.; Turco, E.; et al. The role of tumor microenvironment in drug resistance: Emerging technologies to unravel breast cancer heterogeneity. Front. Oncol. 2023, 13, 1170264. [Google Scholar] [CrossRef] [PubMed]

	



Dewi, C.; Fristiohady, A.; Amalia, R.; Khairul Ikram, N.K.; Ibrahim, S.; Muchtaridi, M. Signaling pathways and natural compounds in triple-negative breast cancer cell line. Molecules 2022, 27, 3661. [Google Scholar] [CrossRef] [PubMed]

	



Król, S.K.; Kiełbus, M.; Rivero-Müller, A.; Stepulak, A. Comprehensive review on betulin as a potent anticancer agent. Biomed. Res. Int. 2015, 2015, 584189. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Vorobyov, I.; Allen, T.W. The different interactions of lysine and arginine side chains with lipid membranes. J. Phys. Chem. B 2013, 117, 11906–11920. [Google Scholar] [CrossRef] [PubMed]

	



Dias, C.; Nylandsted, J. Plasma membrane integrity in health and disease: Significance and therapeutic potential. Cell Discov. 2021, 7, 4. [Google Scholar] [CrossRef] [PubMed]








[image: Sci 07 00002 g001] 





Figure 1. Phase contrast images of MDA-MB231 exposed to BA, [LysOEt][BA], and [LysOEt][BA]2 with 20 µM, 40 µM, and 60 µM concentrations for 72 h. Images were taken at 10× magnification. 
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Figure 2. DSC curves of non-treated MDA-MB-231 cells (black) (control) and MDA-MB-231 cells treated for 72 h with BA (red) or [LysOEt][BA]2 (blue). The successive transitions in the control curve are denoted by T1–T5 and the shoulders by Sh1, Sh2, and Sh3. Representative curves from each condition were obtained from two independent experiments. 
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Table 1. IC50 values of BA and [AAOEt][BA] in MDA-MB-231 cells.
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	Compound
	IC50 (µM); 72 h





	[BA]
	42.96 ± 0.56



	[ValOEt][BA]
	45.12 ± 5.74



	[ProOEt][BA]
	61.53 ± 3.65 *



	[ThrOEt][BA]
	109.1 ± 13.59 *



	[LeuOEt][BA]
	49.34 ± 4.63



	[IleOEt][BA]
	52.30 ± 4.32



	[Asp(OEt)2][BA]
	46.10 ± 11.75



	[MetOEt][BA]
	66.21 ± 1.08 **



	[AlaOEt][BA]
	41.23 ± 5.62



	[CysOEt][BA]
	39.50 ± 0.36 *



	[SerOE