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Abstract

:

Studies were performed for the first time on the effect of Iscador Qu and Iscador M on phototoxicity, cytotoxicity, antiproliferative activity, changes in ξ-potential of cells, membrane lipid order, actin cytoskeleton organization and migration on three breast cancer lines with different metastatic potential: MCF10A (control), MCF-7 (low metastatic) and MDA-MB231 (high metastatic) cells. The tested Iscador Qu and M did not show any phototoxicity. The antiproliferative effect of Iscador species appeared to be dose-dependent and was related to the metastatic potential of the tested cell lines. A higher selectivity index was obtained for Iscador Qu and M towards the low metastatic MCF-7 cell line compared to the high metastatic MDA-MB-231. Iscador Qu demonstrated higher selectivity for both cancer cell lines compared to Iscador M. The malignant cell lines exhibited a decrease in fibril number and thickness regardless of the type of Iscador used. The strongest effect on migration potential was observed for the low metastatic cancer cell line MCF-7 after Iscador treatment. Both Iscador species induced a slight increase in the percentage of cells in early apoptosis for the low and high metastatic cell lines, MCF-7 and MDA-MB-231, unlike control cells. Changes in the zeta potential and membrane lipid order were observed for the low metastatic MCF-7 cell line in contrast to the high metastatic MDA-MB-231 cells. The presented results reveal a higher potential of Iscador as an antitumor agent for the low metastatic cancer cell line MCF-7 compared to the high metastatic one. Iscador Qu appears to be more potent compared to Iscador M, but at this point, the exact mechanism of action is still unclear and needs further investigations.
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1. Introduction


Early diagnosis and treatment of breast tumors have undergone rapid progress in the recent years, and yet they remain the most frequent cancer among women and a leading cause of mortality [1,2,3]. Breast cancer is heterogeneous group of genetically predisposed diseases with diverse clinical futures [4,5]. Classification of breast cancer could be done into five subtypes: luminal A, luminal B, HER2, basal and normal [6,7]. Each subtype has a different prognosis and response to antitumor treatment.



Significant research effort is focused on the causes of breast cancer onset and the mechanisms of progression aiming at development of new clinical protocols with lower overall toxicity to healthy tissues. The main conventional method of treating breast cancer remains chemotherapy, despite the low selectivity of the drugs used, thus affecting and damaging both a high percentage of healthy cells and the target cancer cells.



The demand for drugs with higher efficacy and lower side effects, mainly from natural sources such as plants, has grown exponentially in recent years. Plants produce a wide range of chemical compounds called secondary metabolites in response to stress. Secondary metabolites exhibit therapeutic effects on human health such as anti-inflammatory, anticancer, antibacterial, antiviral, antioxidant among others [8].



Mistletoe (Viscum album L.) from the Santalaceae family is an evergreen, perennial, hemiparasitic plant that absorbs water and nutrients from the host tree. The importance of V. album is related to its pharmacological effects such as anticarcinogenic [9,10] antidiabetic, antioxidant [11], blood pressure-lowering [12], sedative [13], antibacterial [14], antiviral [15], pro-apoptotic [16], immunomodulatory [17] and cytotoxic [18] proved by many studies [19]. The variety of therapeutic applications results from the rich chemical composition of Viscum species, which largely depend on the host species. The mistletoe plants growing on different host trees determine the type of mistletoe extract like oak for Iscador Qu and apple for Iscador M. Lectins, viscotoxins, flavonoids, phenolic acids, sterols, lignans, terpenoids, phenylpropanoids, alkaloids and fatty acids are among the active components in the mistletoe extract [20]. Cytotoxic glycoproteins, the mistletoe lectins, are considered as the most active component of mistletoe extracts. It is suggested that the antitumor properties of mistletoe extracts originates from lectins which are able to stimulate effector cells of the innate and adaptive immune system such as dendritic cells, macrophages, natural killer cells, as well as B and T lymphocytes [21,22]. Moreover, lectins show direct growth inhibition and cell death induction in tumor cells by causing apoptosis or direct necrotic effects [23,24,25,26].



Mistletoe has been used as complementary anticancer therapy for more than 50 years in German-speaking countries [27]. At present the standardized extracts from the white mistletoe plant are the most promising as additional drug therapy and are used among patients with various types of cancer. The complementarity of the therapy can be applied as adjuvant before, during or after chemotherapy. Mistletoe extract treatment against breast cancer has been recommended due to its minimal side effects [28].



The main compounds with anticancer activity isolated from Viscum species are lectins [29] and viscotoxins [30]. However, it has been reported that Mistletoe extract is more potent comparing isolated components from the extract [31]. Despite promising results presented in several clinical trials and biological studies [16,32,33], little is known about the exact mechanism of action of mistletoe extracts on cancer cells. As the plasma membrane is the first target of drugs it is important to analyze the interaction of the extract with plasma membranes of different types of cancer cell lines depending on their metastatic potential. Basic physicochemical and biophysical characteristics of the plasma membrane such as lipid order and membrane potential are starting point for elucidating the mechanism of drug-cell interaction, drug-cell penetration and, accordingly, the mechanism of drug cytotoxicity. It is of utmost importance to establish the interaction of the Mistletoe extract with the actin cytoskeleton, which is assumed to be involved in a number of regulatory processes, affecting cell shape, motility, transport, interactions with the environment, and metastatic potential of cancer cells.



The goal of this study is to assess and compare the antitumor activity of two types of white Mistletoe extract, Iscador Qu and Iscador M, on a model of breast cancer composed of three human lines with different metastatic potential: the non-tumorigenic MCF-10A; and two cancerous cell lines with different metastatic potential MCF-7 and MDA-MB231.



The specific interactions of Iscador Qu and Iscador M with three cell lines will be characterised by zeta potential and membrane lipid order measurements. Furthermore, the changes in actin cytoskeleton and migration potential will be compared between studied cell lines and both extracts. A correlation between electrical, membrane, cytoskeleton changes and cytotoxicity induced by Mistletoe extracts on the three cell lines will be done to suggest a possible mechanism of action of both drugs separately. These data will reveal which type of Iscador is more potent as a drug against breast cancer cells in vitro and will shed more light on the mechanisms of drug resistance in high metastatic MDA-MB231 cell line.




2. Results


2.1. Cyto- and Photo-Toxicity


Exposure to daylight can convert some organic compounds to phototoxins due to changes in the energy state or molecular degradation. The evaluation of phototoxicity is an indicator of the photostability of the extracts as well as evidence that their effect on cell viability is due to cytotoxicity alone and not phototoxicity.



Iscador M and Qu white mistletoe extract was investigated by phototoxicity test on BALB 3T3/23 clone A31 (mouse embryonic fibroblasts) cell line. The Neutral Red Reduction (NRU) test is based on comparison of the cytotoxicity of Iscador M and Qu in the presence and absence of non-cytotoxic exposure to UVA/vis light. BALB 3T3 cells were treated with Iscador M and Qu separately in a wide concentration range from 0 to 4000 µg/mL. The obtained results are shown in Figure 1.



The results of cytotoxicity and phototoxicity studies showed that the effect of Iscador Qu on the BALB 3T3/23 cell line is dose-dependent. The tested substance does not show phototoxicity, as the cytotoxicity and phototoxicity curves as a function of Iscador Qu concentration did not differ by more than 10%. This makes Iscador substances suitable for subsequent experiments to establish the antiproliferative activity of plant extracts isolated from white mistletoe with trade names Iscador Qu and Iscador M.




2.2. Antiproliferative Activity of Iscador Qu and Iscador M


To investigate the antiproliferative activity, two cancer lines differing in their metastatic potential, MCF-7 (low metastatic) and MDA-MB-231 (high metastatic), and a non-tumorigenic epithelial line MCF-10A were tested. Iscador Qu and Iscador M were used in a wide concentration range from 0 to 1000 µg/mL (Figure 2).



Cell survival of all studied cell lines was measured after 72 h. Antiproliferative activity as a function of drug concentration produced typical sigmoidal curves. The IC50 values of Iscador Qu and Iscador M on MCF-7 and MDA-MB-231 were calculated and are presented in Figure 3B. Iscador Qu showed stronger antiproliferative activity compared to Iscador M. Iscador M reached 50% antiproliferative effect at two-fold higher concentrations compared to Iscador Qu, which was observed for the three cell lines studied. The lowest Iscador Qu concentration at which antiproliferative activity was detected was IC50 = 40.47 μg/mL, which was found for the MCF-7 cell line.



All IC50 values for the cancer cell lines (MCF-7 and MDA-MB-231) were lower compared to the control non-cancer cell line (MCF-10). This implies that Iscador Qu and Iscador M are less cytotoxic to non-tumorigenic cells than to cancer cell lines (Figure 3B).




2.3. Selectivity of Iscador Qu and Iscador M to Malignant Cells


To calculate the selectivity index (SI), the IC50 data were used. The SI represents the potential of a given substance to be used as an antitumor medication. The following formula was used for SI calculations:


  SI    (  s e l e c t i v i t y   i n d e x  )  =     IC   50   n o n c a n c e r   c e l l s       IC   50   c a n c e r   c e l l s      











Based on the results presented in Table 1, both Iscador Qu and Iscador M can be defined as substances with selectivity towards cancer cells. From two to three-fold higher SI was obtained for both Iscadors, Qu and M, towards the low metastatic MCF-7 cell line compared to the high metastatic MDA-MB-231 one. Iscador Qu demonstrated higher selectivity compared to Iscador M towards both cancer cell lines. The highest SI (7.69) was obtained for Iscador Qu towards MCF-7 cell line.




2.4. Changes in Membrane Lipid Order of the Studied Cell Lines under Iscador Treatment


First step in this part of the study was determination of the membrane lipid order of the non-treated cells. Laurdan spectra of the three cell lines are presented in Figure 4A. Laurdan emission shifts to the longer wavelengths for malignant cell lines compared to non-cancerous MCF-10A, which clearly implies lipid order decrease in the cancer cell membranes. The difference between the control cell line spectrum (MCF-10A) and the tumorigenic ones is well pronounced whereas the difference in spectra between MCF-7 and MDA-MB-231 is less distinct (Figure 4B). Three independent experiments were performed with six measurements per experiment which provides an average spectrum from 18 measurements per cell line. Such design of experiments allows to perform statistical analysis of the obtained GP values, in particular to distinguish the lipid order of the malignant cell lines. The GP values of the three cell lines are presented in Figure 5 showing that they vary from 0.4 to 0.6. These GP values, i.e., membrane lipid orders, are characteristic for liquid-ordered membranes. A statistically significant difference in GP values was found for the three cell lines. The membranes of MCF-10A were most ordered, whereas the tumorigenic MCF-7 and MDA-MB-231 were less ordered. The calculated GP values for malignant cells confirm the literature reports that membranes of malignant cells are more fluid compared to the membrane of non-cancerous cells. The high metastatic cell line MDA-MB-231 showed a higher lipid order compared to the low metastatic MCF-7, possibly due to the higher cholesterol content found in MDA-MB-231 line compared to MCF-7 [34].



To investigate changes in membrane lipid order after Iscador treatment, we selected two different concentrations for each cell line, IC50 and a lower one. These were 100 µg/mL and 50 µg/mL for MCF-10A, 40 µg/mL and 20 µg/mL for MCF-7, and 80 µg/mL and 40 µg/mL for MDA-MB-231. Iscador was able to affect the lipid order of the cell membranes of non-cancer cells (Figure 5). Statistically significant differences were observed between treated and non-treated MCF-10A cells at the higher concentration of Iscador Qu (100 µg/mL) and at both tested concentrations of Iscador M (50 µg/mL and 100 µg/mL) (Figure 5A). At these concentrations, Iscador was able to increase the membrane lipid order of MCF-10A cells.



The hormone-dependent cell line MCF-7 responded to the treatment with the higher concentration of Iscador (40 µg/mL) (Figure 5B). The GP values of Iscador Qu treatment were lower relative to the untreated control, indicating that this concentration had a disordering effect on the cell membranes, whereas the opposite effect was observed for Iscador M treatment (Figure 5B), similar to the changes in the MCF-10A cell line where IC50 is much higher. In the triple negative cell line MDA-MB-231, after Iscador Qu or Iscador M treatment, no statistically significant differences in the membrane lipid order were observed (Figure 5C) at the two studied concentrations.




2.5. Changes in ζ-Potential of the Studied Cell Lines under Iscador Treatment


Iscador Qu or M treatment of tumorigenic and non-tumorigenic cell lines demonstrated that both types of Iscador did not affect the ζ-potential of MCF-10A and MDA-MB-231 cell lines (Figure 6). In contrast, the applied statistical analysis distinguished the changes in ζ-potential of treated from non-treated MCF-7 cells with p < 0.05. The Iscador- treated cells exhibited more negative values of the potential, as shown in Figure 6. Furthermore, the effect of Iscador Qu treatment was higher compared to Iscador M (Figure 6) as the ζ-potential values shifted to higher negative ones. The observed changes in ζ-potential values of the treated cell lines with Iscador (Qu and M) were in accordance with the established antiproliferative activity rank of the studied cell lines: MCF-7 > MDA-MB-231 > MCF-10A. The lowest IC50 value was found for Iscador Qu-treated MCF-7 cells (IC50 = 40.47 ± 3.11), which corresponds to the largest ζ-potential decrease versus Iscador M-treated ones at the same concentration (Figure 6).




2.6. Effect of Iscador Qu and Iscador M on Actin Cytoskeleton Organization and Migration


Actin Cytoskeleton


The morphological investigations of the studied cell lines were performed after actin staining. The changes in the localization of the actin cytoskeleton of the three cell lines was examined after 24 h treatment with Iscador Qu and Iscador M. Untreated control cells (MCF-10A) showed intact actin filaments with a lot of long-distal stress fibers and polygonal morphology typical for epithelial cells (Figure 7A). After Iscador treatment, the actin cytoskeleton organization was changed; the actin filaments (stress fibers) decreased in number and thinned out (Figure 7B,C). No changes in cell shape were perceived after treatment with Iscador Qu and M. Thus, neither of the studied Iscador Qu and M extracts significantly affected the integrity of the actin cytoskeleton of MCF-10A cells. However, radial symmetry of the actin cytoskeleton was observed for MCF-10A cells after Iscador Qu treatment. Thus, Iscador Qu was able to “switch on” the actin cytoskeleton by changing the actin fibers from long-distal to radial distribution.



The untreated cells of both cell lines, MCF-7 and MDA-MB-231, clearly showed well-formed stress fibers (follow the arrows in Figure 8A and Figure 9A) located along the length of the cell body. A significant change in the cytoskeleton of tumorigenic cell lines, MCF-7 (Figure 8) and MDA-MB-231 (Figure 9), was detected after treatment with IC50 of Iscador Qu or Iscador M. The actin filaments were more marked in the focal adhesion junction (Figure 8B and Figure 9B). This finding was more pronounced for Iscador Qu treatment for the MCF-7 and MDA-MB-231 cell lines. Iscador Qu and M extracts exhibited a tendency to disrupt the actin filaments of cancer cells. The absence of filopodia and lamellipodia in the treated cell lines is a sign of decreased motility of the cancer cells. Depolymerization and diffuse distribution of the actin filaments were also observed (Figure 8B–H and Figure 9B–H). In response to Iscador treatment, a regular organization of the actin filaments was no longer detected. Such changes in the organization of the actin cytoskeleton give rise to weak cell adhesions and affect cell survival.





2.7. Cell Migration Assay


The next step of our study was to analyze changes in the migration capacity of cells after treatment with Iscador (Figure 10). Cell-to-cell interactions and cell migration were assessed using a wound healing assay. Cell migration is a hallmark of cancer invasion and metastasis, wound repair, angiogenesis, etc. In vitro analysis of cell migration is useful to follow the alterations in cell migratory potential as a response to experimental treatments. In our study, the migration potential was analyzed 24 h after treatment with Iscador Qu and M. The results presented in Figure 10 show minimal differences in cell migration after treatment of the non-tumorigenic cell line MCF10A. About 25% wound replacement of treated cells and 30% of untreated MCF10A was detected (Figure 10A,B). Similar results were obtained after treatment of the high metastatic cell line MDA-MB-231 (Figure 10E,F). A statistically significant difference in the wound area is found for Iscador Qu compared to control for the low metastatic breast cancer cell line MCF-7 (Figure 10C,D). These results are in good agreement with the data obtained from the viability test (Figure 2).




2.8. FACS Analysis


Treatment of the tested cell lines with Iscador Qu or Iscador M resulted in a slight increase in the percentage of cells in early apoptosis (Figure 11). The highest increase was reported in the low metastatic cell line MCF-7. An increased percentage of cells in late apoptosis was observed after Iscador M treatment of the low metastatic MCF-7 cell line.





3. Materials and Methods


3.1. Drugs


Viscum album L. extracts: Iscador Qu 20 mg/mL solution for injection (Iscador AG, Lörrach, Germany), host plant oak, and Iscador M 20 mg/mL injection solution (Iscador AG, Lörrach, Germany), host plant apple. Since Iscador is an approved medicinal product for intravenous administration to patients, it is dissolved in saline. During in vitro experiments, Iscador was diluted in cell culture media. Thus, it was not necessary to control for the solvent effect.




3.2. Cell Lines


All cell lines, breast cancer MCF-10A, MCF-7 and MDA-MB-231, and BALB/c 3T3 clone A31 (mouse embryonic fibroblasts) were purchased from the American Type Culture Collection—ATCC (Manassas, VA, USA). The MCF-7, MDA-MB-231 and BALB/c 3T3 clone A31 were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate and 1% MEM non-essential amino acids (NEAA) without antibiotics. The non-tumorigenic breast cell line (MCF-10A) was cultivated in DMEM medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS, 1% sodium pyruvate, 1% non-essential amino acids (NEAA), 20 ng/mL human epithelia growth factor (hEGF), 10 μg/mL insulin and 0.5 μg/mL hydrocortisone without antibiotics. All cell lines were maintained in a humidified atmosphere with 5% CO2 at 37 °C.




3.3. Cytotoxicity and Phototoxicity Testing


BALB/3T3 cells were cultured in 75 cm2 tissue culture flasks. Cytotoxicity/phototoxicity was assessed by validated BALB/3T3 clone A31 Neutral Red Uptake Assay (3T3 NRU test) [35,36]. Cells were plated in a 96-well plate at a density of 1 ×104 cells/100 µL/well, incubated for 24 h and after that washed. The studied compounds were applied in a wide concentration range. For phototoxicity tests, irradiation with 2.4 J/cm2 dose was followed by incubation for additional 24 h. The absorption was measured on a TECAN microplate reader (TECAN, Grödig, Austria) at wavelength 540 nm.



Cytotoxicity/phototoxicity were expressed as CC50/PC50 values (concentrations required for 50% cytotoxicity/phototoxicity), calculated using non-linear regression analysis (GraphPad Software, San Diego, CA, USA). The CC50 values can be used to calculate the PIF (photo-irritancy factor) for each test substance, according to the following formula:


  PIF    (  P h o t o − I r r i t a n c y   F a c t o r  )  =   C y t o t o x i c i t y    (    CC   50    )    P h o t o t o x i c i t y    (    PC   50    )     











The statistical analysis included application of one-way ANOVA followed by Bonferroni’s post hoc test. p < 0.05 was accepted as the lowest level of statistical significance. All results are presented as mean ± SD.




3.4. In Vitro Antiproliferative Activity


For this study the standard MTT-dye reduction assay was used to test the antiproliferative activity [37]. The method is based on the metabolism of the tetrazolium salt MTT to insoluble formazan. The formazan absorption at λ = 540 nm was registered using a TECAN microplate reader (TECAN, Grödig, Austria). The absorption measured is an indicator of cell viability and metabolic activity. Antiproliferative activities were expressed as IC50 values (concentrations required for 50% inhibition of cell growth), calculated using non-linear regression analysis (GraphPad Software, San Diego, CA, USA).



The statistical analysis included application of one-way ANOVA followed by Bonferroni’s post hoc test. p < 0.05 was accepted as the lowest level of statistical significance. All results are presented as mean ± SD. All experiments were performed in triplicate.




3.5. Assessment of the Plasma Membrane Lipid Order


To study the plasma membrane lipid order, fluorescent probe 6-Dodecanoyl-2-dimethyl-aminonaphthalene (Laurdan) was purchased from Sigma Aldrich (Saint Louis, MO, USA). The fluorescent probe was solubilized in DMSO to achieve a 5 mM stock concentration.



MCF-10A, MCF-7 and MDA-MB-231 at an overall density of 1 × 106 cells/mL were seeded in a 6-well plate. After 24 h of incubation, cells were treated with increasing concentrations of Iscador Qu and Iscador M and incubated for 24 h in complete cell medium. To detach the cells from the culture dish, 0.05% Trypsin-EDTA solution was added to each well. After 5 min of incubation, two volumes of pre-warmed PBS were added to inactivate the trypsinization. The cell suspensions were transferred to tubes and gently centrifuged for 5 min at 900× g. After removing the supernatant, the cell pellet was resuspended in pre-warmed PBS. This procedure was repeated 2 times, after which the fluorescent probe was added to the samples to achieve a Laurdan concentration of 5 µM. The dye–cell suspension was incubated for 1 h at 37 °C, 5% CO2 in the dark. Then, the cells were centrifuged at 900× g for 5 min, the supernatant was removed and prewarmed PBS was added to the pellet. After resuspension of the pellet, the samples were diluted to achieve a cell suspension of 0.5 × 106 cells/mL and transferred to a quartz cuvette to measure the Laurdan emission spectra. The samples were excited at 355 nm and the spectra were recorded in the range of 390 to 600 nm by using an FP-8300 spectrofluorometer (JASCO Ltd., Easton, MD, USA) equipped with a xenon lamp. The temperature in the cuvette holder was maintained at 37 °C by a heating circulating thermostat (Julabo). Data were analyzed by using OriginPro 9.0 software. Laurdan GP values were calculated by using the equation:


  GP =    (   I  440   −  I  490    )     (   I  440   +  I  490    )     








where I440 and I490 refer to the emission intensities at those wavelengths. Laurdan GP determines the membrane lipid order. GP values range from −1 to 1, which, respectively, define a membrane in the liquid-disordered phase state (Ld) when GP tends to −1 and a membrane in the ordered phase state, liquid-ordered (Lo) or gel phase (Lβ) with GP leaning towards +1.




3.6. ξ-Potential Measurements


The ξ-potential of the intact cells and the treated ones was recorded in a cell suspension (0.5 × 106 cells/ml) using the electrophoretic light scattering technique on a Zetasizer Nano ZS analyzer (Malvern Instruments, Malvern, UK). The analyzer uses laser Doppler electrophoresis of cells to measure ξ-potential as a combination of electrophoresis and laser Doppler velocimetry, measuring the speed of cells in PBS upon application of electric field. Once the velocity of the cells is measured the electrophoretic mobility u is obtained and ξ-potential is calculated from Helmholtz-Smoluchowski equation [38]. The measurements were performed in a U-shaped cell with gold-plated electrodes at 25 °C and pH 7.4 in PBS.




3.7. Wound Healing (WH) Assay


MCF10A, MCF-7 and MDA-MB231 cells (7 × 105 cells/well) were seeded in a CytoSelect™ 24-well Wound Healing Assay plate containing 12 wound field inserts (Cell Biolabs, Inc., San Diego, CA, USA) and allowed to adhere overnight. After the adherence period, the wound field inserts were removed and the detached cells were washed three times with 500 μL of sterile PBS (1×). Fresh medium (500 μL) containing 75 μmol/mL of tested substances was added afterwards and wound healing was maintained for 24 h. Cell migration was monitored and documented under a phase-contrast microscope Carl Zeiss Jena (Zeiss, Jena, Germany) with 10× magnification at 0 and 24 h post-induction of the wound area. Wound closure was measured and quantified using ImageJ software version 1.8.0_112. The experiment was repeated two times.




3.8. Actin Labeling


MCF10A, MCF-7 and MDA-MB231 cells (7 × 106 cells/well) were cultivated on cover glasses (12 × 12 mm) placed in 24-well plates. After 24 h incubation, the cells were treated with Iscador and were incubated for additional 24 h in complete medium. Non-adherent cells were removed by triplicate PBS pH 7.4 rinsing. The adherent cells were fixed with 3% PFA (paraformaldehyde) for 15 min at room temperature. Using 0.5% solution of Triton X-100, the fixed cells were permeabilized and then incubated with 1% BSA (bovine serum albumin) solution. After washing with PBS pH 7.4 three times, BODIPY 558/568 phalloidin was added for 30 min incubation. The samples were installed on objective glasses using Mowiol. Preparations were observed and analyzed using an inverted fluorescent microscope (Leica DM13000, Leica Microsystems GmbH, Wetzlar, Germany) with objective HCX PL FLUOTAR 63x oil.




3.9. FACS Analysis


MCF10A, MCF-7 and MDA-MB231 cells (7 × 106 cells/well) were seeded in 14-well plates. After 24 h incubation, they were treated with Iscador and were incubated for another 24 h in full culture media. Non-adherent cells were washed with PBS pH 7.4. Following the incubation, the cells were detached through trypsinization and were labeled with an Anexin V-FITC apoptosis detection kit (Sigma-Aldrich, St. Luis, MO, USA) according to the manufacturer’s instructions. The analysis was performed with BD FACS DIVA software (BD Biosciences, Franklin Lakes, NJ, USA).




3.10. Statistical Analysis


All statistical calculations were performed with OriginPro9.0 and GraphPadPrism software (GraphPad Software Inc., SanDiego, CA, USA). Data were analyzed with one-way ANOVA and Tukey–Kramer posttests by t-test where appropriate. Each p-value can be considered statistically significant at p < 0.05.





4. Discussion


In the present study we evaluated the effect of Iscador Qu or M on a set of breast cancer cell lines, as well as their cyto- and photo-toxicity on 3T3/23 cells. The main reason for this test is the possibility that some organic compounds can become phototoxins as a result of light-induced changes in the energy state of the molecule and its degradation. We have shown that the tested substances Iscador Qu and M did not exhibit phototoxicity, making them suitable for subsequent experiments to establish the antiproliferative activity of the mentioned plant extracts. The performed antiproliferative activity test provided information that Iscador Qu and Iscador M possess some selectivity against malignant cells. Both Iscador species exhibit selectivity towards cancer cell lines. The SI values were higher for the MCF-7 cell line compared to MDA-MB-231. The highest SI was found for Iscador Qu (7.7) versus Iscador M (6.9), both for MCF-7 cell lines. The obtained results clearly reveal that Iscador Qu exhibits a stronger antitumor effect compared to Iscador M by reaching 50% antiproliferative effect at concentrations twice as low as compared to Iscador M. This effect was seen in all three cell lines. The observed differences in the action of the two plant extracts are probably due to the differences in the ratios between the active substances of the extracts. Mistletoe contains various bioactive components such as lectin, viscotoxins, and polysaccharides [39,40,41]. The extracts are also enriched in enzymes, sulphurous compounds, fats, flavonoids, phenylpropanes, lignans, alkaloids and others. The most active anticancer compounds are believed to be the lectins and viscotoxins [40,42]. These compounds comprising two groups of toxic proteins as the necrosis is considered to be the primary effect of viscotoxins, whereas lectins are reported to induce apoptotic cell death [19]. Both proteins have been shown to exert immunomodulatory effects. Ulrech et al [43] reported that the total amount of lectins in Iscador Qu was 1.5 times higher than in Iscador M. The authors found that the total amount of lectin was about 261 ± 9.3 ng/mL in 5 mg Iscador M and 391 ± 18.3 ng/mL in 5mg Iscador Qu as the ratio of the three types of lectins ML1/ML2/ML3 is 31/24/45 (%) in Iscador M versus 28/22/50 (%) in Iscador Qu. On the other hand, the total amount of viscotoxins in Iscador Qu is also about 1.5 times higher compared to Iscador M (402.2 ± 17.6 ng/mL for “M” and 607.7 ± 95.4 ng/mL for “Qu”). These data clearly demonstrate that Iscador Qu contains about 1.5 times more active substances, lectins and viscotoxins, than Iscador M, which probably determines its stronger antitumor effect on the investigated cell lines. Moreover, it is assumed that lectins and viscotoxins exert their effect on cancer cells in a symbiotic way. Both, viscotoxins and mistletoe lectins, independently of one another, are cytotoxic compounds, although cell sensitivity depends on the type of the tested cells. For example, Yoshida cells demonstrate high sensitivity to viscotoxin (IC50 = 0.7 μg/mL) and less sensitivity to mistletoe lectin (IC50 = 12.8 μg/mL). K562 cells, however, are more sensitive to mistletoe lectin (IC50 = 75 pg/mL) than Molt4 cells (IC50 = 1.3 ng/mL), its high sensitivity to mistletoe lectin being well known [44].



Our results reveal that Iscador Qu and Iscador M are able to induce apoptosis for low metastatic MCF-7 cell line unlike control. Furthermore, it was shown that Mistletoe targets two important signaling pathways, P13K/AKT and MAPK, the mechanisms of both pathways being largely discussed in the review of Szurpnicka et al. [27].



Specific differences in the lipid metabolism are reported between cancer and healthy cells. Alterations in the biophysical properties of neoplastic cells may lead to higher resistance to chemotherapy [45]. Cancer cells lipid composition varies from the non-malignant cell profile as there are variations between malignancy types [46,47]. Moreover, the lipid composition of cancer cells may be altered with tumor progression. For example, just before the spread of metastasis, the cancer cell reduces its membrane cholesterol level to increase the membrane fluidity and plasticity needed for penetrating blood vessels [48].



In our study, Laurdan stains all cell membranes, plasma membrane as well as all internal membranes. Thus, Laurdan GP values reports the average response of lipid order from all membranes of cell. The lipid order of the membrane is related to mechanical properties of the membrane such as bending and stretching moduli [49]. GP values describe the term fluidity related inversely to the lipid order. The term plasticity of lipid membrane is related to bending and stretching capacity of the lipid membrane with energy dissipation. From biological point of view, the term plasticity reflects larger comprehension. During cancer progression, tumor cells undergo molecular and phenotypic changes collectively referred to as cellular plasticity. Significant cancer cell plasticity, compared to normal cells, is likely associated with the increased epigenomic fluidity in cancer cells [50].



We found that the plasma membrane of MCF-10A was more ordered compared to tumorigenic MCF-7 and MDA-MB-231 cells, which is in accordance with the literature reports that the plasma membrane of malignant cells is more fluid compared to non-cancerous cells [51]. The MCF-7 cell line has lower cholesterol level compared to MDA-MB-231 [51,52]. Further, a decreased sphingomyelin (SM) level and an increased level of phosphatidylcholine (PC) species with shorter fatty acyl chain lengths are found in primary cancer cells [53,54] in contrast to non-cancer cells, suggesting more fluid membranes which is in accordance with our results. The highly metastatic cell line MDA-MB-231, however, showed a higher lipid order compared to MCF-7, possibly due to the higher cholesterol content in MDA-MB-231 cells [34]. The presented results herein have shown that MCF10, MCF-7 and MDA MB-231 respond in a specific way, regarding the changes in lipid order induced by Iscador Qu or Iscador M. The direct interaction of Iscador sub-compounds with the plasma membrane of the studied cells probably induces a disorganization of the lipid-protein assemblies which in turn could disturb the cell signaling. Both Iscador species are able to increase the membrane lipid order of control MCF-10A cells with not more than 10 % when treated with IC50. For the tumorigenic MCF-7 cell line, the membrane lipid order was decreased by Iscador Qu and increased by Iscador M by about 20% at IC50. This implies that Iscador Qu and M interact in a specific way and induce different changes in the membranes of MCF-7 cells. Both, the different lectins/viscotoxins ratio in the studied Iscador species as well as the different SI of both Iscadors to MCF-7 cell line could be the reason for the observed fluidizing or rigidifying effect. Interestingly, both Iscador species did not induce any statistically significant changes in the lipid order of MDA MB-231 membranes in accordance with their higher resistance to Iscador treatment compared to MCF-7 cells.



The interaction of both Iscador species with the analyzed cells was further characterized by ξ-potential measurements. The composition of the plasma membrane and the physiological conditions of cells such as their surrounding environment (molecules and surfaces) generally determine the cell-surface charge. The ξ-potential governs the interaction of the cells with external molecules. This is an electrokinetic potential of the cell at the location of the slipping plane. Both, the untreated and treated with Iscador cells, exhibited negative ζ-potential values as the absolute effect of Iscador Qu treatment was more marked compared to Iscador M. At physiological pH 7.4, the cell ξ-potential for different types of cells is negative and varies within a wide range [55]. This variability could be assigned to differences in the biochemical composition of the plasma membrane. The negative ζ-potential values are supposed to be ascribed to non-ionogenic groups of phospholipids, proteins, and their polysaccaride conjugates [55]. The same authors state that the ξ-potential of dead cells shift towards more negative voltages attributing this absolute ξ-potential increase to the increased level of phosphatidylserine on the cell surface as an early marker of apoptosis. Indeed, the ξ-potential of MCF-7 cells after Iscador Qu treatment showed more negative values compared to Iscador M, which is in accordance with the higher antiproliferative activity observed for the “Qu” compound compared to “M”. Moreover, ζ-potential as well as lipid order changes induced by Iscador treatment are also in accordance with the SI rank established herein: MCF-7 > MDA-MB-231 > MCF-10A.



The physicochemical changes of the plasma membranes were also accompanied by changes in the cytoskeleton of the tumorigenic lines MCF-7 and MDA-MB-231 after treatment with Iscador Qu or Iscador M. In response to the Iscador treatment the regular organization of the actin filaments was perturbed. Such changes in the organization of the actin cytoskeleton inhibit cell adhesions and affect cell survival. On other hand, the wound healing assay further confirmed the decreased motility and ability of cancer cells to proliferate. The stronger antiproliferative effect of Iscador Qu on the low metastatic cell line MCF-7 compared to Iscador M is possibly due to more significant changes, induced in the membrane lipid order, zeta potential and actin cytoskeleton.



The presented results demonstrate the potential of white mistletoe plant extract as an antitumor agent, although the exact mechanism of action is still not completely deciphered and needs to be further addressed. Our results clearly demonstrate that Viscum Album extracts could have a great potential to sensitize cancer cells to apoptotic cell death if growing concentrations of the chemotherapeutics are applied as it has been recently shown for the first time for MCF-7 cell line [56]. The molecular mechanism of this “trigger” is also of special interest for prevention of a number of ageing-related diseases.



The obtained data as well as these reported in the literature are in accordance and clearly state that both apoptosis/cytotoxic and immunomodulatory activities of mistletoe may contribute to the positive outcome and clinical benefit in breast cancer patients [42,57]. Indeed, clinical trials revealed a beneficial effect on survival, increased health-related quality of life, positive remission rate, and reduction of chemotherapy for breast cancer patients treated with mistletoe extracts [28,58]. In this study, it is shown that both Iscadors are more efficient in low metastatic MCF-7 cell line compared to high metastatic MDA-MB-231 one in in vitro experiments. Furthermore, Iscador Q exhibits higher antitumor activity compared to Iscador M. It is noteworthy, there are still no any clinical trials distinguishing the therapeutic potential of both Iscadors on breast cancer cells.



In conclusion, the present results provide information concerning the biochemical and biophysical mechanisms underlying the influence of Iscador on breast cancer cells in vitro and reveal possibilities for the combined use of Viscum Album extracts with specific anti-tumor agents. Further in vivo studies are needed to evaluate the efficacy of Iscador as an adjuvant alternative anti-cancer drug. These studies could serve as a basis for development of complex therapeutic strategies involving mistletoe extracts, which are natural products with well pronounced beneficial properties.







Author Contributions


B.R., A.M., G.S. and B.N. conceptualized and designed the study; I.T., G.S. and B.N. developed methodology; I.I., A.N. and A.K. acquired data and performed analysis; A.M., B.R., B.N. and G.S. wrote and revised the manuscript; A.M., G.S. and B.N. acquired funding. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Fund of Bulgaria, Grants KP-06-H58/6/2021 (Consumables to carry out Laurdan fluorescence, zeta potential and actin cytoskeleton experiments) and KP-06-COST/10/2020 (Consumables to carry out cell cultivation, photo- and cytotoxicity experiments and wound healing assay).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank the Bulgarian Ministry of Education and Science for support: Scientific Infrastructure on Cell Technologies in Biomedicine (SICTB) D01-178/2022 (Flow cytometry measurements) and National Center for Biomedical Photonics D01-183/2022 (Zetasizer Nano S measurements), part of the Bulgarian National Roadmap for Scientific Infrastructures 2020–2027. A.N. thanks the Bulgarian Ministry of Education and Science, National Research Program “Young scientists and postdoctoral students-2”, Module “Young scientists”, for financial support on her project entitled “Interaction of conventional cytostatics with selected plant extracts on breast cancer models”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kerr, A.J.; Dodwell, D.; Mcgale, P.; Holt, F.; Duane, F.; Mannu, G.; Darby, S.C.; Taylor, C.W. Adjuvant and neoadjuvant breast cancer treatments: A systematic review of their effects on mortality. Cancer Treat Rev. 2022, 105, 102375. [Google Scholar] [CrossRef]

	



Elliott, M.J.; Wilson, B.; Cescon, D.W. Current Treatment and Future Trends of Immunotherapy in Breast Cancer. Curr. Cancer Drug Targets 2022, 22, 667–677. [Google Scholar]

	



Lebert, J.; Lilly, E.J. Developments in the Management of Metastatic HER2-Positive Breast Cancer: A Review. Curr. Oncol. 2022, 29, 2539–2549. [Google Scholar] [CrossRef] [PubMed]

	



Provenzano, E.; Ulaner, G.A.; Chin, S.F. Molecular Classification of Breast Cancer. PET Clin. 2018, 13, 325–338. [Google Scholar] [CrossRef] [PubMed]

	



Asleh, K.; Riaz, N.; Nielsen, T.O. Heterogeneity of triple negative breast cancer: Current advances in subtyping and treatment implications. J. Exp. Clin. Cancer Res. 2022, 41, 265. [Google Scholar] [CrossRef]

	



Huber-Keener, K.J. Cancer genetics and breast cancer. Best Pr. Res Clin. Obs. Gynaecol. 2022, 82, 3–11. [Google Scholar] [CrossRef]

	



Vuong, D.; Simpson, P.T.; Green, B.; Cummings, M.C.; Lakhani, S.R. Molecular classification of breast cancer. Virchows Arch. 2014, 465, 1–14. [Google Scholar] [CrossRef]

	



Kooti, W.; Servatyari, K.; Behzadifar, M.; Asadi-Samani, M.; Sadeghi, F.; Nouri, B.; Zare Marzouni, H. Effective Medicinal Plant in Cancer Treatment, Part 2: Review Study. J. Evid. Based Complement. Altern. Med. 2017, 22, 982–995. [Google Scholar] [CrossRef]

	



Pfüller, U. Chemical Constituents of European Mistletoe (Viscum album L.) Isolation and Characterisation of the Main Relevant Ingredients: Lectins, Viscotoxins, Oligo-/polysaccharides, Flavonoides, Alkaloids. In Mistletoe; CRC Press: Boca Raton, FL, USA, 2000. [Google Scholar]

	



Fu, L.L.; Zhou, C.C.; Yao, S.; Yu, J.Y.; Liu, B.; Bao, J.K. Plant lectins: Targeting programmed cell death pathways as antitumor agents. Int. J. Biochem. Cell Biol. 2011, 43, 1442–1449. [Google Scholar] [CrossRef]

	



Beztsinna, N.; de Matos, M.B.C.; Walther, J.; Heyder, C.; Hildebrandt, E.; Leneweit, G.; Mastrobattista, E.; Kok, R.J. Quantitative analysis of receptor-mediated uptake and pro-apoptotic activity of mistletoe lectin-1 by high content imaging. Sci. Rep. 2018, 8, 2768. [Google Scholar] [CrossRef]

	



de Virgilio, M.; Lombardi, A.; Caliandro, R.; Fabbrini, M.S. Ribosome-inactivating proteins: From plant defense to tumor attack. Toxins 2010, 2, 2699–2737. [Google Scholar] [CrossRef]

	



Khwaja, T.A.; Dias, C.B.; Pentecost, S. Recent studies on the anticancer activities of mistletoe (Viscum album) and its alkaloids. Oncology 1986, 43 (Suppl. S1), 42–50. [Google Scholar] [CrossRef] [PubMed]

	



Gabius, H.J.; Gabius, S.; Joshi, S.S.; Koch, B.; Schroeder, M.; Manzke, W.M.; Westerhausen, A. From Ill-Defined Extracts to the Immunomodulatory Lectin—Will There Be a Reason for Oncological Application of Mistletoe. Planta Med. 1994, 60, 2–7. [Google Scholar] [CrossRef]

	



Bocci, V. Mistletoe (Viscum-Album) Lectins as Cytokine Inducers and Immunoadjuvant in Tumor-Therapy—A Review. J. Biol. Regul. Homeost. Agents 1993, 7, 1–6. [Google Scholar] [PubMed]

	



Schink, M. Mistletoe therapy for human cancer: The role of the natural killer cells. Anti-Cancer Drugs 1997, 8, S47–S51. [Google Scholar] [CrossRef]

	



Zarkovic, N.; Trbojevic-Cepe, M.; Ilic, Z.; Hrzenjak, M.; Grainca, S.; Jurin, M. Comparison of the effects of high and low concentrations of the separated Viscum album L. lectins and of the plain mistletoe plant preparation (Isorel) on the growth of normal and tumor cells in vitro. Period. Biol. 1995, 97, 61–67. [Google Scholar]

	



He, M.W.; Guo, S.; Li, Z.L. In situ characterizing membrane lipid phenotype of breast cancer cells using mass spectrometry profiling. Sci. Rep. 2015, 5, 11298. [Google Scholar] [CrossRef]

	



Yousefvand, S.; Fattahi, F.; Hosseini, S.M.; Urech, K.; Schaller, G. Viscotoxin and lectin content in foliage and fruit of Viscum album L. on the main host trees of Hyrcanian forests. Sci. Rep. 2022, 12, 10383. [Google Scholar] [CrossRef]

	



Szurpnicka, A.; Zjawiony, J.K.; Szterk, A. Therapeutic potential of mistletoe in CNS-related neurological disorders and the chemical composition of Viscum species. J. Ethnopharmacol. 2019, 231, 241–252. [Google Scholar] [CrossRef]

	



Nikolai, G.; Friedl, P.; Werner, M.; Niggemann, B.; Zanker, K.S. Effect of a mistletoe extract (Iscador(R) QuFrF) on viability and migratory behavior of human peripheral CD4+ and CD8+ T lymphocytes in three-dimensional collagen lattices. In Vitro Cell. Dev. Biol.-Anim. 1997, 33, 710–716. [Google Scholar] [CrossRef]

	



Stein, G.M.; Bussing, A.; Schietzel, M. Stimulation of the maturation of dendritic cells in vitro by a fermented mistletoe extract. Anticancer Res. 2002, 22, 4215–4219. [Google Scholar]

	



Stirpe, F.; Sandvig, K.; Olsnes, S.; Pihl, A. Action of Viscumin, a Toxic Lectin from Mistletoe, on Cells in Culture. J. Biol. Chem. 1982, 257, 13271–13277. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, S.Y.; Park, W.B.; Choi, K.H.; Kim, W.H. Involvement of caspase-3 in apoptosis induced by Viscum album var. coloratum agglutinin in HL-60 cells. Biosci. Biotechnol. Biochem. 2001, 65, 534–541. [Google Scholar] [CrossRef]

	



Lyu, S.Y.; Park, W.B. Mistletoe lectin (Viscum album coloratum) modulates proliferation and cytokine expressions in murine splenocytes. J. Biochem. Mol. Biol. 2006, 39, 662–670. [Google Scholar] [CrossRef] [PubMed]

	



Podlech, O.; Harter, P.N.; Mittelbronn, M.; Poschel, S.; Naumann, U. Fermented Mistletoe Extract as a Multimodal Antitumoral Agent in Gliomas. Evid.-Based Complement. Altern. Med. 2012, 2012, 501796. [Google Scholar] [CrossRef] [PubMed]

	



Szurpnicka, A.; Kowalczuk, A.; Szterk, A. Biological activity of mistletoe: In vitro and in vivo studies and mechanisms of action. Arch. Pharm. Res. 2020, 43, 593–629. [Google Scholar] [CrossRef]

	



Marvibaigi, M.; Supriyanto, E.; Amini, N.; Abdul Majid, F.A.; Jaganathan, S.K. Preclinical and clinical effects of mistletoe against breast cancer. Biomed Res. Int. 2014, 2014, 785479. [Google Scholar] [CrossRef]

	



Thies, A.; Nugel, D.; Pfüller, U.; Moll, I.; Schumacher, U. Influence of mistletoe lectins and cytokines induced by them on cell proliferation of human melanoma cells in vitro. Toxicology 2005, 207, 105–116. [Google Scholar] [CrossRef]

	



Schaller, G.; Urech, K.; Giannattasio, M. Cytotoxicity of different viscotoxins and extracts from the European subspecies of Viscum album L. Phytother. Res. 1996, 10, 473–477. [Google Scholar] [CrossRef]

	



Felenda, J.E.; Turek, C.; Stintzing, F.C. Antiproliferative potential from aqueous Viscum album L. preparations and their main constituents in comparison with ricin and purothionin on human cancer cells. J. Ethnopharmacol. 2019, 236, 100–107. [Google Scholar] [CrossRef]

	



Pelzer, F.; Troger, W.; Nat, D.R. Complementary Treatment with Mistletoe Extracts During Chemotherapy: Safety, Neutropenia, Fever, and Quality of Life Assessed in a Randomized Study. J. Altern. Complement. Med. 2018, 24, 954–961. [Google Scholar] [CrossRef]

	



Siddiqui, A.J.; Jahan, S.; Singh, R.; Saxena, J.; Ashraf, S.A.; Khan, A.; Choudhary, R.K.; Balakrishnan, S.; Badraoui, R.; Bardakci, F.; et al. Plants in Anticancer Drug Discovery: From Molecular Mechanism to Chemoprevention. Biomed Res. Int. 2022, 2022, 5425485. [Google Scholar] [CrossRef]

	



Tzoneva, R.; Stoyanova, T.; Petrich, A.; Popova, D.; Uzunova, V.; Momchilova, A.; Chiantia, S. Effect of Erufosine on Membrane Lipid Order in Breast Cancer Cell Models. Biomolecules 2020, 10, 802. [Google Scholar] [CrossRef]

	



Balls, M. Statement on the scientific validity of the 3T3 NRU PT test (an in vitro test for phototoxic potential). ATLA 1998, 26, 7–8. [Google Scholar]

	



Halle, W.; Halder, M.; Worth, A.; Genschow, E. The Registry of Cytotoxicity: Toxicity Testing in Cell Cultures to Predict Acute Toxicity (LD50) and to Reduce Testing in Animals. Altern. Lab. Anim. 2003, 31, 89. [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]

	



Delgado, A.V.; Gonzalez-Caballero, F.; Hunter, R.J.; Koopal, L.K.; Lyklema, J. Measurement and interpretation of electrokinetic phenomena. J. Colloid. Interface Sci. 2007, 309, 194–224. [Google Scholar] [CrossRef] [PubMed]

	



Khwaja, T.A.; Manjikian, S.P. Characterization of biologically active components of mistletoe. Cancer Res. 1990, 31, 412–416. [Google Scholar]

	



Konopa, J.; Woynarowski, J.M.; Lewandowska-Gumieniak, M. Isolation of viscotoxins. Cytotoxic basic polypeptides from Viscum album L. Hoppe Seylers Z. Physiol. Chem. 1980, 361, 1525–1533. [Google Scholar] [CrossRef]

	



Lee, R.T.; Gabius, H.J.; Lee, Y.C. Ligand binding characteristics of the major mistletoe lectin. J. Biol. Chem. 1992, 267, 23722–23727. [Google Scholar] [CrossRef]

	



Hajto, T.; Hostanska, K.; Gabius, H.J. Modulatory potency of the beta-galactoside-specific lectin from mistletoe extract (Iscador) on the host defense system in vivo in rabbits and patients. Cancer Res. 1989, 49, 4803–4808. [Google Scholar] [PubMed]

	



Urech, K.; Schaller, G.; Jaggy, C. Viscotoxins, mistletoe lectins and their isoforms in mistletoe (Viscum album L.) extracts Iscador—Analytical results on pharmaceutical processing of mistletoe. Arzneim.-Forsch.-Drug Res. 2006, 56, 428–434. [Google Scholar]

	



Urech, K.; Schaller, G.; Ziska, P.; Giannattasio, M. Comparative study on the cytotoxic effect of viscotoxin and mistletoe lectin on tumour cells in culture. Phytother. Res. 1995, 9, 49–55. [Google Scholar] [CrossRef]

	



Lladó, V.; López, D.J.; Ibarguren, M.; Alonso, M.; Soriano, J.B.; Escribá, P.V.; Busquets, X. Regulation of the cancer cell membrane lipid composition by NaCHOleate: Effects on cell signaling and therapeutical relevance in glioma. Biochim. Et Biophys. Acta (BBA)-Biomembr. 2014, 1838, 1619–1627. [Google Scholar] [CrossRef]

	



Bernardes, N.; Fialho, A.M. Perturbing the Dynamics and Organization of Cell Membrane Components: A New Paradigm for Cancer-Targeted Therapies. Int. J. Mol. Sci. 2018, 19, 3871. [Google Scholar] [CrossRef]

	



Pakiet, A.; Kobiela, J.; Stepnowski, P.; Sledzinski, T.; Mika, A. Changes in lipids composition and metabolism in colorectal cancer: A review. Lipids Health Dis. 2019, 18, 29. [Google Scholar] [CrossRef]

	



Zalba, S.; ten Hagen, T.L.M. Cell membrane modulation as adjuvant in cancer therapy. Cancer Treat. Rev 2017, 52, 48–57. [Google Scholar] [CrossRef]

	



Steinkühler, J.; Sezgin, E.; Urbančič, I.; Eggeling, C.; Dimova, R. Mechanical properties of plasma membrane vesicles correlate with lipid order, viscosity and cell density. Commun. Biol. 2019, 2, 337. [Google Scholar] [CrossRef]

	



Tang, D.G.; Kondo, T. Cancer cell heterogeneity and plasticity: From molecular understanding to therapeutic targeting. Semin. Cancer Biol. 2022, 82, 1–2. [Google Scholar] [CrossRef]

	



Szlasa, W.; Zendran, I.; Zalesinska, A.; Tarek, M.; Kulbacka, J. Lipid composition of the cancer cell membrane. J. Bioenerg. Biomembr. 2020, 52, 321–342. [Google Scholar] [CrossRef]

	



Todor, I.N.; Lukyanova, N.Y.; Chekhun, V.F. The lipid content of cisplatin- and doxorubicin-resistant MCF-7 human breast cancer cells. Exp. Oncol. 2012, 34, 97–100. [Google Scholar]

	



Barceló-Coblijn, G.; Martin, M.L.; de Almeida, R.F.M.; Noguera-Salvà, M.A.; Marcilla-Etxenike, A.; Guardiola-Serrano, F.; Lüth, A.; Kleuser, B.; Halver, J.E.; Escribá, P.V. Sphingomyelin and sphingomyelin synthase (SMS) in the malignant transformation of glioma cells and in 2-hydroxyoleic acid therapy. Proc. Natl. Acad. Sci. USA 2011, 108, 19569–19574. [Google Scholar] [CrossRef]

	



Händel, C.; Schmidt, B.U.S.; Schiller, J.; Dietrich, U.; Möhn, T.; Kießling, T.; Pawlizak, S.; Fritsch, A.W.; Horn, L.-C.; Briest, S.; et al. Cell membrane softening in human breast and cervical cancer cells. New J. Phys. 2015, 17, 083008. [Google Scholar] [CrossRef]

	



Bondar, O.V.; Saifullina, D.V.; Shakhmaeva, I.I.; Mavlyutova, I.I.; Abdullin, T.I. Monitoring of the Zeta Potential of Human Cells upon Reduction in Their Viability and Interaction with Polymers. Acta Nat. 2012, 4, 78–81. [Google Scholar] [CrossRef]

	



Srdic-Rajic, T.; Santibanez, J.F.; Kanjer, K.; Tisma-Miletic, N.; Cavic, M.; Galun, D.; Jevric, M.; Kardum, N.; Konic-Ristic, A.; Zoranovic, T. Iscador Qu inhibits doxorubicin-induced senescence of MCF7 cells. Sci. Rep. 2017, 7, 3763. [Google Scholar] [CrossRef]

	



Raphael, T.J.; Kuttan, G. Effect of naturally occurring triterpenoids ursolic acid and glycyrrhizic acid on the cell-mediated immune responses of metastatic tumor-bearing animals. Immunopharmacol. Immunotoxicol. 2008, 30, 243–255. [Google Scholar] [CrossRef] [PubMed]

	



Maldacker, J. Preclinical Investigations with Mistletoe (Viscum album L.) Extract Iscador. Arzneimittelforschung 2006, 56, 497–507. [Google Scholar] [CrossRef]








[image: Ijms 24 05247 g001 550] 





Figure 1. Cytotoxicity and phototoxicity of Iscador M and Qu on BALB 3T3 cells. Results are presented as a percentage viability relative to the control (A,B). Cell line cytotoxicity and phototoxicity IC50 values summarized in the Table (C). Values are means ± SD from three independent experiments. 
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Figure 2. Antiproliferative activity of Iscador Qu (A) and Iscador M (B). 
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Figure 3. Mean values of the antiproliferative effects (IC50) (A) and their graphical representation (B). 
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Figure 4. Laurdan fluorescence spectra of untreated tumorigenic cell lines MCF-7 and MDA-MB-231 as well as the non-tumorigenic cell line MCF-10A (A). Laurdan GP of untreated non-tumorigenic MCF-10A, tumorigenic MCF-7 and MDA-MB-231 cell lines (B). The fluorescence measurements were carried out at 37 °C. The obtained spectrum for one cell line is averaged from total of 18 measurements per cell line. The SD of GP values are obtained from three independent experiments, six measurements per sample. *** p < 0.001; ** p < 0.01. 
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Figure 5. Laurdan GP of untreated and treated with Iscador (Qu and M) tumorigenic MCF-7 and MDA-MB-231 and non-tumorigenic MCF-10A cell lines. All experiments were carried out at 37 °C. (A) Laurdan GP of MCF-10A cells without and with Iscador at an IC50 concentration of Iscador (100 µg/mL) and a lower one (50 µg/mL); (B) Laurdan GP of MCF-7 cells without and with Iscador at an IC50 concentration of Iscador (40 µg/mL) and a lower one (20 µg/mL); (C) Laurdan GP of MDA-MB-231 cells without and with Iscador at an IC50 concentration of Iscador (80 µg/mL) and a lower one (40 µg/mL). *** p < 0.001; ** p < 0.01; * p < 0.05. 
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Figure 6. Alterations in ζ-potential of the investigated cell lines, MCF-10A, MCF-7 and MDA-MB-231, treated with Iscador Qu or Iscador M. All ζ-potential values are measured in PBS buffer (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM KH2PO4; pH 7.4). Two independent experiments were carried out for each cell line and each sample is measured six times. ns denotes not significant data and * denotes p < 0.05. 
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Figure 7. Effect of Iscador on the actin cytoskeleton of MCF-10A cells treated with 100 µg/mL Iscador Qu (IC50) or Iscador M and stained with BODIPY/Phaloidin (A–C); DAPI to label cell nucleus (D–F); combined cytoskeleton and nucleus (G–I). Scale bar: 50 µm. 
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Figure 8. Effect of 40 µg/mL Iscador Qu (IC50) or Iscador M on the actin cytoskeleton of MCF-7 cells stained with BODIPY/Phaloidin (A–C); DAPI (D–F). Combined cytoskeleton and nucleus (G–I). Scale bar: 50 µm. 
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Figure 9. Effect of Iscador on the actin cytoskeleton of MDA-MB-231 cells treated with 80 µg/mL Iscador Qu (IC50) or Iscador M and stained with BODIPY/Phaloidin (A–C); DAPI (D–F). Combined cytoskeleton and nucleus (G–I). Scale bar: 50 µm. 
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Figure 10. Cell migration assay of non-tumorigenic cells MCF-10A (A,B), the low metastatic cancer cell line MCF-7 (C,D) and the high metastatic cancer cell line MDA-MB-231 (E,F) at 0 and 24 h with and without Iscador Qu or Iscador M. Calculated wound areas at 24 h are presented as a percentage of the initial wound area at 0 h. A statistically significant difference is obtained for Iscador Qu-treated MCF-7 cells compared to control at * p < 0.05. 
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Figure 11. Annexin V-FITC/PI analysis (A) of apoptosis in the non-tumorigenic line MCF-10A (left column), and tumorigenic MCF-7 (middle column) and MDA-MB-231 (right column) induced by Iscador Qu or Iscador M; (B) FACS analysis data averaged from three independent experiments. 
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Table 1. Selectivity index (SI) of Iscador Qu and Iscador M to malignant cells. SI values calculated against the control cell line MCF-10A.
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Selectivity Index (SI)




	
MCF-7

	
MDA-MB-231






	
Iscador Qu

	
Iscador M

	
Iscador Qu

	
Iscador M




	
7.69

	
6.88

	
3.39

	
2.17
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