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Abstract

:

This study evaluated the synergistic anti-cancer potential of cannabinoid combinations across the MDA-MB-231 and MCF-7 human breast cancer cell lines. Cannabinoids were combined and their synergistic interactions were evaluated using median effect analysis. The most promising cannabinoid combination (C6) consisted of tetrahydrocannabinol, cannabigerol (CBG), cannabinol (CBN), and cannabidiol (CBD), and displayed favorable dose reduction indices and limited cytotoxicity against the non-cancerous breast cell line, MCF-10A. C6 exerted its effects in the MCF-7 cell line by inducing cell cycle arrest in the G2 phase, followed by the induction of apoptosis. Morphological observations indicated the induction of cytoplasmic vacuolation, with further investigation suggesting that the vacuole membrane was derived from the endoplasmic reticulum. In addition, lipid accumulation, increased lysosome size, and significant increases in the endoplasmic reticulum chaperone protein glucose-regulated protein 78 (GRP78) expression were also observed. The selectivity and ability of cannabinoids to halt cancer cell proliferation via pathways resembling apoptosis, autophagy, and paraptosis shows promise for cannabinoid use in standardized breast cancer treatment.
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1. Introduction


Cannabis sativa L. has been used for centuries in the treatment of various ailments. One particular group of compounds produced by this plant, the C21 terpenophenolics (referred to as cannabinoids), are well known for their vast range of bioactivity [1,2]. There are several types of cannabinoids: endocannabinoids; synthetically synthesized cannabinoids; and phytocannabinoids, which specifically refer to the cannabinoids obtained from cannabis plants [3,4]. The most abundant and psychoactive phytocannabinoid is Δ9-tetrahydrocannabinol [1,5]. Other well-known phytocannabinoids include cannabigerol (CBG), cannabinol (CBN), cannabidiol (CBD), cannabichromeme (CBC), and cannabicyclol (CBL), amongst others [2]. Phytocannabinoids mimic endogenous cannabinoids by activating cannabinoid receptors. Depending on the cell type, phytocannabinoids have been documented to modulate cell proliferation, differentiation, and death [6,7]. These properties have gained traction in the cancer field, since the activation of cannabinoid receptor can be exploited to influence several hallmarks of tumor progression. The anti-cancer effects of phytocannabinoids have been observed in several cancer types, including gliomas and carcinomas of the skin, liver, colon, prostate, and breast [8,9,10,11,12]. Breast cancer is particularly difficult to treat due to its heterogeneity [13]. Breast cancer cells are heterogenous and are mainly classified by the expression of the hormone receptors (estrogen and progesterone) and epidermal growth factor receptor 2 (HER2). Breast cancer cells that lack these receptors are referred to as triple-negative breast cancer (TNBC). TNBCs are aggressive and notoriously difficult to treat due to their lack of drug receptor targets. Studies have shown that phytocannabinoids are effective against various breast cancer subtypes as they induce cell cycle arrest and cell death via pathways such as apoptosis and autophagy [14,15,16,17].



Although conventional chemotherapeutic agents exist, patients often experience side-effects that influence their quality of life [18,19]. In addition, cancers often acquire resistance mechanisms to evade cell death pathways, rendering the chemotherapeutic agent obsolete [20,21]. Several studies have evaluated the use of drug combinations to overcome these chemotherapy-associated problems. Some advantages, including a reduction in the required dose [22,23], minimal potential to induce toxicity in the host, a reduction in the cost associated with therapy [23], and the minimal risk of developing drug resistance [24,25] have been associated with the various studies. Consequently, this study aimed to investigate the potential use of cannabinoid combinations to amplify therapeutic efficacy by simultaneously activating multiple anti-cancer mechanisms in breast cancer cell lines. In addition, we identified the mechanism of action of a promising synergistic cannabinoid combination.




2. Results


2.1. Combination Studies


Prior to evaluating the efficacy of cannabinoid combinations on breast cancer cells, the cytotoxicity of the individual cannabinoids was determined. In addition to the IC50 values, the IC75 and IC90 values were determined to evaluate if the cannabinoids would retain their selectivity for cancerous cells at higher treatment concentrations (Table 1).



The IC values between cannabinoids were significant within a cell line (data not shown), while no significance was observed between the two cell lines. Although not significant, the MD Anderson-Metastatic Breast-231 (MDA-MB-231) triple negative breast cancer (TNBC) cells had a higher susceptibility to the individual cannabinoid treatments when compared to the Michigan Cancer Foundation-7 (MCF-7) breast cancer cells (ER+, PR+, and HER2+), as indicated by the inhibitory concentrations (Table 1). Despite receptor expression being the main difference between the cell lines, the order of cytotoxicity (IC50) of the cannabinoids remained the same in both the cell lines: CBD > CBN > CBG > THC. The next step was to determine the effects of various cannabinoid combinations. The IC50 values of the individual cannabinoids were used to combine the cannabinoids at equipotent ratios at double their respective IC50:IC50 concentrations (Table 2), as recommended by Chou [26].



Despite the inhibitory concentrations of the individual cannabinoids being lower in the MDA-MB-231 cell line, the inhibitory concentrations of the combinations of two cannabinoids were generally lower in the MCF-7 cell line. It should be highlighted that the two combinations with the lowest IC values in the MCF-7 cell line were combinations containing THC, while the opposite was obtained in the MDA-MB-231 cell line. The determination of the combination index values associated with the two-cannabinoid combinations highlighted that the majority of the combinations were antagonistic across the two cell lines (Figure 1), with the exception of the THC:CBD combination, which displayed a synergistic interaction in the MCF-7 cells at a 50% growth inhibition.



Screening four-cannabinoid combinations (Figure 2) yielded highly cytotoxic growth inhibition percentages ranging between 94% and 100% across both cell lines.



In order to select the most promising combinations for each cell line, the preliminary combination index values were calculated for each of the combinations (Figure 3).



As can be seen from Figure 3, several combinations showed promise. The most promising synergistic combination in both cell lines was C6. Dose response curves for C6 were constructed against both cell lines (Figure 4a) to determine the IC values of the combination and subsequently calculate the combination index at the selected growth inhibition percentages (Figure 4b). The CI values for C6 indicated antagonism in the MDA-MB-231 cell line at the selected effect levels, while additivity and slight synergism were observed in the MCF-7 cell line (Figure 4b).



The IC values of the C6 cannabinoid combination were compared against the IC values generated by the individual cannabinoids (Figure 5).



C6 significantly reduced the required doses by 1.4 to 11.6-fold of each respective cannabinoid in the combination, when compared to the concentration of individual cannabinoids required to induce the same percentage growth inhibition. This dose reduction for each cannabinoid in the C6 combination was more significant in the MCF-7 cell line (Figure 5).




2.2. Cytotoxicity in Non-Cancerous Cells


The selectivity of C6 for breast cancer cells was evaluated by screening the IC90 of the combination against the non-cancerous breast cell line, MCF-10A (Figure 6). The known anti-cancer agent, camptothecin, was used as a positive control during the evaluation of cytotoxicity in the MCF-10A cell line. C6 displayed some of the advantages of drug combinations, showing no significant reduction in cell viability (1%) in the non-cancerous MCF-10A breast cell line (Figure 6).



Mechanism studies were to be completed with the C6 cannabinoid combination in the cell line, which displayed a synergistic interaction; however, the synergism observed was not promising, since the C6 combination only yielded a synergistic interaction at a very specific effect level, rather than at multiple effect levels. Alternatively, mechanism studies were completed for C6, based on the induction of morphological changes in the MCF-7 cell line (Section 2.4).




2.3. Cell Cycle Arrest and Apoptosis


When evaluating the MCF-7 cell number at 40 and 60 µM (the total concentration of all the cannabinoids comprising the C6 combination) (Figure 7a), the cell number after 40 µM of treatment did not deviate from the 10,000 cells that were initially seeded, indicating that the C6 induced a cytostatic effect. At a concentration of 60 µM of C6, the cell number decreased below the initial 10,000 cells seeded, indicating the induction of a cytotoxic effect at higher concentrations. The cytostatic and cytotoxic effects were further analyzed through cell cycle analysis, and the induction of apoptosis through quantifying the translocation of phosphatidylserine. Cannabinoids are known to induce cell cycle arrest at both the G0/G1 and G2/M checkpoints [27,28,29]. Previous studies have utilized flow cytometry to analyze cell cycle arrest; however, this technique cannot distinguish between cell cycle arrest in the G2 and M phase, while in this study an image-based assay was employed, allowing the distinction between the G2 and M phases (Figure 7b,c).



The cell cycle phase distribution in the MCF-7 cells showed a significant increase (p < 0.01) in the G2 phase, with a shift from 13% in the DMSO vehicle control to 48% in cells treated with 40 µM of C6 (Figure 7c). In addition, there were significant increases (p < 0.01) in the percentage of cells in the Sub-G1 phase, indicative of apoptotic cells. Cells were stained with Annexin V, which specifically binds to phosphatidylserine that translocate from the inner to the outer leaflet of the cell membrane when apoptosis is initiated. Cells were simultaneously stained with propidium iodide, an impermeable DNA dye that only stains positive if the cell membrane integrity is disrupted. Although treating the MCF-7 cells with 40 µM of C6 did not result in a loss of cell number, indicating cell death (Figure 7a), the evaluation of phosphatidylserine translocation indicated that at least 28% of the cells were in the early phase of apoptosis (Figure 7d). At the higher concentration of 60 µM, the cytotoxic effects of C6 were enhanced, producing a significant increase in the late apoptotic phase. A total of 60% of the cell population underwent apoptosis in both the early and late phases, whereas the percentage of cells that stained positive for propidium iodide only (necrotic) were limited. After treatment, the MCF-7 cells also underwent morphological changes associated with the induction of apoptosis, such as membrane blebbing, cell shrinkage (Figure 7e), and the condensation of the nucleus. When staining the nucleus with a fluorescent stain, the average integrated fluorescence intensity increases when the nuclear material is condensed [30]. This was observed after the Hoechst 33,342 staining of the MCF-7 nuclei (Figure 7f), further supporting the induction of apoptosis.




2.4. Lipid Droplet Accumulation


The morphological changes observed in the MCF-7 cells treated with C6 showed the presence of spherical structures resembling lipid droplets (Figure 8a). A previous study reported that, after epithelial-mesenchymal transition, breast cancer cells can be terminally differentiated into adipocytes when co-treated with a peroxisome proliferator-activated receptor gamma (PPARγ) agonist (rosiglitazone) and mitogen-activated protein kinase kinase (MEK) inhibitor (trametinib) [31]. Studies specifically investigating the phytocannabinoids used in this study have reported the activation of PPARγ by THC [32], CBG [33], and CBD [32]. In addition, CBN [34,35] and THC [36] inhibit the MEK pathway. Therefore, a combination like C6, comprising THC, CBG, CBN, and CBD, theoretically had the potential to induce the differentiation of breast cancer cells into adipocytes. MCF-7 cells were therefore stained with a neutral lipid stain (Figure 8b). The results indicated that there was an accumulation of neutral lipids in the treated cells; however, the initial structures believed to be lipid droplets remained unstained. It was therefore hypothesized that these spherical structures could be cytoplasmic vacuoles, induced by processes such as autophagy and paraptosis.




2.5. Autophagy and Paraptosis


Consequently, the induction of autophagy was indirectly evaluated through staining with LysoTrackerTM Green to visualize acidic organelles—e.g., late autophagic vesicles (Figure 9a). The DMSO vehicle control displayed several lysosomes with a similar size that were distributed throughout the cell. The MCF-7 cells treated with C6 displayed fewer lysosomes; however, they were larger in size and located close to the nucleus of the cell.



A study by Shrivastava et al. [17] showed that CBD coordinates a cross-talk between apoptosis and autophagy. The study indicated that one link between the two pathways was the induction of endoplasmic reticulum stress, therefore, the GRP78 protein expression levels were quantified (Figure 9b). There was a significant increase in the relative GRP78 protein levels in MCF-7 cells treated with 40 µM of C6, indicating that endoplasmic reticulum stress may be a possible link for the induction of both apoptosis and autophagy.



Since cytoplasmic vacuolation can be induced by both autophagy and paraptosis, the markers of paraptosis were also assessed. Endoplasmic reticulum staining indicated an increase in fluorescence surrounding the vacuole membrane, indicative of the vacuole membrane being derived from the endoplasmic reticulum membrane (Figure 9c). In addition, the mitochondrial staining showed changes in the mitochondrial structure from a fibrous to a rounded morphology, associated with mitochondrial dilation. Nuclear fragmentation, a common marker of apoptosis, was also evident in the confocal images of MCF-7 cells treated with 60 µM of C6 (Figure 9d). Therefore, markers of both cell death pathways, apoptosis and paraptosis, were evident.





3. Discussion


The heterogeneity within breast cancers has raised several calls for patient-specific treatments to improve prognosis [37]. The MDA-MB-231 and MCF-7 cell lines differ in their phenotypic and genotypic levels. The major differences include the expression of the hormone (estrogen and progesterone) receptors and the HER2 receptor by the MCF-7 cells, while the MDA-MB-231 cell line is representative of triple-negative breast cancer [38]. THC has been reported to suppress the ERα-mediated proliferation of MCF-7 cells via the upregulation of the ERβ repressor [39,40]. This could explain why the two cannabinoid combinations containing THC had the lowest IC values amongst the combinations tested (Table 2). In addition, the binding of cannabinoids to the CB2 receptor disrupts the HER2/CB2 heterodimer formation, inhibiting proliferation via the PI3K/Akt pathway [41]. Since the C6 combination comprises four cannabinoids that can all bind to the CB2 receptor [42], their anti-proliferative effects in the MCF-7 cells would be amplified when cannabinoids are combined. The use of cannabinoid combinations to simultaneously target the multiple receptors expressed by the MCF-7 cell line that are lacking in the MDA-MB-231 cell line could possibly explain the lower inhibitory concentrations observed for the cannabinoid combinations (Table 2) and why the dose reduction was more significant in the MCF-7 cell line (Figure 5). Therefore, this study provided evidence for the potential of cannabinoid combinations to be tailored to the molecular targets uniquely expressed within the patient’s tumor, improving the treatment efficacy and prognosis.



It could be hypothesized that the spherical structures observed (Figure 8a) were vesicles derived from the cell membrane in the form of endosome-associated clathrin-coated buds (approximately 60 nm in diameter) or plasma membrane-derived clathrin-coated vesicles (approximately 100 nm in diameter) [43]. Clathrin-coated pits generally occupy 1% to 2% of the cell surface area, range between 60 and 100 nm in diameter, and have an estimated lifetime of 1 to 2 min [43,44]. Clathrin-independent plasma membrane invaginations also exist and are referred to as caveolae [45]. Caveolae are enriched in lipid rafts of cholesterol and sphingolipids such as ceramide, which are neutral lipids [46]. The spherical structures observed in this study occupied more than 2% of the cell surface and were larger than 100 nm (Figure 8a). During the imaging of the MCF-7 cells, no membrane dynamics were visible, and the spherical structures remained the same size, indicating that the structures observed had a lifetime exceeding 2 min. Since caveolae contain neutral lipids, an increased fluorescence intensity should be evident within the membrane of the spherical structure when staining with LipidToxTM if these structures were derived from the cell membrane in the form of caveolae; however, this was not observed (Figure 8b). In addition, an increased fluorescence intensity was observed when staining with ER-trackerTM (Figure 9c), indicating that the membrane of the spherical structure was derived from the endoplasmic reticulum rather than from the cell membrane. This suggests that it is unlikely that the spherical structures observed in this investigation could be derived from the cell membrane. However, to certainly exclude this possibility future studies could evaluate the localization of clathrin (for clathrin-dependent structures) and caveolin (for clathrin-independent caveolae) in relation to the spherical structures. The anti-proliferative effects of cannabinoids are well-documented [12,14,47,48]. Specifically, in breast cancer cells, the phase of cell cycle arrest is dependent on the type of cannabinoid used in treatment. When bound to CB2, THC downregulates cell division control 2 (Cdc2), inducing cell cycle arrest in the G2/M [28]. CBD has been shown to induce cell cycle arrest in the G1/S phase [49], mediated via the CB1 receptor [12], while cannabinoid combinations have been found to induce simultaneous arrest in all phases of the cell cycle [50]. In the MCF-7 cell line, the CB2 receptor is more prominently expressed than CB1 [28]; therefore, it could be eluded in this study that the G2 arrest induced by C6 (Figure 7c) was mediated via the CB2 receptor.



Cannabinoids commonly induce cell death via two pathways: autophagy and apoptosis. Autophagy is a conserved cellular process in which the cytoplasmic contents are sequestered into double-membraned vesicles (autophagosomes) and fused with lysosomes for degradation or recycling. Therefore, an increase in the lysosomal content often serves as an indirect method of measuring the induction of autophagy (Figure 9a). The cannabinoid-induced activation of autophagy is often mediated by the induction of endoplasmic reticulum stress [14,51,52]. The inhibition of the mammalian target of rapamycin complex 1 (mTORC1) is a key step in the activation of autophagy [53]. THC induces endoplasmic reticulum stress by triggering the accumulation of ceramide and the phosphorylation of the eukaryotic translation initiation factor 2α. This activates the endoplasmic reticulum stress stress response, which leads to the tribble homolog 3-dependent inhibition of the protein kinase B/mTORC1 pathway [52], resulting in autophagy [51]. Since GRP78 is a marker of endoplasmic reticulum stress and was significantly increased after the treatment with C6 (Figure 9b), this could be an indication that C6 induced endoplasmic reticulum stress-mediated autophagy (Figure 9a,b). Furthermore, the initiation of autophagy is commonly associated with lipid droplet inclusion into autophagosomes and subsequent degradation by lysosomes (lipophagy) [54,55]; however, in this study an accumulation of lipid droplets was observed. The small guanosine triphosphatase Rab7 is indispensable for lipophagy [56] and is associated with lipid droplets and lysosomes under starvation conditions [57]. When Rab7 is silenced, there is an accumulation of lipid droplets [56]. The colocalization of Rab7 and CB2 on the lysosomal membrane has been reported [58]; however, it is yet to be established whether the colocalization plays a role in the attenuation of lipophagy and the subsequent accumulation of lipid droplets.



Studies have documented the accumulation of lipids in MCF-7 cells in response to various stimuli, which include the presence of peroxisome proliferator-activated receptor gamma (PPARγ) agonists [32]. Cannabinoids, specifically THC and CBD, have been reported to activate PPARγ, possibly explaining the increase in lipid accumulation observed in the MCF-7 cells. Moreover, PPARγ activations has been linked to pro-apoptotic signaling in MCF-7 cells [59]. This supports the lipid accumulation (Figure 8b), significant increases in phosphatidylserine translocation (Figure 7d), membrane blebbing, cell shrinkage (Figure 7e), significant increases in the average integrated nuclear fluorescence intensity (Figure 7f), and nuclear fragmentation (Figure 9d) observed in this study.



Several studies have reported the induction of cytoplasmic vacuolation, and markers associated with the atypical cell death mechanism, paraptosis [60,61,62]. It was therefore not unexpected to observe cytoplasmic vacuolation in this study (Figure 8a); however, it was the first report of cytoplasmic vacuolation induced in a breast cancer cell line using a cannabinoid combination. Paraptosis is characterized by cellular swelling and cytoplasmic vacuolation, resulting from the dilation of the endoplasmic reticulum and mitochondria, with the membrane of these cytoplasmic vacuoles often derived from the endoplasmic reticulum (Figure 9c) [63].



The exact molecular mechanism for the induction of paraptosis is not well established, although the most frequently reported induction signal is via the insulin-like growth factor receptor 1 (IGFR-1) [63,64]. IGFR-1 is overexpressed in the MCF-7 cells [15], providing a possible explanation for the presence of cytoplasmic vacuolation in the MCF-7 cell line only. Alternatively, a study by Hoa et al. [65] found that the activation of big conductance calcium-activated potassium (BKCa) channels leads to the onset of ionic imbalance and cellular swelling associated with paraptosis. The forced activation of the BK channels results in potassium efflux, followed by an influx of sodium cations and water to restore ionic balance. This influx of water results in cellular swelling. Since the BK channels are located on the endoplasmic reticulum and mitochondria [65,66,67], this explains why these two organelles are specifically targeted during the induction of paraptosis, as seen in this study (Figure 9c,d). The excess intracellular Na+ is removed via ATP-dependent Na +/H+ antiporter [68]. However, the physical disruption of the mitochondria impairs its ability to produce ATP, leading to an accumulation of intracellular Na+ and eventually the osmotic lysis of the cell [68]. The disruption of energy homeostasis is also associated with the induction of lipid droplet accumulation [69,70], linking the lipid accumulation induced by C6 (Figure 8b) to the initiation of paraptosis. Studies have also found that endoplasmic reticulum stress and the unfolded protein response (UPR) precede vacuole formation [60,71]. This supports the findings of this study, with significant increases in the GRP78 protein levels in the MCF-7 cells treated with C6 (Figure 9b). The induction of paraptosis by cannabinoids shows promise as an alternative treatment for apoptosis-resistant carcinomas, as well as the emerging field of targeting ion channels to treat cancer cells.



Conventional chemotherapeutic agents such as doxorubicin [72,73], paclitaxel [74,75], and tamoxifen [76,77] often induce adverse effects, which limit the dose that can be administered safely. Several studies have reported the limited induction of cytotoxicity by cannabinoids to the host in both in vitro and in vivo models [17,78,79,80], supporting the observations made in this study with regards to the MCF-10A cell line (Figure 6). It should be noted that conventional chemotherapeutic agents have been reported to induce cytotoxicity in the MCF-10A cell line at concentrations ranging from 1 to 15 µM [81,82], while the cannabinoid combination C6 induced no cytotoxicity in the MCF-10A cell line even at 40 µM. In this study, camptothecin treatment significantly reduced the MCF-10A cell viability, which supports the cytotoxic effects of chemotherapeutic agents on non-cancerous, viable cells. The anti-proliferative actions of cannabinoids are therefore not restricted by dose-limiting effects.



Cannabinoid signaling regulates several pathways in cancer and immune cells [83]. Cannabinoids reduce tumor proliferation by inhibiting the activation of the AKT [15,84], EGFR, ERK, and nuclear factor kappa beta (NF-κβ) signaling pathways [84,85]. NF-κβ is one of the key regulators of inflammation and tumor metastasis, survival, invasion, angiogenesis, and chemoresistance [86]. Cannabinoids also curtail tumor invasion and metastasis by inhibiting the secretion of matrix metalloproteinase (MMP)-2 [84,87] and MMP-9 [84,88], while increasing the tissue inhibitors of MMP-1 (TIMP-1) [89]. THC induces autophagy-mediated cell death as a result of stimulating the p8-regulated pathway. The stimulation of the p8 induces ceramide accumulation via the inhibitory effect of the tribbles homologue 3 (TRIB3) with the AKT/mTORC1 complex [51,52,90]. Therefore, cannabinoids exert their anti-tumor effects by modulating both the proliferative and inflammatory pathways. Like cannabinoids, other natural compounds such as curcumin, resveratrol, and calebin A modulate multiple signaling pathways associated with tumor cell proliferation, invasion, and metastasis. In addition, these compounds were evaluated in cultures mimicking the environment found in vivo and have shown promise in counteracting the synergistic crosstalk that occurs between cancer cells and the tumor microenvironment (TME) [91,92,93,94]. The modulation of the TME is important, since the TME plays a vital role in tumor development, invasion, and metastasis [83].



Conventional in vitro monolayer cell cultures inadequately represent the tumor environment found in vivo [95,96], highlighting a limitation of this study, where the effect of C6 on MCF-7 cells was not evaluated within a tumor microenvironment (TME). Although cannabinoids have shown a reduction in tumor proliferation within the TME [14,84,97], the evaluation of C6 within a TME remains important, since conflicting reports have been found. Cannabinoids can exert an immunosuppressive action against the anti-tumor immune cells found in the TME. Cannabinoid-induced immunosuppression incites tumor growth. This is mainly executed by reducing T cell proliferation and shifting the T helper profiles from a pro-inflammatory Th1 profile to an anti-inflammatory Th2 profile [98,99]. More specifically, this is accomplished through the decreased production of Th1 cytokines, such as interferon-γ (IFN-γ), interleukin-12, and interleukin-2; the reduced expression of the IFN-γ and IL-12 receptors; as well as an increased production of Th2-promoting cytokines (IL-10 and transforming growth factor-β) [100,101].




4. Materials and Methods


4.1. Reagents


All the cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). Dimethylsulfoxide (DMSO) was purchased from Merck (Darmstadt, Germany). Bradford reagent, sodium dodecyl sulphate (SDS) and the alkaline phosphatase conjugate substrate kit were purchased from Bio-Rad (Hercules, CA, USA). Annexin V-FITC and propidium iodide were purchased from BD Pharmingen (San Diego, CA, USA). Camptothecin, curcumin, hydrocortisone, bis-Benzamide H 33,342 trihydrochloride (Hoechst 33342), recombinant insulin, Leibovitz’s-L15, and trypsin were purchased from Sigma-Aldrich (St Louis, MO, USA). Cannabigerol, cannabinol, and cannabidiol were purchased from LGC (Teddington, UK). Δ9-tetrahydrocannabinol was purchased from Leco (St. Joseph, Michigan), Triton X-100 and mercaptoethanol were purchased from Fluka (North Carolina, NC, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose with HEPES, DMEM/F12, foetal bovine serum, horse serum, and Roswell Park Memorial Institute (RPMI) 1640 were purchased from Biowest (Nuaillé, France). The mitochondrial staining kit (Cytopainter Orange) was purchased from Abcam (Cambridge, UK). ER TrackerTM Green, Lysotracker® Green DND-26, and lipidTOXTM Green were purchased from Molecular Probes®, Life Technologies, and Thermo Fisher Scientific (Logan, UT, USA). 3-[4–dimethylthiazole-2-yl]-2,5 diphenyltetrazolium bromide (MTT) was purchased from Melford (Suffolk, UK). Epidermal growth factor was purchased from Life Technologies (Carlsbad, CA, USA). GRP78 (H-129) sc-13968 Rabbit polyclonal IgG was purchased from Santa Cruz (Dallas, TX, USA). p-p44/42 MAPK (T202/Y204) (D13.14.4E) XP rabbit mAb, goat anti-rabbit IgG conjugated to alkaline phosphatase, and goat anti-mouse IgG (Fc specific) alkaline phosphatase conjugate were purchased from Cell Signaling Technology (Danvers, MA, USA).




4.2. Cell Culture Conditions


The human breast cancer cell lines MCF-7 and MDA-MB-231 were cultured in DMEM high glucose and Leibovitz’s-L15, respectively, supplemented with 10% (v/v) FBS [102,103]. The non-cancerous human breast cell line, MCF-10A, was cultured in DMEM/F12, supplemented with 5% (v/v) horse serum, 20 ng/mL of epidermal growth factor, 10 µg/mL of insulin, and 0.5 µg/mL of hydrocortisone. The cultures were maintained at 37 °C in a humidified incubator with 5% CO2, except for the MDA-MB-231 cells, which were incubated in an airtight container to limit the CO2 exchange.




4.3. Proliferation Assay


To evaluate the effect of individual cannabinoids (cannabidiol, cannabigerol, cannabinol, and Δ9-tetrahydrocannabinol) on the proliferation of breast cancer cell lines, MCF-7 and MDA-MB-231 were seeded in a 96-well plate at 1 × 104 cells (100 µL/well) and left to attach overnight. The media was aspirated and replaced with 100 µL of the treatment at a concentration range of 16–64 µM. The working solutions were serially diluted to construct dose–response curves. After 48 h of treatment exposure, the cell viability was determined by replacing the spent media with 200 µL of MTT solution (0.5 mg/mL), followed by a 2 h incubation at 37 °C. The MTT solution was replaced with 200 µl of dimethylsulfoxide and the absorbance was recorded at 550 nm [104]. The GraphPad Prism® curve fitting software was used to determine the IC50 value of the respective cannabinoids.




4.4. Combination Studies


4.4.1. Constant Ratio Design


Cells (1 × 104/well) were seeded into 96-well plates and left to attach overnight. Cannabinoids were combined at equipotent ratios of 1:1—i.e., the respective IC50:IC50 concentrations—thereby creating the following combinations: THC+CBG, THC+CBN, THC+CBD, CBG+CBN, CBG+CBD, and CBN+CBD. The cell viability was determined after 48 h of treatment exposure using the MTT assay. The nature of the drug:drug interactions were assessed by calculating the combination index using the median effect equation [26].




4.4.2. Non-Constant Ratio Design


Four cannabinoids were combined using the checkerboard assay, with each cannabinoid at six different concentrations. The checkerboard assay was designed with the maximum concentration of individual cannabinoids, being double their respective IC50 values, and combined to extend over a wide range of ratios (Figure 10).




4.4.3. Determination of Combination Index


The Chou–Talalay method is based on the median effect equation derived from the mass action law principle. This general equation (equation 1) encompasses several equations, including the Michaelis–Menten, Hill, Scatchard, and Henderson–Hasselbalch equations. The equation uses a combination index as a measure of quantifying the drug–drug interactions, where CI = 1 represents an additive effect, CI < 1 signifies a synergistic effect, and CI > 1 signifies an antagonistic effect. The combination index can be calculated as follows:


CI = [1/(Dx)1 + 2/(Dx)2]



(1)




where 1 and 2 refer to the dose of each drug in the combination that is required to inhibit the cell growth by a given level, while (Dx)1 and (Dx)2 refer to the dose of the individual drugs required to induce the same level of cell growth inhibition and are determined by Equation 2:


Dx = Dm[fa/(1 – fa)]1/m



(2)




where Dm refers to the potency (inhibitory concentration), fa refers to the fraction of the cell population affected by the drug, and m refers to the shape of the dose–effect curves.





4.5. Screening against Non-Cancerous MCF-10A Cell Line


Cells were seeded at a cell density of 1.5 × 104 and incubated overnight for cell attachment. The cells were treated with the IC90 of C6 (40 µM; total concentration of all the cannabinoids comprising the C6 combination). Camptothecin (5.74 µM) was used as a positive control to induce growth inhibition. After treatment, the MTT assay was completed.




4.6. Mechanism of Cell Death


4.6.1. Cell Seeding and Treatment


MCF-7 cells were seeded at a cell density of 1 × 104 cells per well (100 µL) and left overnight to attach. The cells were treated with the IC90 concentration of C6 for 48 h at 37 °C.




4.6.2. Imaging and Analysis


Images of cells stained with fluorescent dyes were acquired using the ImageXpress Micro XLS Widefield High-Content Analysis system (Molecular Devices®, San Jose, CA, USA) and analyzed with the MetaXpress® High-Content Image Acquisition and Analysis Software version 6.01 (Molecular Devices®, San Jose, CA, USA). Assays were conducted in 96-well plates and 9 sites per well were imaged, covering an area of approximately 63.5% of the total well area. The number of cells imaged was dependent on the cytotoxicity of the treatment [105].



Cell Cycle Analysis


After treatment, the spent media was aspirated and the cells were stained with a 1 × binding buffer stock (0.1M HEPES, pH 7.4; 1.4M NaCl; 25mM CaCl2), supplemented with 5% (v/v) Annexin V-FITC (BD PharmingenTM) and Hoechst 33,342 at a final concentration of 1 µg/mL in the dark at 37 °C for 15 min. Images were acquired using the 4′,6′-diamidino-2-phenylindole (DAPI) and fluorescein isothiocyanate (FITC) filters.




Phosphatidylserine Translocation


The cells were stained according to the manufacturer’s instructions. Prior to image acquisition, propidium iodide was added (final concentration of 1 µg/mL) to the Annexin V/Hoechst stain. Images were acquired using the DAPI, FITC, and Texas Red filter sets.




Induction of Autophagy-Related Processes


The cells were stained according to the manufacturer’s instructions, with slight modifications. The cells were co-stained with Lysotracker® Green (75 nM) and 1 µg/mL of Hoechst 33,342 for 30 min at 37 °C, followed by image acquisition using the DAPI and FITC filters.




Lipid Accumulation


After treatment, the spent media were removed, and the cells were stained with HCS LipidTOXTM Green (1:200) and 1 µg/mL of Hoechst 33,342 and incubated in the dark for 30 min at 37 °C. Images were acquired using the DAPI and FITC filters.




Endoplasmic Reticulum Staining


After treatment, the spent media were aspirated and the cells were stained with ER-TrackerTM (1 µM) and 1 µg/mL of Hoechst 33,342 for 15 min at 37 °C, which was subsequently replaced with fresh media and imaged using the DAPI and TRITC filters.





4.6.3. Mitochondrial Dilation


The cells were seeded at a 1 × 103 cells per well in a µ-slide (Ibidi, Martinsried, Germany). After overnight attachment, the cells were treated with C6 (40 µM). The spent media were removed, and cells were stained using the CytoPainter Orange mitochondrial staining kit (1:500), as per the manufacturer’s instructions. After a 30 min incubation, the stain was replaced with binding buffer and the cells were imaged with the Zeiss LSM510 Meta laser scanning confocal microscope using the DAPI and TRITC filter sets.




4.6.4. Western Blotting Analysis


After cell treatment, the media were aspirated and the cells were washed with ice-cold phosphate buffered saline, followed by a 10-min incubation in lysis buffer (50 mM of Tris-HCl, pH 7.4; 2 mM of EDTA, 1% (v/v) Triton X-100). The cells were lifted using a cell scraper and the lysates were vortexed for 10 s and aliquoted for storage at −20 °C. When required, the protein concentrations of the lysates were determined using the Bradford assay, and equal protein concentrations were electrophoresed on a 10% SDS-PAGE [106]. The protein was transferred to a PVDF membrane using electroblotting with the Biorad trans-blot transfer system at 20 V for 20 min. The PVDF membrane was blocked with 5% (w/v) milk powder and the respective primary antibodies were added (1:1000) and incubated overnight at 4 °C. This was followed by incubation with the anti-rabbit alkaline phosphatase conjugated secondary antibody (1:20,000) for 3 h at 4 °C. Bands were detected using the Bio-Rad alkaline phosphatase substrate kit [107]. The protein expression was normalized to the total protein. Replicate gels from independent experiments were stained with Coomassie Brilliant Blue and densitometric analysis was used to quantify the aggregate signal of each lane with the Image J 1.52a software (USA). This value was used as the total protein of the sample loaded per lane.





4.7. Statistical Analysis


All the experiments were performed in triplicate (n = 3). The values obtained were expressed as the mean ± standard error unless otherwise stated. An analysis of variance with post hoc Tukey test was conducted to analyze the significance between various treatments, relative to the vehicle controls. Statistics was calculated using GraphPad Prism® 5 version 5.01 (GraphPad Software, San Diego, California, USA).





5. Conclusions


To date, the combination of four cannabinoids as a potential cancer treatment has not been reported. With limited evidence of cytoplasmic vacuolation and paraptosis induction by phytocannabinoids, this study paves the way for the in-depth mechanistic evaluation of cannabinoid combinations and their alternative anti-proliferative mechanisms. Cannabinoids can effectively target different subtypes of breast cancer and display several properties that aid in minimizing the early onset of drug resistance, such as dose reduction, improved uptake across the cell membrane, and curtailing drug efflux through ATP-binding cassette transporters. Furthermore, the high selectivity cannabinoids display towards cancer cells and their alleviation of the side-effects associated with cancer and cancer treatment increase the promise for cannabinoid use in standardized cancer treatment. This study also demonstrated the possibility of crosstalk between the three cell death pathways with markers commonly associated with each cell death pathway, in addition to markers associated with all three pathways. It is yet to be confirmed if these pathways are activated independently or modulated via a common signaling intermediate.




6. Patents


Please note that a patent has been filed from the work reported in this manuscript.







Author Contributions


Conceptualization, R.S., N.B., and C.F.; methodology, R.S.; formal analysis, R.S., N.B., and C.F.; investigation, R.S.; resources, C.F.; writing—original draft preparation, R.S.; writing—review and editing, R.S., N.B., and C.F.; supervision, N.B. and C.F.; funding acquisition, C.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding for the running costs of this project. Recardia Schoeman received an NRF scholarship.




Acknowledgments


The authors would like to thank Prof. Adrienne Edkins (Rhodes University, South Africa) for her technical support with the Zeiss LSM510 Meta laser scanning confocal microscope and Prof. Van de Venter (Nelson Mandela University, South Africa) for her technical support with the ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular Devices®, San Jose, CA, USA).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Bonini, S.; Premoli, M.; Tambaro, S.; Kumar, A.; Maccarinelli, G.; Memo, M.; Mastinu, A. Cannabis sativa: A comprehensive ethnopharmacological review of a medicinal plant with a long history. J. Ethnopharmacol. 2018, 227. [Google Scholar] [CrossRef] [PubMed]

	



ElSohly, M.A.; Gul, W. Constituents of Cannabis Sativa. In Handbook of Cannabis; Oxford University Press: Oxford, UK, 2014. [Google Scholar] [CrossRef]

	



Martin, B.R.; Mechoulam, R.; Razdan, R.K. Discovery and characterization of endogenous cannabinoids. Life Sci. 1999, 65, 573–595. [Google Scholar] [CrossRef]

	



Schlatter, J. Synthetic cannabinoids: Synthesis and biological activities. Stud. Nat. Prod. Chem. 2014, 43, 291–311. [Google Scholar] [CrossRef]

	



Atakan, Z. Cannabis, a complex plant: Different compounds and different effects on individuals. Adv. Psychopharmacol. 2012, 2, 241–254. [Google Scholar] [CrossRef] [PubMed]

	



Turu, G.; Hunyady, L. Signal transduction of the CB1 cannabinoid receptor. J. Mol. Endocrinol. 2010, 44, 75–85. [Google Scholar] [CrossRef]

	



Guzmán, M.; Sánchez, C.; Galve-Roperh, I. Control of the cell survival/death decision by cannabinoids. J. Mol. Med. 2001, 78, 613–625. [Google Scholar] [CrossRef]

	



López-Valero, I.; Saiz-Ladera, C.; Torres, S.; Hernández-Tiedra, S.; García-Taboada, E.; Rodríguez-Fornés, F.; Barba, M.; Dávila, D.; Salvador-Tormo, N.; Guzmán, M.; et al. Targeting Glioma Initiating Cells with A combined therapy of cannabinoids and temozolomide. Biochem. Pharm. 2018, 157, 266–274. [Google Scholar] [CrossRef]

	



Casanova, M.L.; Blázquez, C.; Martínez-Palacio, J.; Villanueva, C.; Fernández-Aceñero, M.J.; Huffman, J.W.; Jorcano, J.L.; Guzmán, M. Inhibition of skin tumor growth and angiogenesis in vivo by activation of cannabinoid receptors. J. Clin. Investig. 2003, 111, 43–50. [Google Scholar] [CrossRef]

	



Vara, D.; Salazar, M.; Olea-Herrero, N.; Guzmán, M.; Velasco, G.; Díaz-Laviada, I. Anti-tumoral action of cannabinoids on hepatocellular carcinoma: Role of AMPK-dependent activation of autophagy. Cell Death Differ. 2011, 18, 1099–1111. [Google Scholar] [CrossRef]

	



Ramos, J.A.; Bianco, F.J. The role of cannabinoids in prostate cancer: Basic science perspective and potential clinical applications. Indian J. Urol. 2012, 28, 9–14. [Google Scholar] [CrossRef]

	



Kiskova, T.; Mungenast, F.; Suvakova, M.; Jager, W.; Thalhammer, T. Future Aspects for Cannabinoids in Breast Cancer Therapy. Int. J. Mol. Sci. 2019, 20. [Google Scholar] [CrossRef] [PubMed]

	



Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol. 2018, 15, 81–94. [Google Scholar] [CrossRef] [PubMed]

	



Velasco, G.; Sánchez, C.; Guzmán, M. Anticancer mechanisms of cannabinoids. Curr. Oncol. 2016, 23, S23–S32. [Google Scholar] [CrossRef] [PubMed]

	



Caffarel, M.M.; Andradas, C.; Mira, E.; Pérez-Gómez, E.; Cerutti, C.; Moreno-Bueno, G.; Flores, J.M.; García-Real, I.; Palacios, J.; Mañes, S.; et al. Cannabinoids reduce ErbB2-driven breast cancer progression through Akt inhibition. Mol. Cancer 2010, 9, 196. [Google Scholar] [CrossRef] [PubMed]

	



Caffarel, M.M.; Moreno-Bueno, G.; Cerutti, C.; Palacios, J.; Guzman, M.; Mechta-Grigoriou, F.; Sanchez, C. JunD is involved in the antiproliferative effect of Δ9-tetrahydrocannabinol on human breast cancer cells. Oncogene 2008, 27, 5033–5044. [Google Scholar] [CrossRef]

	



Shrivastava, A.; Kuzontkoski, P.M.; Groopman, J.E.; Prasad, A. Cannabidiol induces programmed cell death in breast cancer cells by coordinating the cross-talk between apoptosis and autophagy. Mol. Cancer 2011, 10, 1161–1172. [Google Scholar] [CrossRef] [PubMed]

	



Nurgali, K.; Jagoe, R.T.; Abalo, R. Editorial: Adverse Effects of Cancer Chemotherapy: Anything New to Improve Tolerance and Reduce Sequelae? Front. Pharm. 2018, 9, 245. [Google Scholar] [CrossRef]

	



Pearce, A.; Haas, M.; Viney, R.; Pearson, S.-A.; Haywood, P.; Brown, C.; Ward, R. Incidence and severity of self-reported chemotherapy side effects in routine care: A prospective cohort study. PLoS ONE 2017, 12, e0184360. [Google Scholar] [CrossRef]

	



Luqmani, Y.A. Mechanisms of drug resistance in cancer chemotherapy. Med. Princ. Pract. 2005, 14 (Suppl. S1), 35–48. [Google Scholar] [CrossRef]

	



Mansoori, B.; Mohammadi, A.; Davudian, S.; Shirjang, S.; Baradaran, B. The Different Mechanisms of Cancer Drug Resistance: A Brief Review. Adv. Pharm. Bull. 2017, 7, 339–348. [Google Scholar] [CrossRef]

	



Palmer, A.C.; Sorger, P.K. Combination Cancer Therapy Can Confer Benefit via Patient-to-Patient Variability without Drug Additivity or Synergy. Cells 2017, 171, 1678–1691.e1613. [Google Scholar] [CrossRef] [PubMed]

	



Mokhtari, B.; Reza Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating cancer. Oncotarget 2017, 8, 38022–38043. [Google Scholar] [CrossRef]

	



Leary, M.; Heerboth, S.; Lapinska, K.; Sarkar, S. Sensitization of Drug Resistant Cancer Cells: A Matter of Combination Therapy. Cancers 2018, 10, 483. [Google Scholar] [CrossRef]

	



Delou, J.M.A.; Souza, A.S.O.; Souza, L.C.M.; Borges, H.L. Highlights in Resistance Mechanism Pathways for Combination Therapy. Cells 2019, 8, 1013. [Google Scholar] [CrossRef] [PubMed]

	



Chou, T.C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res. 2010, 70, 440–446. [Google Scholar] [CrossRef] [PubMed]

	



Galanti, G.; Fisher, T.; Kventsel, I.; Shoham, J.; Gallily, R.; Mechoulam, R.; Lavie, G.; Amariglio, N.; Rechavi, G.; Toren, A. Delta 9-tetrahydrocannabinol inhibits cell cycle progression by downregulation of E2F1 in human glioblastoma multiforme cells. Acta. Oncol. 2008, 47, 1062–1070. [Google Scholar] [CrossRef] [PubMed]

	



Caffarel, M.M.; Sarrio, D.; Palacios, J.; Guzman, M.; Sanchez, C. Delta9-tetrahydrocannabinol inhibits cell cycle progression in human breast cancer cells through Cdc2 regulation. Cancer Res. 2006, 66, 6615–6621. [Google Scholar] [CrossRef]

	



Zhang, X.; Qin, Y.; Pan, Z.; Li, M.; Liu, X.; Chen, X.; Qu, G.; Zhou, L.; Xu, M.; Zheng, Q.; et al. Cannabidiol Induces Cell Cycle Arrest and Cell Apoptosis in Human Gastric Cancer SGC-7901 Cells. Biomolecules 2019, 9, 302. [Google Scholar] [CrossRef]

	



Spagnol, S.T.; Dahl, K.N. Spatially Resolved Quantification of Chromatin Condensation through Differential Local Rheology in Cell Nuclei Fluorescence Lifetime Imaging. PLoS ONE 2016, 11, e0146244. [Google Scholar] [CrossRef]

	



Ishay-Ronen, D.; Diepenbruck, M.; Kalathur, R.K.R.; Sugiyama, N.; Tiede, S.; Ivanek, R.; Bantug, G.; Morini, M.F.; Wang, J.; Hess, C.; et al. Gain Fat-Lose Metastasis: Converting Invasive Breast Cancer Cells into Adipocytes Inhibits Cancer Metastasis. Cancer Cell 2019, 35, 17–32.e16. [Google Scholar] [CrossRef]

	



O’Sullivan, S.E.; Sun, Y.; Bennett, A.J.; Randall, M.D.; Kendall, D.A. Time-dependent vascular actions of cannabidiol in the rat aorta. Eur. J. Pharmacol. 2009, 612, 61–68. [Google Scholar] [CrossRef] [PubMed]

	



Granja, A.G.; Carrillo-Salinas, F.; Pagani, A.; Gómez-Cañas, M.; Negri, R.; Navarrete, C.; Mecha, M.; Mestre, L.; Fiebich, B.L.; Cantarero, I.; et al. A cannabigerol quinone alleviates neuroinflammation in a chronic model of multiple sclerosis. J. Neuroimmune Pharmacol. 2012, 7, 1002–1016. [Google Scholar] [CrossRef] [PubMed]

	



Falzone, L.; Salomone, S.; Libra, M. Evolution of Cancer Pharmacological Treatments at the Turn of the Third Millennium. Front. Pharm. 2018, 9, 1300. [Google Scholar] [CrossRef] [PubMed]

	



Faubert Kaplan, B.L.; Kaminski, N.E. Cannabinoids inhibit the activation of ERK MAPK in PMA/Io-stimulated mouse splenocytes. Int. Immunopharmacol. 2003, 3, 1503–1510. [Google Scholar] [CrossRef]

	



Greenhough, A.; Patsos, H.A.; Williams, A.C.; Paraskeva, C. The cannabinoid δ9-tetrahydrocannabinol inhibits RAS-MAPK and PI3K-AKT survival signalling and induces BAD-mediated apoptosis in colorectal cancer cells. Int. J. Cancer 2007, 121, 2172–2180. [Google Scholar] [CrossRef]

	



Scharl, A.; Kühn, T.; Papathemelis, T.; Salterberg, A. The Right Treatment for the Right Patient-Personalised Treatment of Breast Cancer. Geburtshilfe Frauenheilkd 2015, 75, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [Google Scholar] [CrossRef]

	



Takeda, S.; Yamaori, S.; Motoya, E.; Matsunaga, T.; Kimura, T.; Yamamoto, I.; Watanabe, K. Δ9-Tetrahydrocannabinol enhances MCF-7 cell proliferation via cannabinoid receptor-independent signaling. Toxicology 2008, 245, 141–146. [Google Scholar] [CrossRef]

	



Takeda, S.; Yoshida, K.; Nishimura, H.; Harada, M.; Okajima, S.; Miyoshi, H.; Okamoto, Y.; Amamoto, T.; Watanabe, K.; Omiecinski, C.J.; et al. Δ(9)-Tetrahydrocannabinol disrupts estrogen-signaling through up-regulation of estrogen receptor β (ERβ). Chem. Res. Toxicol. 2013, 26, 1073–1079. [Google Scholar] [CrossRef]

	



Blasco-Benito, S.; Moreno, E.; Seijo-Vila, M.; Tundidor, I.; Andradas, C.; Caffarel, M.M.; Caro-Villalobos, M.; Urigüen, L.; Diez-Alarcia, R.; Moreno-Bueno, G.; et al. Therapeutic targeting of HER2–CB2R heteromers in HER2-positive breast cancer. Proc. Natl. Acad. Sci. USA 2019, 116, 3863–3872. [Google Scholar] [CrossRef]

	



Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: Delta9-tetrahydrocannabinol, cannabidiol and delta9-tetrahydrocannabivarin. Br. J. Pharmacol. 2008, 153, 199–215. [Google Scholar] [CrossRef] [PubMed]

	



Stoorvogel, W.; Oorschot, V.; Geuze, H.J. A novel class of clathrin-coated vesicles budding from endosomes. J. Cell Biol. 1996, 132, 21–33. [Google Scholar] [CrossRef] [PubMed]

	



Kaksonen, M.; Roux, A. Mechanisms of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 2018, 19, 313–326. [Google Scholar] [CrossRef] [PubMed]

	



Bastiani, M.; Parton, R.G. Caveolae at a glance. J. Cell Sci. 2010, 123, 3831–3836. [Google Scholar] [CrossRef] [PubMed]

	



Pol, A.; Martin, S.; Fernández, M.A.; Ingelmo-Torres, M.; Ferguson, C.; Enrich, C.; Parton, R.G. Cholesterol and fatty acids regulate dynamic caveolin trafficking through the Golgi complex and between the cell surface and lipid bodies. Mol. Biol. Cell 2005, 16, 2091–2105. [Google Scholar] [CrossRef]

	



Gandhi, S.; Vasisth, G.; Kapoor, A. Systematic review of the potential role of cannabinoids as antiproliferative agents for urological cancers. Can. Urol. Assoc. J. 2017, 11, E138–E142. [Google Scholar] [CrossRef] [PubMed]

	



Dariš, B.; Tancer Verboten, M.; Knez, Ž.; Ferk, P. Cannabinoids in cancer treatment: Therapeutic potential and legislation. Bosn. J. Basic Med. Sci. 2019, 19, 14–23. [Google Scholar] [CrossRef]

	



Ligresti, A.; Moriello, A.S.; Starowicz, K.; Matias, I.; Pisanti, S.; De Petrocellis, L.; Laezza, C.; Portella, G.; Bifulco, M.; Di Marzo, V. Antitumor activity of plant cannabinoids with emphasis on the effect of cannabidiol on human breast carcinoma. J. Pharmacol. Exp. Ther. 2006, 318, 1375–1387. [Google Scholar] [CrossRef]

	



Scott, K.A.; Shah, S.; Dalgleish, A.G.; Liu, W.M. Enhancing the activity of cannabidiol and other cannabinoids in vitro through modifications to drug combinations and treatment schedules. Anticancer Res. 2013, 33, 4373–4380. [Google Scholar]

	



Salazar, M.; Carracedo, A.; Salanueva, Í.J.; Hernández-Tiedra, S.; Egia, A.; Lorente, M.; Vázquez, P.; Torres, S.; Iovanna, J.L.; Guzmán, M.; et al. TRB3 links ER stress to autophagy in cannabinoid antitumoral action. Autophagy 2009, 5, 1048–1049. [Google Scholar] [CrossRef]

	



Salazar, M.; Carracedo, A.; Salanueva, I.J.; Hernandez-Tiedra, S.; Lorente, M.; Egia, A.; Vazquez, P.; Blazquez, C.; Torres, S.; Garcia, S.; et al. Cannabinoid action induces autophagy-mediated cell death through stimulation of ER stress in human glioma cells. J. Clin. Investig. 2009, 119, 1359–1372. [Google Scholar] [CrossRef] [PubMed]

	



Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, A.L.S.; Barreto, E.d.A.; Fazolini, N.P.B.; Viola, J.P.B.; Bozza, P.T. Lipid droplets: Platforms with multiple functions in cancer hallmarks. Cell Death Dis. 2020, 11, 105. [Google Scholar] [CrossRef]

	



Singh, R. Autophagy and regulation of lipid metabolism. Results Probl. Cell Differ. 2010, 52, 35–46. [Google Scholar] [CrossRef] [PubMed]

	



Schroeder, B.; Schulze, R.J.; Weller, S.G.; Sletten, A.C.; Casey, C.A.; McNiven, M.A. The small GTPase Rab7 as a central regulator of hepatocellular lipophagy. Hepatology 2015, 61, 1896–1907. [Google Scholar] [CrossRef]

	



Zhang, X.; Evans, T.D.; Jeong, S.-J.; Razani, B. Classical and alternative roles for autophagy in lipid metabolism. Curr. Opin. Lipidol. 2018, 29, 203–211. [Google Scholar] [CrossRef] [PubMed]

	



Brailoiu, G.C.; Deliu, E.; Marcu, J.; Hoffman, N.E.; Console-Bram, L.; Zhao, P.; Madesh, M.; Abood, M.E.; Brailoiu, E. Differential activation of intracellular versus plasmalemmal CB2 cannabinoid receptors. Biochemistry 2014, 53, 4990–4999. [Google Scholar] [CrossRef]

	



Bonofiglio, D.; Aquila, S.; Catalano, S.; Gabriele, S.; Belmonte, M.; Middea, E.; Qi, H.; Morelli, C.; Gentile, M.; Maggiolini, M.; et al. Peroxisome Proliferator-Activated Receptor-γ Activates p53 Gene Promoter Binding to the Nuclear Factor-κB Sequence in Human MCF7 Breast Cancer Cells. Mol. Endocrinol. 2006, 20, 3083–3092. [Google Scholar] [CrossRef] [PubMed]

	



Wasik, A.M.; Almestrand, S.; Wang, X.; Hultenby, K.; Dackland, Å.-L.; Andersson, P.; Kimby, E.; Christensson, B.; Sander, B. WIN55,212-2 induces cytoplasmic vacuolation in apoptosis-resistant MCL cells. Cell Death Dis. 2011, 2, e225. [Google Scholar] [CrossRef]

	



Bagavandoss, P.; Crawford, B.; Kramer, C. Inhibition of cervical cancer cell proliferation by cannabidiol. Planta Med. 2016, 82, P848. [Google Scholar] [CrossRef]

	



Wilson, R.G., Jr.; Tahir, S.K.; Mechoulam, R.; Zimmerman, S.; Zimmerman, A.M. Cannabinoid enantiomer action on the cytoarchitecture. Cell Biol. Int. 1996, 20, 147–157. [Google Scholar] [CrossRef]

	



Sperandio, S.; de Belle, I.; Bredesen, D.E. An alternative, nonapoptotic form of programmed cell death. Proc. Natl. Acad. Sci. USA 2000, 97, 14376–14381. [Google Scholar] [CrossRef] [PubMed]

	



Bröker, L.E.; Kruyt, F.A.; Giaccone, G. Cell death independent of caspases: A review. Clin. Cancer Res. 2005, 11, 3155–3162. [Google Scholar] [CrossRef]

	



Hoa, N.T.; Zhang, J.G.; Delgado, C.L.; Myers, M.P.; Callahan, L.L.; Vandeusen, G.; Schiltz, P.M.; Wepsic, H.T.; Jadus, M.R. Human monocytes kill M-CSF-expressing glioma cells by BK channel activation. Lab. Investig. A. J. Tech. Methods Pathol. 2007, 87, 115–129. [Google Scholar] [CrossRef] [PubMed]

	



Siemen, D.; Loupatatzis, C.; Borecky, J.; Gulbins, E.; Lang, F. Ca2+-activated K channel of the BK-type in the inner mitochondrial membrane of a human glioma cell line. Biochem. Biophys. Res. Commun. 1999, 257, 549–554. [Google Scholar] [CrossRef]

	



Szabo, I.; Zoratti, M. Mitochondrial channels: Ion fluxes and more. Physiol. Rev. 2014, 94, 519–608. [Google Scholar] [CrossRef]

	



Hoa, N.; Myers, M.P.; Douglass, T.G.; Zhang, J.G.; Delgado, C.; Driggers, L.; Callahan, L.L.; VanDeusen, G.; Pham, J.T.H.; Bhakta, N.; et al. Molecular mechanisms of paraptosis induction: Implications for a non-genetically modified tumor vaccine. PLoS ONE 2009, 4, e4631. [Google Scholar] [CrossRef]

	



Jarc, E.; Petan, T. Lipid Droplets and the Management of Cellular Stress. Yale J. Biol Med. 2019, 92, 435–452. [Google Scholar]

	



Lee, S.-J.; Zhang, J.; Choi, A.M.K.; Kim, H.P. Mitochondrial Dysfunction Induces Formation of Lipid Droplets as a Generalized Response to Stress. Oxidative Med. Cell. Longev. 2013, 2013, 327167. [Google Scholar] [CrossRef]

	



Ram, B.M.; Ramakrishna, G. Endoplasmic reticulum vacuolation and unfolded protein response leading to paraptosis like cell death in cyclosporine A treated cancer cervix cells is mediated by cyclophilin B inhibition. Biochim. Biophys. Acta 2014, 1843, 2497–2512. [Google Scholar] [CrossRef]

	



Thorn, C.F.; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.; McLeod, H.; Klein, T.E.; Altman, R.B. Doxorubicin pathways: Pharmacodynamics and adverse effects. Pharm. Genom. 2011, 21, 440–446. [Google Scholar] [CrossRef] [PubMed]

	



Hanna, A.D.; Lam, A.; Tham, S.; Dulhunty, A.F.; Beard, N.A. Adverse effects of doxorubicin and its metabolic product on cardiac RyR2 and SERCA2A. Mol. Pharmacol. 2014, 86, 438–449. [Google Scholar] [CrossRef] [PubMed]

	



Hájek, R.; Vorlicek, J.; Slavik, M. Paclitaxel (Taxol): A review of its antitumor activity in clinical studies Minireview. Neoplasma 1996, 43, 141–154. [Google Scholar] [PubMed]

	



Dermitzakis, E.V.; Kimiskidis, V.K.; Lazaridis, G.; Alexopoulou, Z.; Timotheadou, E.; Papanikolaou, A.; Romanidou, O.; Georgiadis, G.; Kalogeras, K.T.; Tsiptsios, I.; et al. The impact of paclitaxel and carboplatin chemotherapy on the autonomous nervous system of patients with ovarian cancer. BMC Neurol. 2016, 16, 190. [Google Scholar] [CrossRef] [PubMed]

	



Heery, M.; Corbett, P.; Zelkowitz, R. Precautions for Patients Taking Tamoxifen. J. Adv. Pract. Oncol. 2018, 9, 78–83. [Google Scholar]

	



Yang, G.; Nowsheen, S.; Aziz, K.; Georgakilas, A.G. Toxicity and adverse effects of Tamoxifen and other anti-estrogen drugs. Pharmacol. Ther. 2013, 139, 392–404. [Google Scholar] [CrossRef] [PubMed]

	



Galve-Roperh, I.; Sánchez, C.; Cortés, M.L.; Gómez del Pulgar, T.; Izquierdo, M.; Guzmán, M. Anti-tumoral action of cannabinoids: Involvement of sustained ceramide accumulation and extracellular signal-regulated kinase activation. Nat. Med. 2000, 6, 313–319. [Google Scholar] [CrossRef]

	



Torres, S.; Lorente, M.; Rodríguez-Fornés, F.; Hernández-Tiedra, S.; Salazar, M.; García-Taboada, E.; Barcia, J.; Guzmán, M.; Velasco, G. A Combined Preclinical Therapy of Cannabinoids and Temozolomide against Glioma. Mol. Cancer Ther. 2011, 10, 90–103. [Google Scholar] [CrossRef]

	



Carracedo, A.; Gironella, M.; Lorente, M.; Garcia, S.; Guzmán, M.; Velasco, G.; Iovanna, J.L. Cannabinoids Induce Apoptosis of Pancreatic Tumor Cells via Endoplasmic Reticulum Stress–Related Genes. Cancer Res. 2006, 66, 6748–6755. [Google Scholar] [CrossRef]

	



Acevedo-Morantes, C.Y.; Acevedo-Morantes, M.T.; Suleiman-Rosado, D.; Ramírez-Vick, J.E. Evaluation of the cytotoxic effect of camptothecin solid lipid nanoparticles on MCF7 cells. Drug Deliv. 2013, 20, 338–348. [Google Scholar] [CrossRef]

	



Yaacob, N.S.; Ismail, N.F. Comparison of cytotoxicity and genotoxicity of 4-hydroxytamoxifen in combination with Tualang honey in MCF-7 and MCF-10A cells. BMC Complement. Altern. Med. 2014, 14, 106. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.; Kaul, K.; Mishra, S.; Charan, M.; Ganju, R.K. Cannabinoid Signaling in Cancer. Adv. Exp. Med. Biol. 2019, 1162, 51–61. [Google Scholar] [CrossRef] [PubMed]

	



Elbaz, M.; Nasser, M.W.; Ravi, J.; Wani, N.A.; Ahirwar, D.K.; Zhao, H.; Oghumu, S.; Satoskar, A.R.; Shilo, K.; Carson, W.E., III. Modulation of the tumor microenvironment and inhibition of EGF/EGFR pathway: Novel anti-tumor mechanisms of Cannabidiol in breast cancer. Mol. Oncol. 2015, 9, 906–919. [Google Scholar] [CrossRef] [PubMed]

	



Sancho, R.; Calzado, M.A.; Di Marzo, V.; Appendino, G.; Muñoz, E. Anandamide inhibits nuclear factor-kappaB activation through a cannabinoid receptor-independent pathway. Mol. Pharm. 2003, 63, 429–438. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, F.; Zambrano, S.; Agresti, A. NF-κB, the importance of being dynamic: Role and insights in cancer. Biomedicines 2018, 6, 45. [Google Scholar] [CrossRef] [PubMed]

	



Blázquez, C.; Salazar, M.; Carracedo, A.; Lorente, M.; Egia, A.; González-Feria, L.; Haro, A.; Velasco, G.; Guzmán, M. Cannabinoids inhibit glioma cell invasion by down-regulating matrix metalloproteinase-2 expression. Cancer Res. 2008, 68, 1945–1952. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zheng, W.; Shen, K.; Shen, W. ∆9-tetrahydrocannabinol inhibits epithelial-mesenchymal transition and metastasis by targeting matrix metalloproteinase-9 in endometrial cancer. Oncol. Lett. 2018, 15, 8527–8535. [Google Scholar] [CrossRef] [PubMed]

	



Ramer, R.; Hinz, B. Inhibition of cancer cell invasion by cannabinoids via increased expression of tissue inhibitor of matrix metalloproteinases-1. J. Natl. Cancer Inst. 2008, 100, 59–69. [Google Scholar] [CrossRef]

	



Pertwee, R.G.; Howlett, A.C.; Abood, M.E.; Alexander, S.P.; Di Marzo, V.; Elphick, M.R.; Greasley, P.J.; Hansen, H.S.; Kunos, G.; Mackie, K.; et al. International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid receptors and their ligands: Beyond CB(1) and CB(2). Pharm. Rev. 2010, 62, 588–631. [Google Scholar] [CrossRef]

	



Buhrmann, C.; Shayan, P.; Banik, K.; Kunnumakkara, A.B.; Kubatka, P.; Koklesova, L.; Shakibaei, M. Targeting NF-κB Signaling by Calebin A, a Compound of Turmeric, in Multicellular Tumor Microenvironment: Potential Role of Apoptosis Induction in CRC Cells. Biomedicines 2020, 8, 236. [Google Scholar] [CrossRef]

	



Giordano, A.; Tommonaro, G. Curcumin and Cancer. Nutrients 2019, 11, 2376. [Google Scholar] [CrossRef] [PubMed]

	



Buhrmann, C.; Shayan, P.; Popper, B.; Goel, A.; Shakibaei, M. Sirt1 Is Required for Resveratrol-Mediated Chemopreventive Effects in Colorectal Cancer Cells. Nutrients 2016, 8, 145. [Google Scholar] [CrossRef] [PubMed]

	



Buhrmann, C.; Kraehe, P.; Lueders, C.; Shayan, P.; Goel, A.; Shakibaei, M. Curcumin suppresses crosstalk between colon cancer stem cells and stromal fibroblasts in the tumor microenvironment: Potential role of EMT. PLoS ONE 2014, 9, e107514. [Google Scholar] [CrossRef] [PubMed]

	



Frese, K.K.; Tuveson, D.A. Maximizing mouse cancer models. Nat. Rev. Cancer 2007, 7, 645–658. [Google Scholar] [CrossRef] [PubMed]

	



Smalley, K.S.M.; Lioni, M.; Herlyn, M. Life ins’t flat: Taking cancer biology to the next dimension. Vitr. Cell. Dev. Biol. Anim. 2006, 42, 242–247. [Google Scholar] [CrossRef]

	



Guzmán, M.; Duarte, M.J.; Blázquez, C.; Ravina, J.; Rosa, M.C.; Galve-Roperh, I.; Sánchez, C.; Velasco, G.; González-Feria, L. A pilot clinical study of Δ9-tetrahydrocannabinol in patients with recurrent glioblastoma multiforme. Br. J. Cancer 2006, 95, 197–203. [Google Scholar] [CrossRef]

	



McKallip, R.J.; Nagarkatti, M.; Nagarkatti, P.S. Δ-9-Tetrahydrocannabinol Enhances Breast Cancer Growth and Metastasis by Suppression of the Antitumor Immune Response. J. Immunol. 2005, 174, 3281–3289. [Google Scholar] [CrossRef]

	



Nishimura, T.; Nakui, M.; Sato, M.; Iwakabe, K.; Kitamura, H.; Sekimoto, M.; Ohta, A.; Koda, T.; Nishimura, S. The critical role of Th1-dominant immunity in tumor immunology. Cancer Chemother Pharm. 2000, 46, S52–S61. [Google Scholar] [CrossRef]

	



Eisenstein, T.K.; Meissler, J.J. Effects of Cannabinoids on T-cell Function and Resistance to Infection. J. Neuroimmune Pharmacol. 2015, 10, 204–216. [Google Scholar] [CrossRef]

	



Zhu, L.X.; Sharma, S.; Stolina, M.; Gardner, B.; Roth, M.D.; Tashkin, D.P.; Dubinett, S.M. Delta-9-tetrahydrocannabinol inhibits antitumor immunity by a CB2 receptor-mediated, cytokine-dependent pathway. J. Immunol. 2000, 165, 373–380. [Google Scholar] [CrossRef]

	



Gupta, C.; Tikoo, K. High glucose and insulin differentially modulates proliferation in MCF-7 and MDA-MB-231. Cells 2013, 51, 119. [Google Scholar] [CrossRef] [PubMed]

	



Hall, E.H.; Gurel, V.; Dahlberg, A.E.; McMichael, J.; Brautigan, D.L. Inhibition of human breast cancer Matrigel invasion by Streptolysin O activation of the EGF receptor ErbB1. Cell Signal. 2011, 23, 1972–1977. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Swanepoel, B.; Nitulescu, G.M.; Olaru, O.T.; Venables, L.; van de Venter, M. Anti-Cancer Activity of a 5-Aminopyrazole Derivative Lead Compound (BC-7) and Potential Synergistic Cytotoxicity with Cisplatin against Human Cervical Cancer Cells. Int. J. Mol. Sci. 2019, 20, 5559. [Google Scholar] [CrossRef] [PubMed]

	



Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef] [PubMed]

	



Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: Procedure and some applications. Proc. Natl. Acad. Sci. USA 1979, 76, 4350–4354. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are not available from the authors.
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.












[image: Molecules 25 04682 g001 550] 





Figure 1. Combination index (CI) values were calculated for the respective two-cannabinoid combinations determined in the MDA-MB-231 (a,c,e) and MCF-7 (b,d,f) cell lines at 50% (a,b), 75% (c,d), and 90% (e,f). CI signifies the combination index at 50%, 75%, and 90% inhibition of the cell population, where CI = [1/Dx)1] + [2/Dx)2], where Dx = Dm[fa/(1-fa)]1/m. A CI < 1 indicates synergism, CI = 1 indicates an additive effect, and CI > 1 indicates antagonism. T, THC; G, CBG; N, CBN; D, CBD. 
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Figure 2. Screening of combinations consisting of four cannabinoids. Percentage growth inhibition induced by various ratios of four-cannabinoid combinations against the (a) MDA-MB-231 and (b) MCF-7 breast cancer cell lines. *** p < 0.0001 relative to 0.5% dimethyl sulfoxide (DMSO) vehicle control and ### p < 0.001 relative to 1% DMSO vehicle control. The four-cannabinoid combinations—i.e., A1–F6—are described in Figure 2. 
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Figure 3. Combination index (CI) values were calculated of each cannabinoid combination at the respective growth inhibitions induced in the (a) MDA-MB-231 and (b) MCF-7 cell lines. 






Figure 3. Combination index (CI) values were calculated of each cannabinoid combination at the respective growth inhibitions induced in the (a) MDA-MB-231 and (b) MCF-7 cell lines.



[image: Molecules 25 04682 g003]







[image: Molecules 25 04682 g004 550] 





Figure 4. Evaluating the efficacy of C6 across two breast cancer cell lines. (a) Dose response curves of C6 in the MDA-MB-231 and MCF-7 cell lines, (b) CI value of C6 determined at the selected percentages of growth inhibition in the MDA-MB-231 and MCF-7 cell lines. 
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Figure 5. Comparison of the concentration of each cannabinoid, individually and in combination, required to induce a (a,d) 50%, (b,e) 75%, and (c,f) 90% growth inhibition in the (a–c) MDA-MB-231 and (d–f) MCF-7 cell lines. * p < 0.05, ** p < 0.01, *** p < 0.001 relative to the respective cannabinoids used individually. 
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Figure 6. Screening of C6 in the non-cancerous breast cell line, MCF-10A, to evaluate its selectivity for breast cancer cells. ** p < 0.01. Camptothecin (5.74 µM) was used as a positive control to induce growth inhibition. Campt, camptothecin. 
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Figure 7. Mechanism of action through which C6 induces its anti-proliferative action. (a) Cell number determination in the MCF-7 cell after treatment at two concentrations, using the Hoechst 33,342 staining and image acquisition method. ** p < 0.01, *** p < 0.001 relative to DMSO vehicle control. (b) Representative images acquired during cell cycle analysis, where each color represents the phase of the cell cycle assigned to the specific cell based on the intensity of the Hoechst 33,342 staining. (c) Quantitative analysis of the percentage of the cell population in each phase of the cell cycle. Camptothecin (5.74 µM) was used as a positive control for cell cycle arrest in the G2 phase. ** p < 0.01, *** p < 0.001 relative to the DMSO vehicle control of % Sub G1; ## p < 0.01, ### p < 0.001 relative to DMSO vehicle control of %G2 using a one-way ANOVA with post hoc Tukey test (n = 3). (d) Quantitative analysis of the cell population undergoing apoptosis or necrosis. *** p < 0.001 relative to the % of early apoptotic cells of DMSO vehicle control; ### p < 0.001 relative to the % of necrotic cells of DMSO vehicle control and $$$ p < 0.001 relative to the % of late apoptotic cells of the DMSO vehicle control using a one-way ANOVA with a post hoc Tukey test (n = 3). (e) Morphological changes induced by C6 showing membrane blebbing (black arrows) and cell shrinkage. (f) Quantification of the average integrated nuclear fluorescence intensity. * p < 0.05, ** p < 0.01, relative to the DMSO vehicle control. Campt, camptothecin. 
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Figure 8. Evaluating lipid droplet accumulation in the MCF-7 cell line. (a) Morphological changes induced by C6 observed with phase contrast micrographs; white arrows indicate structures of interest. (b) Typical micrographs obtained for MCF-7 cells stained with HCS LipidTOXTM Green neutral lipid stain after treatment with C6. 
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Figure 9. Evaluation of the MCF-7 organelle structures and GRP78 protein expression. (a) Representative micrographs of MCF-7 cells stained with LysotrackerTM for lysosomes, (b) Western blot analysis representing the relative protein expression levels of GRP78 in MCF-7 cells treated with C6 (40 µM) and representative membrane showing band intensities, * p < 0.05 relative to the DMSO vehicle control. Representative micrographs of MCF-7 vehicle control and C6-treated cells stained with (c) ER TrackerTM to visualize the endoplasmic reticulum membrane and (d) CytoPainterTM to visualize the mitochondria. 
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Figure 10. Illustration of the combination of four cannabinoids in a 96-well cell culture plate for the treatment of the breast cancer cell lines, MDA-MB-231 and MCF-7. Darkest color indicates the highest concentration, which was subsequently diluted in the direction illustrated. 
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Table 1. Inhibitory concentrations of Δ9-tetrahydrocannabinol, cannabigerol (CBG), cannabinol (CBN), and cannabidiol (CBD) at the selected effect levels.
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Inhibitory Concentration (µM)

	
MDA-MB-231

	
MCF-7




	
IC50

	
IC75

	
IC90

	
IC50

	
IC75

	
IC90






	
THC

	
30.13 ± 3.94

	
30.57 ± 1.05

	
35.72 ± 2.32

	
40.14 ± 4.68

	
48.37 ± 3.86

	
58.55 ± 3.28




	
CBG

	
28.40 ± 4.63

	
33.40 ± 6.34

	
39.34 ± 8.54

	
31.45 ± 2.28

	
37.85 ± 2.61

	
45.60 ± 3.30




	
CBN

	
23.22 ± 2.62

	
28.22 ± 2.12

	
34.84 ± 4.40

	
28.19 ± 2.98

	
32.21 ± 3.92

	
36.84 ± 5.14




	
CBD

	
13.82 ± 1.96

	
25.80 ± 1.40

	
49.20 ± 4.48

	
20.62 ± 1.66

	
28.12 ± 3.12

	
38.54 ± 5.68
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Table 2. Inhibitory concentrations of combinations consisting of two cannabinoids.
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Inhibitory Concentration (µM) of Combination

	
MDA-MB-231

	
MCF-7




	
IC50

	
IC75

	
IC90

	
IC50

	
IC75

	
IC90






	
THC and CBN

	
73.85 ± 9.52

	
89.04 ± 12.21

	
80.25 ± 14.65

	
28.16 ± 1.95

	
33.99 ± 1.70

	
34.06 ± 8.71




	
THC and CBD

	
52.12 ± 4.02

	
65.97 ± 2.91

	
71.29 ± 13.90

	
20.23 ± 1.17

	
35.09 ± 6.23

	
53.27 ± 14.79




	
CBG and CBN

	
40.29 ± 5.54

	
48.32 ± 6.65

	
65.41 ± 7.40

	
32.91 ± 6.68

	
50.56 ± 5.30

	
79.33 ± 1.05




	
CBG and CBD

	
31.88 ± 4.21

	
38.09 ± 5.26

	
45.59 ± 6.94

	
31.02 ± 4.16

	
48.59 ± 4.00

	
72.88 ± 3.88




	
CBN and CBD

	
31.62 ± 4.77

	
44.94 ± 9.61

	
64.35 ± 17.80

	
31.22 ± 6.26

	
41.48 ± 5.27

	
55.44 ± 4.27












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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