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Abstract

:

The glycoalkaloids which are secondary metabolites from plants have proven to be of significant interest for their biological properties both in terms of their roles in plant biology and the effects they exhibit when ingested by humans. The main feature of the action of glycoalkaloids is their strong binding to 3β-hydroxysterols, such as cholesterol, to form complexes with the consequence that membrane structure is significantly perturbed, and leakage or release of contents inside cells or liposomes becomes possible. The glycoalkaloids have been studied for their ability to inhibit the growth of cancer cells and in other roles such as vaccine adjuvants and as synergistic agents when combined with other therapeutics. The glycoalkaloids have rich and complex physical behavior when interacting with model membranes for which many aspects are yet to be understood. This review introduces the general properties of glycoalkaloids and aspects of their behavior, and then summarizes their effects against model membrane systems. While there are many glycoalkaloids that have been identified, most physical or biological studies have focused on the readily available ones from tomatoes (α-tomatine), potatoes (α-chaconine and α-solanine), and eggplant (α-solamargine and α-solasonine).
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1. Introduction


A number of classes of compounds are known to disrupt cell membranes by interfering with bilayer structure, including dendrimers [1], chitosan [2], and membrane-active lytic peptides [3]. In this review, the focus is on the disruption of membrane structure by the class of compounds known as glycoalkaloids [4,5] which exert such effects by binding to cholesterol that is ubiquitously present in cell membranes [6], forming complexes that can aggregate and compromise the membrane structure. A particularly unique feature of these compounds is that in addition to their membrane-disrupting effects, they also interact with biological pathways in cells [7,8] and function as inhibitors of cholinesterase enzymes [9,10]. In particular, this review focuses on studies that have involved model membrane systems such as liposomes and monolayers at the water–air interface. Glycoalkaloids have been widely studied for many reasons, including their anti-cancer activities [11,12] either alone or in combination with various therapeutic agents [13,14,15,16], and their potential use as vaccine adjuvants [17,18,19]. Their study remains of major interest given their potential medicinal applications [20]. This review also surveys the biological effects of glycoalkaloids, as the connection between the physical interactions with membranes as studied primarily in model systems such as liposomes and monolayers, and the biological effects as primarily studied in cell lines poses an important question for future research. Glycoalkaloids are readily available natural products that may prove useful in therapeutic applications, alone or in combination with other biologically active agents.




2. Origin, Structure, and General Properties of Glycoalkaloids


2.1. Origin of Glycoalkaloids


Plants of the Solanaceae family include tomatoes, potatoes, and eggplants, and are well known to produce secondary metabolites known as glycoalkaloids [21]. The glycoalkaloids are produced in the leaves, flowers, and roots of the plant. In the case of potatoes, they are also found in the sprouts [22]. Tomato plants produce the glycoalkaloid α-tomatine, potato plants produce both α-chaconine and α-solanine, and eggplants produce both α-solamargine and α-solasonine (see Figure 1). Green tomatoes can have up to 500 mg kg−1 of tomatine in the fruit, which will decrease to near 5 mg kg−1 upon ripening [5]. The concentration of tomatine in the vines will stay near 500 mg kg−1. The amount of α-tomatine in red tomatoes consumed by humans is 10–30 mg kg−1, but if green tomatoes are consumed then the level will be 200–500 mg kg−1. In eggplants, the average glycoalkaloid concentration for 21 varieties was found to vary from 0.625–20.5 mg kg−1 [23]. The glycoalkaloid content of potatoes varies widely with potato type and conditions of cultivation [24] and will increase in damaged plants [25]. The glycoalkaloid content of normal potato tubers is reported as 12–20 mg kg−1 while green tubers can have 250–280 mg kg−1 and green skin 1500–2200 mg kg−1 [26]. The enzymes involved in the natural synthesis of the oligosaccharides of the glycoalkaloids have been reviewed [27].




2.2. Structure of Glycoalkaloids


The glycoalkaloids consist of a nitrogen-containing steroidal aglycone and an attached oligosaccharide. The prefix α- refers to the compound with fully intact oligosaccharide, whereas removal of one sugar would be denoted by a β-prefix, removal of two sugars by a γ-prefix, and removal of three for a tetrasaccharide by a δ-prefix. The aglycones are referred to as tomatidine, solanidine, and solasidine, respectively. The branched tetrasaccharide of α-tomatine is known as lycotetraose. The branched trisaccharide chacotriose constitutes α-chaconine when linked to solanidine, and α-solamargine when linked to solasidine. The branched trisaccharide solatriose forms α-solanine when linked to solanidine and α-solasonine when linked to solasidine. The structures of the glycoalkaloids from tomato, potato, and eggplant are shown in Figure 1. The solubility of tomatine in water decreases with pH, being reported as 6 mM at pH 5, 1 mM at pH 6, 0.040 mM at pH 7, and 0.030 mM at pH 8 [28].




2.3. General Properties of Glycoalkaloids


These compounds are important for the defense of the plant against pests and pathogens [29,30] and have numerous biological and medicinal effects if ingested by humans [31]. While α-tomatine can help to protect the tomato plant against fungal pathogens and inhibit fungal growth [32], a number of pathogens express an enzyme that can detoxify tomatine by hydrolysis of sugars [33]. For example, fungi can resist these compounds by acidifying their environment or expressing enzymes that cleave sugar units off of the oligosaccharide [34]. Glycoalkaloids have been found to inhibit feeding by snails [35], and by a variety of insects [36]. It has been found that the effects of α-tomatine, and glycoalkaloids in general, require the presence of the intact oligosaccharide unit [37]. Glycoalkaloids have toxicity to humans, through both their membrane disrupting activity and also their activity as inhibitors of acetylcholinesterase [38]. Symptoms of excessive glycoalkaloid intake range from intestinal discomfort to neurological problems and for higher amounts, low blood pressure, rapid pulse, coma, or death [39]. A toxic glycoalkaloid dose is 2–5 mg kg−1 bodyweight. The glycoalkaloids produced in pairs such as α-chaconine and α-solanine are known to exhibit synergism in their effects such as membrane disruption [40,41,42]. The synergistic effects are highly interesting as the combination of the two compounds exerts a much greater effect than the average of the effect of either compound applied alone at the same total concentrations.



Glycoalkaloids form 1:1 complexes with cholesterol, the stoichiometry having been confirmed by precipitation experiments [43]. Glycoalkaloids form insoluble complexes with sterols in 96% ethanol. The intact oligosaccharide is required, and removal of one or more sugars reduces their ability to bind sterols. Glycoalkaloids also form complexes with other 3β-hydroxy sterols. The formation of complexes between tomatine and cholesterol results in morphological features such as protrusions and ridges that can be used to image the presence of un-esterified cholesterol in cells and tissues using freeze-fracture scanning electron microscopy [44,45]. Other related agents used for imaging cholesterol in cells by cholesterol complexation include digitonin [46], which is a saponin, and filipin, a polyene antibiotic [47]. Tomatine has hemolytic activity against red blood cells [48].




2.4. Anti-Cancer Properties of Glycoalkaloids


Glycoalkaloids have been explored for their observed cytotoxic activity against certain cancer cell lines and a summary of some of the dose levels and cellular effects are reported is shown in Table 1. Some studies focus only on reporting the effect of the glycoalkaloid on cellular viability or proliferation while other studies apply cellular assays aimed at assessing the biochemical mechanisms of cytotoxicity. Many studies use pure glycoalkaloids but some studies work with extracts and are thus less precise due to the possible effects of minor components. In addition to membrane disrupting effects, glycoalkaloids also act against cancer cells by promoting apoptosis [49], causing cell cycle arrest with an accumulation of cells in the G1 phase [50], and inhibiting cell signaling pathways [51], all of which indicates that they interact with specific cellular receptors. Tomatine extracts from green tomatoes were found to be much more cytotoxic against cancer cell lines due to their higher levels of tomatine. IC50 values were found to be the lowest against AGS (gastric cancer) and HT-27 colon cancer cell lines at 0.03 μg mL−1 [52]. Dehydrotomatine, a minor component from tomato plants with a single double bond in the steroidal B ring, was much less active with IC50 values of 578 μg mL−1 and 262 μg mL−1 against AGS and HT-27 cells, respectively. Tomatidenol and tomatidine, the aglycones of dehydrotomatine and tomatine, showed limited activity against the cancer cell lines. It was proposed that the cytotoxicity was primarily due to membrane disruption through cholesterol complexation. The health effects of glycoalkaloids in the human food chain have been reviewed [53]. Combination of sub-toxic concentrations of tomatine with paclitaxel showed synergistic effects in cytotoxicity against androgen-independent prostate cancer (PC-3) cells [13]. The percentage of cells in early-stage apoptosis was 50.23 ± 9.86% for the combination of 1 μM α-tomatine and 5 nM paclitaxel as compared to 5.23 ± 2.51% for 1 μM α-tomatine and 13.38 ± 3.22% for 5 nM paclitaxel alone. Acid hydrolysis of the lycotetraose unit of tomatine to produce products with zero (aglycone), one, two, or three remaining sugars was carried out and the cytotoxicity of these derivatives tested against breast, gastric, and prostate cancer cell lines [54]. Removal of just one sugar to produce β1-tomatine resulted in an increase in the IC50 against prostate cancer (PC-3) cells from 3.0 μg mL−1 to 82.5 μg mL−1 and further removal of sugar units further increased the value of IC50. The increase of the IC50 values, as sugar is removed from α-tomatine to give the series of hydrolysis products and then the aglycone, is dramatic and is shown in Figure 2. The compounds are seen to exhibit a similar pattern of cytotoxicity against normal human liver cells (Chang), and normal human lung cells (HeI299) as they do against the cancer cell lines.



Even at sub-toxic doses (<1.5 μM), α-tomatine was found to suppress the invasion and migration ability of a non-small cell lung cancer line (assessed by the ability of the cells to pass through filters coated with Matrigel) by inactivating the PI3K/Akt signaling pathway [51]. A study of the effect of tomatine (6 or 9 μM) on MCF-7 human breast adenocarcinoma cells revealed that α-tomatine did not cause apoptosis and that the treated cells died by necrosis due to membrane disruption [57]. The absence of apoptosis was determined by assays for proteins p53, phosphorylated p53, and p21 and no change was seen in the levels of these proteins, additionally no caspase-8 or caspase-9 activity was observed. However, loss of adenosine triphosphate (ATP) from treated cells was observed. Microscopy observation over a 72 h period for cells treated with 9 μM α-tomatine showed that after 24 h cell proliferation was greatly reduced with cells breaking away from the substrate and rupturing to release their contents; however, by 72 h cell proliferation had recovered. The observations showed no evidence for blebbing (bulging and protrusion on the cell membranes) that is commonly seen in apoptosis. TEM observations of treated cells showed evidence for swelling and disintegration of both nuclear and plasma membranes, indicating necrosis (see Figure 3). The mechanism of membrane disruption was described as the complex formation of cholesterol with α-tomatine followed by lateral aggregation of the complexes driven by carbohydrate–carbohydrate interaction that resulted in the loss of membrane integrity. The decrease over time of α-tomatine concentration in the cell medium from 2.49 mM to 0.75 mM after 72 h was attributed to complexation and precipitation of complexes formed with cholesterol in the medium. The cytotoxic action of α-tomatine on PC-3 human prostate adenocarcinoma cells was examined in detail [61]. After 24 h, IC50 = 1.67 ± 0.3 μM was found for the PC-3 cells by MTT assay versus 3.85 ± 0.1 μM for RWPE-1 normal prostate cells. Evidence for a range of apoptotic mechanisms was found including, an increase in Annexin V positive staining over time, increasing permeability to propidium iodide indicating late-stage apoptosis, activation of caspases-3, -8, and -9 as early as one hour after treatment, inhibition of TNF-α induced NF-κB translocation, and inhibition of NF-κB/p50 and NF-κB/p65 nuclear translocation.



The activity of α-chaconine and α-solanine against a number of cancer cell lines have been examined. α-Chaconine and α-solanine were tested against cervical, liver, lymphoma, and stomach cancer cell lines and also against normal liver cells [55]. Concentration-dependent cytotoxicity was observed over the range 0.1–10 μg mL−1. Chaconine was more effective than solanine and some mixtures of the two showed synergistic effects especially against HepG2 liver cancer cells. It is also worth noting that some mixtures of the two showed antagonistic effects. HT-29 human colon cancer cells treated with chaconine were found to show evidence for apoptosis by the enhanced activity of caspase-3 [49]. The mechanism by which α-chaconine induces apoptosis in these cells was mediated by ERK1/2 (extracellular signal-related kinase) that is involved in regulating cell survival and cell death. Exposure of cells to 5 μg mL−1 α-chaconine showed after 24 h decreased phosphorylation of ERK1/2. Addition of an inhibitor PD98059 of ERK1/2 resulted in an additional increase in caspase-3 activity. HT-29 human colon cancer cells were found to be more susceptible than human prostate cancer cells to glycoalkaloid extracts from tubers of Solanum jamesii [62]. It was found that 5 μg mL−1 was sufficient to reduce the proliferation of HT-29 cells while 10 μg mL−1 was required to reduce the proliferation of human prostate cancer cells. A study of extracts from 13 genetic breeding clones of potato showed that extracts from immature tubers were the most effective against HT-29 cells, and also found an increase in caspase-3 activity. The cytotoxicity against HT-29 colon cancer cells and HepG2 liver cancer cells was examined for partial hydrolysis products β1-chaconine, β2-chaconine, γ-chaconine, β2-solanine, and the aglycones [58]. Removal of sugars from α-chaconine and α-solanine resulted in a decrease in the effectiveness at a given concentration for inhibiting cell growth although inhibition was still observed. At a concentration of 1 μg mL−1, chaconine (and tomatine) were more effective at inhibiting the growth of HepG2 cancer cells than the DNA intercalating drugs doxorubicin and camptothecin.



The cytotoxic effects of α-solamargine and α-solasonine from eggplant have also been studied [60]. The cytotoxicity of 20 steroidal glycosides and aglycones against cell lines for lung (PC-6), breast (MCF-7), stomach (NUGC-3), mouse leukemia (P388), and colon (SW620) was evaluated along with cis-platin and 5-fluorouracil (5-FU). The effect on cell growth was measured after 72 h for 500–5000 cells in well plates. The concentration required to reduce the cell growth rate by 50% (growth inhibition-50, GI50) after 72 h was determined and α-solamargine was most effective against the P388 cells (GI50 = 1.54 μg mL−1) and least against prostate cancer cells (GI50 = 2.66 μg mL−1). In contrast, α-solasonine was less effective, being most effective for the SW620 cells (GI50 = 6.72 μg mL−1) and least effective for the PC-6 cells (GI50 = 14.40 μg mL−1). In comparison, the cytotoxicity of 5-FU against these cell lines ranged from GI50 = 0.06 μg mL−1 for P388 cells to GI50 = 2.21 μg mL−1 for NUGC-3 cells and for cis-platin from GI50 = 0.01 μg mL−1 for P388 cells to GI50 = 2.95 μg mL−1 for MCF-7 cells. Against these same cell lines, α-solanine was only effective against PC-6 (GI50 = 15.70 μg mL−1) and P388 cells (GI50 = 8.29 μg mL−1), while the cytotoxicity of α-chaconine ranged from 1.43 μg mL−1 for NUGC-3 cells to 1.83 μg mL−1 for PC-6 cells. The total synthesis of α-solamargine has been achieved and testing against seven different cancer cell lines [59] and IC50 values were reported for HeLa (cancer), A549 (lung), MCF-7 (breast), K562 (chronic myelogenous leukemia), HCT116 (colon), U87 (glioblastoma), and HepG2 (liver) cancer cells. The IC50 values reported for α-solamargine were (in μM): 6, 8, 2.1, 5.2, 3.8, 3.2, and 2.5, respectively. All of these values are lower than those found for cis-platin, which ranged from 17 μM to greater than 30 μM. The cytotoxicity against two normal cell lines (HL7702, liver, and H9C2, myoblast) was greater and found to be 13.5 μM and greater than 20 μM indicating greater susceptibility of the cancer cell lines. The effect of α-solasonine and α-solamargine on eight cancer cells lines was compared and the detailed mechanism of cytotoxicity evaluated for one of the cell lines [60]. The cell lines included epidermoid carcinoma (A-431), gastric cancer (BGC-803), hepatocellular carcinoma (SMMC-7721), breast cancer (Bcap-37, T47D, MCF-7, MDA-MB-231, and MDA-MB-453) and also four normal human cells lines (liver L-02, lung epithelial BEAS-2B, kidney proximal tubule HK-2, and breast epithelial cells MCF-10A). Cytotoxicity was determined using the MTT assay after 24 h. The IC50 values determined were all significantly lower for α-solamargine than for α-solasonine; for example, IC50 = 1.31 ± 0.34 μM for α-solamargine for MCF-7 cells while IC50 = 13.24 ± 0.88 μM for α-solasonine acting against MCF-7 cells. Toxicity was also observed against the four normal cell lines. Detailed cellular studies of the activity against the Bcap-37 cells showed signs of apoptosis including mitochondrial depolarization, cell membrane damage and positive staining by Annexin V, the release of cytochrome c, upregulation of Bax, and the downregulation of Bcl-2 and Bcl-xL and caspase expression. While the apoptotic effects were similar for α-solamargine and α-solasonine, their magnitude was greater for α-solamargine.



Trastuzumab is a humanized monoclonal antibody that targets the HER2 (human epidermal growth factor) receptor found on breast cancer cells and in many other cancers. Combining α-solamargine with Trastuzumab was found to yield a synergistic improvement in the inhibition of cell proliferation [14]. In this study, the inhibition of the growth of H661 and H69 lung cancer cell lines by solamargine alone was time-dependent and was at maximum at 18 h, reported as ED75 = 6.83 μM for the H661 cell line and ED75 = 9.34 μM for the H69 cell line (ED75 = effective dose for 75% inhibition). The cell proliferation was determined by measuring incorporation of [3H]thymidine into newly synthesized DNA. Exposure of cells to α-solamargine was found to increase the expression of HER2. The isobologram method was used to evaluate synergism in the cytotoxicity of the combination of α-solamargine at the ED50 concentration and Trastuzumab (50 or 200 μg mL−1). The combination index CI is equal to DSMX/ICX,SM + DagentX/ICX,agent and is related to synergism for the effect X. In this case, X is 50% cell survival (DSMX = concentration of α-solamargine used in combination with DagentX = concentration of drug, ICX,SM = concentration of α-solamargine alone needed to produce the effect X, ICX,agent = concentration of drug alone needed to produce the effect X). A value of CI < 1.0 indicates synergism and for the combination of α-solamargine and Trastuzumab values of CI = 0.69 ± 0.08 for H661 and 0.54 ± 0.03 for H69 cells were found. In combination with the DNA binding drug epirubicin, α-solamargine showed a very small synergism with CI = 0.95 ± 0.01 for H661 and 0.92 ± 0.02 for H69 cells.



Synergistic effects against T47D human breast cancer cells were also observed for the combination of α-solamargine and doxorubicin [15]. In this study, α-solamargine was present as the main component of the extract from Solanum nigrum (leunca) herb. The IC50 for the leunca ethanolic extract was 57 μg mL−1 and that for doxorubicin was 15 nM. The inhibition of cell viability was determined for combinations of doxorubicin and leunca extract and the combination index was found to indicate synergism for four specific combinations: 4 nM doxorubicin and either 4, 6, or 18 μg mL−1 of extract and 1.5 nM doxorubicin with 18 μg mL−1 of extract yielding combination indices of 0.59, 0.81, 0.75, and 0.79, respectively. It was also observed that many other combinations of doxorubicin with leunca extract showed antagonism in their effect on cell viability with CI values > 1.0. α-solamargine induced apoptosis in three human breast cancer cell lines (HBL-100, SK-BR-3, and 2R-75-1) and showed synergistic effects when applied in combination with cisplatin [16]. Application of α-solamargine alone was found to be more cytotoxic than a range of common chemotherapy agents including cisplatin, methotrexate, 5-fluorouracil, epirubicin, and cyclophosphamide. α-solamargine was found to upregulate both intrinsic (tumor necrosis factor receptor I (TNFR-I), Fas receptor (Fas), TNFR-I-associated death domain (TRADD), and Fas-associated death domain (FADD)) and extrinsic (upregulation of Bax, downregulation of Bcl-2) apoptosis pathways. The occurrence of apoptosis was confirmed by morphological features including chromatin condensation, shrinkage, and blebbing. The combination of α-solamargine and cisplatin (150 mM cisplatin and α-solamargine at the IC25) resulted in synergistic effects on reduced cell survival and specifically in the release of cytochrome c from mitochondria and upregulation of pro-apoptotic Bax and downregulation of anti-apoptotic Bcl-2 and Bcl-xL.



A smaller number of studies have focused on the effect of glycoalkaloids on cancer in vivo in animal models [63,64,65]. The extract of the Brazilian fruit Solanum lycocarpum contains α-solamargine and α-solasonine and was tested for both anti-carcinogenic and anti-genotoxic effected in rats [63]. Male Wistar rats were injected twice a week with the carcinogen 1,2-dimethylhydrazine at 40 mg per kg of body weight and after being euthanized after two weeks their colons were excised and evaluated for aberrant crypt foci (ACF), abnormal tube-like cellular formations that are precursors to polyps. Those rats who also received S. Lycocarpum extract at 15, 30, or 60 mg per kg of body weight showed markedly fewer ACF which demonstrated an anti-carcinogenic effect. An anti-genotoxic effect was also observed for rats receiving the extract using the micronucleus and comet assay on bone marrow or liver cells harvested 24 h after administering methyl methanesulfonate on the 14th day. The extract of Solanum incanum contains α-solamargine as its main active ingredient and a 65:35 ratio of α-solamargine to α-solasonine as determined by reverse-phase HPLC [64]. Hairless female mice were subjected to a protocol of irradiation with UV-B (312 nm) to induce papillomas and microinvasive squamous cell carcinomas (MISCC). Treatment with a formulation of the extract (SR-T100) resolved all papillomas within 11 days and 90% of MISCC within 10 weeks. Examination of the effect of SR-T100 on human squamous cell carcinoma lines confirmed an apoptotic mechanism. Evaluation of SR-T100 on 13 human volunteers with human actinic keratosis (AK) showed successful resolution of the condition upon daily treatment for 16 weeks. CT-26 mouse colon cancer cells were intra-cutaneously transplanted into the backs of mice (106 cells) and the effect of daily administration of 5 mg α-tomatine per kg of body weight was studied [65]. Two weeks of treatment reduced the tumor volume by 38%. Analysis of the α-tomatine treated cells in vitro showed signs of late apoptosis and necrosis after 24 h. An α-tomatine concentration of 3.5 μM was determined as resulting in 50% cell death after 24 h.




2.5. Use as a Vaccine Adjuvant


Tomatine has been found to be effective as an adjuvant. Mice immunized with formulations of ovalbumin and tomatine generated the highest antibody titers of three formulations, the other two being ovalbumin and a glycosylamide lipid or a dendrimer, and also greater than that generated using two standard adjuvants alum and incomplete Freund’s adjuvant (IFA) [66]. CD8+ cytotoxic T lymphocytes were stimulated in mice immunized against ovalbumin using tomatine as the adjuvant, while no such response was seen using alum or IFA [67]. Mice immunized against malaria using a 9-mer peptide Plasmodium berghei circumsporozoite protein and tomatine as adjuvant displayed a delayed onset to infection [19]. Cytotoxic T lymphocyte response and production of interferon-γ were increased by the use of tomatine as an adjuvant in this malaria vaccine formulation. All of the five glycoalkaloids mentioned here were tested for anti-malarial activity and α-chaconine was found to be the most effective at suppressing malarial infection with ED50 of 4.9 mg kg−1, a therapeutic index of 9, and 71.38% suppression of parasitemia. α-Chaconine-6-O-sulfate did not show anti-malarial activity, hence inferring that the 6-OH group of α-chaconine is important for antimalarial activity [68]. The microstructures formed by the adjuvant formulations have been proposed as important for their physical interaction with antigen-presenting cells and that this interaction was important for their ability to stimulate an immune response [69]. Transmission electron microscopy revealed that the formulation of α-tomatine, ovalbumin, n-octyl-β-D-glucopyranoside (OGP), phosphatidylethanolamine and cholesterol showed a major fraction of needle-shaped aggregates 80–160 nm wide and 2–4 μm in length. Tomatine itself in 0.9% NaCl formed novel hollow tubular structures from hundreds of nm to a few microns in length, and with inner and outer wall diameters of approximately 17 and 27 nm, respectively (see Figure 4).



The adjuvant formulation containing α-tomatine and OGP was found to induce both apoptosis and necrosis in EL4 cells (a type of lymphoma cell induced in C57BL mice) and this was proposed to result from membrane disruption and also proposed to promote cross-presentation of antigens to CD8+ T cells [70]. At lower concentrations of tomatine adjuvant of 5 μL mL−1, EL4 cells displayed apoptosis while at higher concentrations both apoptosis and necrosis were observed with 40% of cells killed by apoptosis and slightly above 40% by necrosis at 15 μL mL−1 of tomatine adjuvant. Treatment of the EL4 cells with α-tomatine alone showed apoptosis only for concentrations below 1.0 μM at which about 10% of the cells were dead, and at higher concentration some necrosis with about 10% of necrotic cells and 60% apoptotic cells at 10 μM α-tomatine. Cells treated with OGP showed a higher percentage of late apoptotic/necrotic cells than early apoptotic cells and cells treated with α-tomatine alone had a greater percentage of early apoptotic cells than necrotic cells. The percentages of apoptotic and necrotic cells were determined using two-color flow cytometry and staining with FITC conjugated Annexin V, which binds to phosphatidylserines exposed on the cell surface upon apoptosis, and with propidium iodide, which binds to DNA but does not enter viable cells. Apoptotic cell death was observed by confocal fluorescence microscopy, staining the cells with Hoechst 3342, after treating the EL4 cells with 10 μM α-tomatine for 24 h. The treated EL4 cells showed the features of apoptosis, including DNA cleavage, fragmentation, and chromatin condensation and membrane blebbing. Pretreatment of the cells with caspase inhibitor, zVAD-fmk, did not block cell death indicating caspase-independent apoptosis.





3. Interaction of Glycoalkaloids with Liposomes


The interaction of glycoalkaloids with liposomes of variable compositions has been evaluated. If a 3β-hydroxysterol is included in the liposome formulation, the glycoalkaloid will generally be observed to promote the leakage of encapsulated components such as dyes or enzymes. Roddick studied the release of peroxidase from liposomes induced by exposure to α-tomatine [71]. The activity of α-tomatine to cause the release of peroxidase of liposomes composed of egg yolk phosphatidylcholine and cholesterol was maximal at pH 7.2 and decreased as the pH was decreased towards pH 5. The peroxidase release became significant near 10 μM α-tomatine and increased up to a concentration near 100 μM. Achieving a similar release of peroxidase at pH 5 required higher concentrations of α-tomatine of 500–1000 μM. Cholesterol release was more efficient at a given concentration of α-tomatine for liposomes containing egg yolk phosphatidylcholine than bovine brain sphingomyelin. The release was monitored by assessing the activity of peroxidase in the supernatant after centrifugation to remove the liposomes into a pellet by monitoring the oxidation of pyrogallol substrate by peroxidase in the presence of H2O2 to purpurgallin product by an increase in absorbance at 420 nm. The release of peroxidase from multilamellar liposomes composed of egg yolk phosphatidylcholine and cholesterol, stigmasterol or ergosterol with an additional minor component of stearylamine and encapsulating peroxidase induced by solamargine and solasonine was evaluated [72]. α-solamargine was found to have significantly more activity for promoting peroxidase release than α-solasonine. The combination of α-solamargine and α-solasonine in 1:1 ratio was found to exhibit significant synergistic effects for promoting lysis of bovine erythrocytes, as measured by hemoglobin release, and of Penicillium notatum protoplasts. Strong synergism was also observed for the release of peroxidase from liposomes of egg yolk phosphatidylcholine and cholesterol. Neither α-solamargine nor α-solasonine was effective at below neutral pH [42]. It was found that α-chaconine was effective at promoting the release of peroxidase from these liposomes at 100 μM and pH 7.2 while solanine was not [73]. The activity of α-chaconine was maximal at pH 8, and that of α-solanine was almost as great as that of α-chaconine at pH = 9. Strong synergism for the release of peroxidase from these liposomes was also observed at pH 7.2 for an equimolar solution of 75 mM α-chaconine + 75 mM α-solanine. The observation of a strong synergistic effect suggests the formation of some sort of ternary complex of both glycoalkaloids with cholesterol. Synthetic modification of solamargine, such as the opening of one of the rings or introduction of nitroso groups produced derivatives that were not effective at disrupting membranes [74].



Keukens et al. conducted a series of studies of glycoalkaloid interactions with liposomes [75]. The action of α-tomatine, α-chaconine, α-solanine, and α-solanidine (aglycone of α-solanine) against large unilamellar liposomes prepared by extrusion of egg yolk phosphatidylcholines with or without cholesterol through polycarbonate filters with 0.4 mm diameter pores. Liposomes were prepared with either none or 50 mol% cholesterol. The liposomes were loaded with the dye 6-carboxyfluorescein. Sterols including cholesterol, the fungal sterol ergosterol, the plant sterol β-sitosterol, and fucosterol (found in algae) were included in liposome formulations. The dye release was monitored by an increase in fluorescence (excitation wavelength = 430 nm, emission wavelength = 513 nm) due to the de-quenching that occurs when the dye was released from inside the liposomes. Liposomes without cholesterol showed no leakage of dye when exposed to up to 200 μM α-solanine or α-chaconine or very minor with α-tomatine up to 200 μM while solanidine caused about 20% leakage. For liposomes with 50 mol% cholesterol, α-tomatine at 50 mM and α-chaconine at 100 mM caused a complete release of dye within five minutes. In contrast, α-solanine caused a minor release of dye. The effectiveness in causing dye release was in the order α-tomatine > α-chaconine > α-solanidine > α-solanine. The percentage of glycoalkaloid bound to cholesterol-containing liposomes was found to be 75 ± 2% at 100 μM for α-chaconine versus 14 ± 2% for α-solanine. Variation of cholesterol fraction in the liposomes revealed that 10 mol% cholesterol or greater was needed to observe dye release induced by α-chaconine. The sterol identity was also found to influence the extent of release, and with α-solanine extensive release of dye was seen for liposomes containing β-sitosterol or fucosterol. These results indicate that the extent of release of dye from the liposome interiors depends on both the sterol structure and that of the oligosaccharide on the aglycone in ways that have not yet been physically elucidated. The authors proposed that the size and nature of the oligosaccharide on the glycoalkaloid which determines carbohydrate–carbohydrate interactions between complexes and the nature of the alkyl group at C-24 of the sterol affecting sterol ring system–aglycone steric interactions were both important determinants of the strength of the interaction between glycoalkaloid and sterol. Freeze-fracture SEM of cholesterol-containing liposomes exposed to α-chaconine showed the presence of hemi-tubular structures indicating serious perturbation of the membrane structure. It was proposed that the hemi-tubular structures contained α-chaconine+cholesterol complexes. The model proposed for the action of glycoalkaloids on lipid bilayers containing cholesterol involves the first insertion of glycoalkaloid into the bilayer between the acyl chains of lipids. When the cholesterol composition is above a critical value proposed as 10 mol%, stable glycoalkaloid-cholesterol complexes form due to the interaction between the cholesterol ring system and the aglycone part of the glycoalkaloid structure. The complexes then segregate laterally due to carbohydrate–carbohydrate interactions and result in regions that begin to develop high outward curvature driven by the steric demands of the glycoalkaloids that result in budding of tubular structures from the membrane. Molecular mechanics energy minimization suggested that the glycoalkaloid and sterol align parallel to each other.



In a follow-up study [76], the effect on dye release of additional molecular features of both the sterol and the glycoalkaloid were examined. The hydrolysis products of α-tomatine were prepared by hydrolysis and separated by HPLC including β1-tomatine (w/o xylose), β2-tomatine (w/o glucose), γ-tomatine (w/o xylose and glucose), and δ-tomatine (w/o xylose and both glucose units). Removal of just one sugar from α-tomatine was found to result in the loss of almost all of the activity for dye release from liposomes of egg yolk phosphatidylcholine that were 50 mol% in cholesterol. Dye leakage due to α-chaconine was most efficient for liposomes containing cholesterol versus other sterols such as coprostanol, which has a non-planar ring system, or epicholesterol where the hydroxyl group stereochemistry is inverted to be 3α. There was little change in dye release for liposomes containing cholestenol in which the double bond of cholesterol is saturated. Strong synergism was observed for dye release upon application of mixtures of α-chaconine and α-solanine; for a mixture of 20 μM α-chaconine and 120 μM α-solanine, the release of dye was enhanced 10-fold over that achieved by α-solanine alone as can be seen in Figure 5. α-Solanine was not found to form stable complexes with cholesterol. Complexes of cholesterol with α-chaconine and those with α-solanine were proposed to be held together by especially effective interactions between the sugars of the α-chaconine oligosaccharide with the sugars of the α-solanine oligosaccharide and the synergistic effects were attributed to this interaction. Molecular modeling gave the lowest energy structure of α-solanidine and cholesterol with the methyl groups on the ring structures pointing away from each other such that neighboring complexes could associate in a matrix made favorable as the second-lowest energy structure had the methyl groups pointing towards each other. The formation of the irreversible glycoalkaloid-sterol matrix causes sterols from the inner leaflet to flip to replace them. Budding from the membrane and separation occurs with the structure having an inner lining of phospholipid from the inner leaflet of the bilayer. Freeze fracture SEM of liposomes exposed to the glycoalkaloids showed tubular and spherical structures for α-tomatine and tubular structures for α-chaconine.



The effects of α-tomatine, α-chaconine, and α-solanine on the membrane integrity for human erythrocytes, human colorectal carcinoma cells (Caco-2 cells), and mitochondria were also examined [77]. The glycoalkaloids caused a release of hemoglobin from human erythrocytes with the order of effectiveness being α-tomatine > α-chaconine > α-solanine with large differences such that release of 50% of the hemoglobin required about 3 μM α-tomatine, 20 μM α-chaconine, and 100 μM α-solanine. The glycoalkaloids had the same order of effectiveness for promoting the release of lactate dehydrogenase or Ca2+ from Caco-2 cells. The order of effectiveness is determined by the strength of interaction of the glycoalkaloid with cholesterol to form complexes and this order of effectiveness is the same as that seen for the model membrane systems. Membrane disruption by glycoalkaloids requires significant cholesterol content in the membrane, and human erythrocytes contain about 50% cholesterol. The disruption of mitochondrial membranes was measured by following the release of the enzyme adenylate kinase. It has also been reported that 1:1 mixtures of α-chaconine and α-solanine exhibited a synergistic effect in the disruption rabbit erythrocytes, red beet cells and Penicillium notatum protoplasts but when used alone α-chaconine showed greater activity.




4. Interaction of Glycoalkaloids with Monolayers at the Air–Water Interface


Study of the interactions of α-tomatine with phospholipid + sterol monolayers has been of interest as a step toward the further physical characterization of the interaction of these compounds with model membrane systems. Monolayers of lipids and sterols spread at the water surface can be subject to a range of physical measurements including surface pressure measurements, microscopy observations, and spectroscopic interrogation by methods such as reflectance infrared spectroscopy [78]. The activity of α-tomatine and some saponins as adjuvants may be related to their ability to permeabilize antigen-presenting cells [70] and their membrane disrupting activity could be a main feature of their ability to inhibit the growth of cancer cells [11,12].



The interaction of α-tomatine with monolayers spread at the air–water interface was studied in experiments in which the monolayer was first compressed to fixed surface pressure and then a portion of the water surface captured by closing a small canal between the larger Langmuir trough and a smaller inserted Teflon trough [79]. The increase in surface pressure over time was followed after injection of a specified concentration of glycoalkaloid with very gentle stirring. Monolayers of pure sterols chosen for their systematic structural variation included cholesterol, cholestanol (saturation of double bond), cholestenone (hydroxyl group replaced by ketone), coprostanol (non-planar ring system), epicholesterol (inversion of stereochemistry from 3β-OH to 3α-OH), and epicoprostanol (non-planar ring system and inversion of stereochemistry from 3β-OH to 3α-OH). After compressing a sterol monolayer to 10 mN m−1 on a subphase of pH 7 0.05 M phosphate buffer in 0.10 M NaCl, α-tomatine was injected so that the concentration in the subphase was 1.3 μM. Over a period of about one hour, very large increases in surface pressure of about 40 mM m−1 were observed for both cholesterol and cholestanol. Approximately half as much of a surface pressure increase was observed for cholestenone, epicholesterol, and coprostanol, while for epicoprostanol and small surface pressure increase of near 5 mN m−1 was observed. These results demonstrated that perturbing the structure of the sterol away from that of cholesterol in significant ways reduced the strength of the interaction of α-tomatine at the interface. It should be emphasized that α-tomatine alone does not form a stable monolayer and when spread at the water surface and compressed will not register a surface pressure. Injection of α-tomatine beneath a monolayer of the phospholipid dimyristoylphosphatidylcholine (DMPC) alone did not result in an increase in surface pressure. Interaction of α-tomatine with spread monolayers of 7:3 mole ratio DMPC and sterol were evaluated. During the interaction, the morphology of the monolayers was observed using Brewster angle microscopy (BAM). BAM involves imaging the monolayer reflectivity at an angle. In earlier model BAMs the focus was not consistent across an entire image [80]. The choice of DMPC and the ratio of 7:3 mole ratio was made so that the initial morphology of the monolayer would be featureless and representative of a uniform one phase region. Surface pressure increases in the range of 25 mN m−1 were observed for the mixed monolayers of DMPC and cholesterol, cholestanol, or coprostanol while much smaller increases were seen for the other sterols all below 5 mN m−1 over 5000 s with the smallest change seen when epicholesterol was used. The smaller surface pressure increases are seen for monolayers containing sterols that complex less effectively with α-tomatine, showing that with less effective complex formation, further insertion of α-tomatine into the monolayer becomes less favorable since it is not be segregated into complexes. Most significantly, BAM observation during the time period after injection showed the emergence of island like aggregates in the monolayer for the mixed monolayers of DMPC and sterols other than epicholesterol. For DMPC and cholesterol or with DMPC and cholestanol, the appearance of a woven texture indicated that these domains were very small in size and near the resolution limit of the BAM used of ~4 μm. For the mixed monolayers of DMPC and epicholesterol, no formation of domains/aggregates was seen upon injection of α-tomatine beneath the monolayers. This result is consistent with the results on liposomes containing epicholesterol against which glycoalkaloids were ineffective at promoting dye release [76]. The observation of a surface pressure increase but no domain formation suggests insertion into the monolayer but lack of effective complex formation. Keukens et al. proposed that epicholesterol had a different orientation at the interface that prohibited effective complex formation. For the case of mixed monolayers of DMPC and cholestenone, injection of α-tomatine resulted in the formation of only a very small number of indistinct and small domains. An unusual result was obtained for injection of α-tomatine beneath monolayers of DMPC and coprostanol with the formation of starfish-shaped domains with the arms all curving counter-clockwise. Such curved and chiral domains have been reported for monolayers of chiral amphiphiles [81]. The result suggests that somehow these complexes are arranging in a chiral packing. However, monolayers of DMPC and epicoprostanol did not show chiral domains and instead showed domains resembling indistinct spots. It was proposed that the α-tomatine would insert into the monolayer and complex with sterol and then these complexes would aggregate into islands visible under BAM. The formation of aggregates was seen for a monolayer of DMPC + cholesterol of 9:1 molar ratio (see Figure 6A,B) after injection of α-tomatine to give a subphase concentration of 1.0 μM, and BAM images showing the emergence of bright clusters on the water surface which according to the principle of BAM imaging represent regions of greater thickness or density. In Figure 6C, the effect of 1.0 μM tomatine on DMPC + cholesterol monolayers of molar ratio 8:2 show an increased density of aggregates and when the molar ratio is increased to 5:5, the pattern that emerges is of a rippled or wavy texture (Figure 6D).



In a subsequent study [82], the dependence of the surface pressure response of spread monolayers of either 7:3 DMPC and cholesterol or monolayers of egg sphingomyelin and cholesterol was studied as a function of tomatine concentration in the subphase. The surface pressure response was found to vary in a manner that saturated near 2 μM for the DMPC and cholesterol mixed monolayers and near 15 μM for the sphingomyelin and cholesterol mixed monolayers. These data were fit to a binding isotherm to determine an association constant for insertion of α-tomatine into the monolayer for assumed complexation with cholesterol that would lead to the increase of surface pressure. BAM observation showed the emergence and growth of irregular island-like aggregates or a mottled texture as time progressed in the interaction with α-tomatine. Association constants, as defined by the model were found to be 12 × 106 M−1 for the 7:3 molar ratio DMPC + cholesterol monolayers and 0.48 × 106 M−1 for the 7:3 egg sphingomyelin + cholesterol monolayers. The lower affinity of tomatine for the egg sphingomyelin + cholesterol system does not mean a change in affinity for the cholesterol itself. The difference was attributed to a competitive equilibrium in which the interaction between sphingomyelin and cholesterol is stronger than the interaction between DMPC and cholesterol since sphingomyelin can form a hydrogen bond to cholesterol whereas DMPC cannot. It was also found in this study that spreading 1:1 molar ratio compositions of α-tomatine and cholesterol resulted in stable and compressible monolayers while α-tomatine itself showed no ability to form a monolayer that registered any surface pressure on compression. The variation of surface pressure with time after injection of tomatine underneath the 7:3 molar ratio DMPC + cholesterol monolayers is shown in Figure 7A and the variation of the maximum longer time surface pressure increases versus α-tomatine concentration is shown in Figure 7B. The pH dependence of α-tomatine interaction with DMPC + cholesterol monolayers was also studied for monolayers spread on buffers at pH values of 5.0, 7.0, and 9.0. It was observed that surface pressure response was drastically lower at pH 5.0 while the changes in surface pressure were comparable for pH 7.0 and 9.0 with a slightly higher response at pH 7.0 as shown in Figure 8. The reduced response at pH 5.0 was attributed to protonation of the nitrogen on the aglycone of α-tomatine. In the case of α-tomatine interacting with mixed monolayers of egg sphingomyelin and cholesterol, instability was observed as the surface pressure would rise and then tend to slowly decrease possibly due to some sort of formation of three-dimensional structures which however were not evident under BAM. The estimation of a binding constant for the interaction of α-tomatine with these monolayers was conducted using the maximal surface pressure values observed in time plots of surface pressure at the individual α-tomatine concentrations.



Monolayer studies have also been reported for some other saponins. The interaction of digitonin, a cardiac glycoside from the plant Digitalis purpurea, with monolayers of dipalmitoylphosphatidylcholine (DPPC) and cholesterol was examined using surface pressure measurements, surface rheology, fluorescence microscopy, neutron reflectivity, grazing incidence X-ray diffraction (GIXD), and infrared reflection absorption spectroscopy (IRRAS) [83]. Monolayers of DPPC and cholesterol of 10:9 molar ratio were compressed to a pressure of 32.5 mN m−1, theoretically expected to resemble the packing state of natural membranes of erythrocytes. Introduction of 100 μM digitonin beneath the monolayer by subphase replacement resulted in an increase in surface pressure to about 55 mN m−1 over a period of 1 h. This surface pressure was higher than the collapse pressure of the mixed monolayer indicating strong interaction of digitonin with the monolayer. A smaller increase to a surface pressure near 40 mN m−1 was observed for monolayers of DPPC alone. Digitonin dissolved in water was found to be surface-active and to build up a surface pressure from a 100 μM solution of ~ 25 mN m−1. The surface dilational viscoelasticity modulus |E| which is composed of real part E’(w) and imaginary part E″ (w) was found to decrease during the interaction with digitonin from a value of |E| = 205.4 mN m−1 for the DPPC monolayer to 58.5 mN m−1, higher than the value of 18.1 mN m−1 for a Gibbs monolayer of digitonin (w = 0.1 Hz). This observation was consistent with the retention of some fraction of the DPPC within the monolayer and with the insertion of digitonin weakening interactions between DPPC molecules. In contrast, monolayers of 10:9 mole ratio DPPC to cholesterol showed a large increase in |E| upon interaction with digitonin from E′ = 176.5 mN m−1 and E″ = 105.0 mN m−1 to |E| = 421.8 mN m−1 (E′ = 357.3 mN m−1, E″ = 105.0 mN m−1). This increase indicated the formation of dense structures able to store and release energy upon surface dilation and compression. The neutron reflectivity data were consistent with digitonin being squeezed in between DPPC and cholesterol monolayers. The GIXD data for digitonin beneath DPPC and cholesterol monolayers were consistent with the release of DPPC molecules from their complexes with cholesterol to yield a phase-separated monolayer of DPPC and cholesterol+digitonin complexes. The question of the how the interaction of digitonin with phospholipids with different head-groups revealed a stronger affinity for phosphatidylethanolamine and phosphatidylserine head-groups attributed to hydrogen bond formation between the phospholipid head-group and the hydroxyls on the sugars of the glycan of digitonin [84]. IRRAS data showed that the interaction with digitonin increased monolayer disorder and that water molecules hydrating the phospholipid head-groups were replaced by hydrated digitonin molecules. Quillaja bark saponin, useful as a vaccine adjuvant, was studied using subphase replacement beneath DPPC monolayers at 1.0 mM concentration and found to be able to insert into the monolayer and cause significant surface pressure increase but without causing monolayer collapse [85]. Quillaja bark saponin will adsorb strongly from the subphase to the water–air interface forming what is referred to as a Gibbs monolayer and even at a concentration as low as 3.0 × 10−5 M, a surface pressure near 17.5 mN m−1 was observed for the adsorbed layer. The interaction of the saponin α-hederin with DPPC + cholesterol monolayers demonstrated that this saponin formed layers beneath the monolayer of complexes with DPPC and with cholesterol [86]. Studies of the interaction of digitonin with supported bilayers were carried out using the quartz crystal microbalance with dissipation method (QCM-d) [87]. The phospholipid used was 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and the supported bilayers were formed by adsorption and unraveling of small unilamellar vesicles. QCM-d showed little effect of digitonin onto supported SOPC bilayers but a significant frequency decrease and a large dissipation increase for supported bilayers containing 20 mol% cholesterol. Combining these data with x-ray reflectivity data suggested that digitonin penetrates the supported bilayer and removes cholesterol from the membrane core in order to form complexes. Differential scanning calorimetry (DSC) data showed re-emergence of the main chain melting transition for SOPC in vesicles containing cholesterol, also indicating the removal of cholesterol from its complexes with the phospholipid.




5. Summary of Key Results


The glycoalkaloids show clear cytotoxicity at concentrations generally in the low to several micromolar ranges and do not discriminate well between normal and cancerous cells. The preponderance of the detailed cellular studies against various cancer cell lines indicates apoptotic mechanisms, which include morphological effects on membranes. However, some studies point to a necrotic mechanism driven by membrane disruption and some studies show evidence for both apoptotic and necrotic effects. There is much work yet to be done to understand at the molecular level how glycoalkaloids trigger these apoptotic signaling pathways and how these signaling pathways are influenced by changes in membrane structure. The glycoalkaloids can act synergistically with a number of widely used cancer therapeutics but have not yet been commercialized for such formulations. The cytotoxicity is time-dependent and the relative extent of early versus late-stage apoptotic effects can vary with time. The interaction of glycoalkaloids with membranes is driven by their complexation with cholesterol, or other 3β-hydroxysterols, and is sensitive to stereochemical and steric effects and the extent to which the joining of these complexes into larger structures driven by carbohydrate–carbohydrate interactions and sterol-aglycone packing is favored. Model membrane systems such as liposomes and monolayers, and also potentially supported bilayers although such studies seem mostly lacking, can provide insight into the extent to which selected glycoalkaloids or their mixtures perturb membrane structure. There is clearly room for more extensive molecular modeling studies and for the examination of these complexes and their aggregated structures at the detailed and molecular level.




6. Conclusions


The glycoalkaloids exhibit a number of interesting and potentially useful interactions with cell membranes in their reported roles as anti-cancer agents, anti-fungal agents, and in vaccine adjuvants. While membrane disruption via cholesterol complexation is clearly a main effect, biological data also suggest interference in signaling pathways and interactions with other cell surface receptors. The structural role of the carbohydrate group is crucial and the details of how complexation with sterols depends on subtle features of the molecular structure remains to be elucidated and explained via physical and spectroscopic measurements and molecular modeling calculations. The molecular interactions behind the reported synergistic effects between 3β-hydroxysterols and pairs of related glycoalkaloids are fascinating and require further study, especially the observation that antagonistic effects may also be seen for certain ratios. It is also not known how glycoalkaloids interact with a fuller variety of lipids with different head-groups such as a broader range of glycolipids. The glycoalkaloids also clearly can promote the formation of highly interesting supramolecular aggregates in the presence of sterols and lipids. As natural products that are readily accessible, their ability to synergistically improve the effectiveness of anti-cancer agents through synergistic effects suggests that their further study and potential therapeutic application is worth pursuing.
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Figure 1. Structures of the glycoalkaloids α-tomatine, α-chaconine, α-chaconine, α-solamargine, and α-solasonine. 
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Figure 2. IC50 values determined for α-tomatine, β1-tomatine, γ-tomatine, δ-tomatine, and the aglycone tomatidine against cancer cells lines PC3 (prostate), MDA-MB-231 (breast), and KATO III (gastric). Chang cell line is normal human liver, and HeI299 is normal human lung cells. The MTT cell viability assay was applied after 48 h. Reproduced from reference [54] with permission, copyright 2012 American Chemical Society. 
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Figure 3. Transmission electron micrographs representative of MCF-7 cells. Confluent cells (60–70%) were treated with 6 μM of α-tomatine for 4 h. Images of transverse sections of the cells are shown. (A) Control cells, (B) α-tomatine-treated cells. The treated cells show the disintegration of both the outer and nuclear membranes, but no typical morphologic signs of apoptosis. Reproduced from reference [57]. 
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Figure 4. Transmission electron micrograph of tomatine in 0.9% NaCl, showing its stacking hollow tubular structure (left panel). Transmission electron micrograph of the microstructure of the tomatine adjuvant in the major band after isopycnic ultracentrifugation (RI = 1.398 in the sucrose gradient), showing the aggregated gel crystalline microstructure with flaky needle-shaped morphology. Reproduced with permission from reference [69], copyright 2002 (Elsevier). 
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Figure 5. Glycoalkaloid induced leakage of the dye carboxyfluorescein from liposomes of egg yolk phosphatidylcholine containing (A) cholesterol or (B) fucosterol. The leakage was measured 5 min after addition of the indicated amounts of α-chaconine (open circles), α-solanine (solid circles), or an equimolar mixture of the two. Synergistic effects are clearly seen. Reproduced with permission from reference [76], copyright 1995 (Elsevier). 
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Figure 6. BAM images of DMPC and cholesterol mixed monolayers interacting with 1.0 μM tomatine. (A) 9:1 mole ratio at 15 min after injection, (B) 9:1 mole ratio at 50 min after injection, (C) 8:2 mole ratio at 120 min after injection, (D) 5:5 mole ratio at 120 min after injection. The monolayers were compressed to 10 mN m−1 prior to injection. The images are 700 μm × 700 μm. Reproduced with permission from reference [82]. 
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Figure 7. (A) The response of mixed monolayers of 7:3 mole ratio DMPC:cholesterol to injection of varying concentrations of tomatine. The monolayers were compressed to 10 mN m−1 prior to injection. The concentrations studied were 2.0 μM, 1.0 μM, 0.5 μM, 0.25 μM, 0.125 μM, and 0.06 μM. At the later times, these curves fall in order of concentration on the graph from lowest to highest. The subphase is 0.05 M pH 7.0 phosphate buffer, 0.10 M NaCl. (B) Binding curve of the measured plateau values of ΔΠ at long time plotted versus subphase concentration of tomatine. The ΔΠ values for the two lowest tomatine concentrations are determined at much longer times near 12,000–14,000 s. The ΔΠ values are an average for two complete data sets. Reproduced with permission from reference [82]. 
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Figure 8. Surface pressure response (ΔΠ) vs. time for mixed monolayers of dimyristoylphosphatidylcholine (DMPC) and cholesterol of 7:3 mole ratio interacting with 1 μM tomatine compared on 0.05 M subphases of pH 5.0 (acetate buffer), pH 7.0 (phosphate buffer), and pH 9.0 (borate buffer). The monolayers were compressed to 10 mN m−1 prior to injection. Each subphase contains 0.10 M NaCl. Reproduced with permission from reference [82]. 
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Table 1. Selection of reported data for effect of glycoalkaloids against cancer cells lines, noting doses and specific cellular effects (if reported). Data reported in concentration units (such as μM) are converted to μg mL−1. Data is not shown for extracts.
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	Glycoalkaloid
	Cell Type
	Dosage (g mL−1)
	Outcome
	Ref





	α-chaconine
	HT-29 human colon carcinoma
	5.0
	Apoptosis, ERK inhibition, caspase-3 activation
	[49]



	α-chaconine
	HepG2 liver cancer
	10
	94.9% reduction in MTT activity after 48 h
	[55]



	α-chaconine
	AGS gastric cancer
	10
	89.7% reduction in MTT activity after 48 h
	[55]



	α-chaconine
	PC-6 lung cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.83 μg mL−1
	[56]



	α-chaconine
	MCF-7 breast cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.54 μg mL−1
	[56]



	α-chaconine
	NUGC-3 stomach cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.43 μg mL−1
	[56]



	α-chaconine
	SW620 colon cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.46 μg mL−1
	[56]



	α-chaconine + α-solanine
	HepG2 liver cancer
	Combinations that add to 10 (5 + 5, 3 + 7, 7 + 3, 1 + 9, 9 + 1)
	9 + 1 combination is synergistic (94.7% reduction in MTT activity), others are antagonistic
	[57]



	α-chaconine + α-solanine
	AGS gastric cancer
	Combinations that add to 10 (5 + 5, 3 + 7, 7 + 3, 1 + 9, 9 + 1)
	All combinations are synergistic, 87.6–89.0% reduction in MTT activity
	[58]



	α-chaconine and hydrolysis products
	HT29 colon cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 77.3% for α-chaconine, 48.5% for β1-chaconine, 53.6% for β2-chaconine, 12.8% for γ-chaconine, and 32.5% for solanidine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-chaconine and hydrolysis products
	HepG2 liver cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 83.3% for α-chaconine, 44.0% for β1-chaconine, 37.8% for β2-chaconine, 76.3% for γ-chaconine, and 71.5% for solanidine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-solamargine
	HT29 colon cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 71.8% (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-solamargine
	HepG2 liver cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 81.4% (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[55]



	α-solamargine
	PC-6 lung cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 2.66 μg mL−1
	[56]



	α-solamargine
	MCF-7 breast cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 2.16 μg mL−1
	[56]



	α-solamargine
	NUGC-3 stomach cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.95 μg mL−1
	[56]



	α-solamargine
	SW620 colon cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 1.62 μg mL−1
	[56]



	α-solamargine
	HeLa cervical cancer
	Not stated
	IC50 (MTT assay) = 6.0 μg mL−1
	[59]



	α-solamargine
	A549 lung cancer
	Not stated
	IC50 (MTT assay) = 8.0 μg mL−1
	[59]



	α-solamargine
	MCF-7 breast cancer
	Not stated
	IC50 (MTT assay) = 2.1 μg mL−1
	[59]



	α-solamargine
	K562 chronic myelogenous leukemia
	Not stated
	IC50 (MTT assay) = 5.2 μg mL−1
	[59]



	α-solamargine
	HCT116 colon cancer
	Not stated
	IC50 (MTT assay) = 3.8 μg mL−1
	[59]



	α-solamargine
	U87 glioblastoma
	Not stated
	IC50 (MTT assay) = 3.2 μg mL−1
	[59]



	α-solamargine
	HepG2 liver cancer
	Not stated
	IC50 (MTT assay) = 2.5 μg mL−1
	[59]



	α-solamargine
	H661 large cell lung cancer
	0–10.4
	ED50 ([3H]thymidine DNA incorporation assay at 18 h) = 3.11 μg mL−1, increase in HER2 expression, evidence for apoptosis including chromatin condensation, DNA fragmentation and cell morphology changes
	[14]



	α-solamargine
	H69 small cell lung cancer
	0–10.4
	ED50 ([3H]thymidine DNA incorporation assay at 18 h) = 5.02 μg mL−1, increase in HER2 expression, evidence for apoptosis including chromatin condensation, DNA fragmentation and cell morphology changes
	[14]



	α-solamargine
	HBL-100 breast cancer cells
	0–217
	IC50 (MTS cell viability assay at 16 h) = 1.80 μg mL−1, evidence for apoptosis, upregulated TNFR-I, Fas, and TRADD, upregulate Bax and downregulate Bcl-2 and Bcl-xL, chromatin condensation, blebbing, and shrinkage
	[16]



	α-solamargine
	ZR-75-1 breast cancer cells
	0–217
	IC50 (MTS cell viability assay at 16 h) = 2.60 μg mL−1, same as for HBL-100 cells
	[16]



	α-solamargine
	SK-BR-3 breast cancer cells
	0–217
	IC50 (MTS cell viability assay at 16 h) = 1.87 μg mL−1, same as for HBL-100 cells
	[16]



	α-solamargine
	Bcap-37 human breast cancer
	0–8.84
	IC50 (MTT assay after 24 h) = 5.61 μg mL−1, evidence for apoptosis similar but stronger as for α-solasonine
	[60]



	α-solamargine
	MCF-7 human breast cancer
	0–8.84
	IC50 (MTT assay after 24 h) = 1.14 μg mL−1
	[60]



	α-solamargine
	A-431 epidermoid carcinoma
	0–8.84
	IC50 (MTT assay after 24 h) = 8.27 μg mL−1
	[60]



	α-solanine
	HepG2 liver cancer
	10
	86.6% reduction in MTT activity after 48 h
	[55]



	α-solanine
	AGS gastric cancer
	10
	79.0% reduction in MTT activity after 48 h
	[55]



	α-solanine
	PC-6 lung cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 15.70 μg mL−1
	[56]



	α-solanine and hydrolysis products
	HT29 colon cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 81.7% for α-solanine, 51.4% for β2-solanine, 55.0% for solasodine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-solanine and hydrolysis products
	HepG2 liver cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 80.9% for α-solanine, 13.3% for β2-solanine, 78.3% for solasodine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-solasonine
	PC-6 lung cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 14.4 μg mL−1
	[56]



	α-solasonine
	MCF-7 breast cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 9.70 μg mL−1
	[56]



	α-solasonine
	NUGC-3 stomach cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 12.10 μg mL−1
	[56]



	α-solasonine
	SW620 colon cancer
	Not stated
	Growth inhibition of 50% at 72 h (GI50) = 6.72 μg mL−1
	[56]



	α-solasonine
	Bcap-37 human breast cancer
	0–17.36
	IC50 (MTT assay after 24 h) = 19.64 μg mL−1, evidence for apoptosis, mitochondrial dysfunction and cytochrome c release, caspase-3 activity, Annexin V positive staining, downregulated BCl-2 and Bcl-xL and upregulated Bax
	[60]



	α-solasonine
	MCF-7 human breast cancer
	0–17.36
	IC50 (MTT assay after 24 h) = 11.70 μg mL−1
	[60]



	α-solasonine
	A-431 epidermoid carcinoma
	0–17.36
	IC50 (MTT assay after 24 h) = 15.67 μg mL−1
	[60]



	α-solasonine and aglycone
	HT29 colon cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 68.4%, 55% for solasodine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-solasonine and aglycone
	HepG2 liver cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 79.3%. 78.3% for solasodine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-tomatine
	MOLT-4 human T-lymphoblastic leukemia
	1.03–4.12
	Caspase independent cell death, increase p53, increase in PUMA protein, increase p21WAFI/CIPI, activation of Chk2, cell cycle arrest in G1 phase, no change in viability at 1.03 μg mL−1 but 12% cell viability after 24 h for 4.12 μg mL−1
	[50]



	α-tomatine
	NCI-H460 (human lung large cell carcinoma)
	up to 4.12
	Cytotoxic above 1.55 μg mL−1, reduce mitochondrial membrane potential, reduce GSH, increase reactive oxygen species, change in cell morphology to elongated, spindle, or shrunken, inactivate PI3K/Akt signaling, enhancing IκBα protein expression, reduce NF-κB DNA-binding activity, downregulate MMP-7, interfere with the rearrangement of the actin cytoskeleton, decrease expression of-FAK, inhibit cell invasion and migration.
	[51]



	α-tomatine
	AGS stomach cancer
	10.34–51.7
	IC50 = 0.03 μg mL−1 by MTT assay after 48 h
	[52]



	α-tomatine
	HepG2 liver cancer
	10.34–51.7
	IC50 = 43 μg mL−1 by MTT assay after 48 h
	[52]



	α-tomatine
	Ht-29 colon cancer
	10.34–51.7
	IC50 = 0.03 μg mL−1 by MTT assay after 48 h
	[52]



	α-tomatine
	MCF-7 breast cancer
	10.34–51.7
	IC50 = 5.07 μg mL−1 by MTT assay after 48 h
	[52]



	α-tomatine
	LNCaP prostate cancer cells
	0.52–4.12
	EC50 = 2.74 ± 0.01 μg mL−1 for 24 h treatment
	[52]



	α-tomatine
	MCF-7 human breast cancer
	1.034–9.306
	EC50 = 7.41 (72 h), no DNA damage, loss of ATP, microscopy shows the collapse of some cells, TEM shows sign of rapid necrosis
	[55]



	α-tomatine
	PC-3 prostate cancer
	0.17–5.17
	EC50 (MTT assay after 24 h) = 1.73 μg mL−1. Evidence for apoptosis, Annexin V staining is positive, decrease in mitochondrial membrane potential, caspase-3, -8, and -9 activity, nF-kB activation inhibited, nuclear condensation
	[61]



	α-tomatine and hydrolysis products
	MDA-MB-231 breast cancer
	1, 10, 50, 100
	IC50 = 26.4 ± 3.6 for α-tomatine, 82.3 ± 11.0 for β1-tomatine, 137.8 ± 16.6 for γ-tomatine, 84.5 ± 6.6 for δ-tomatine, and 336.5 ± 7.9 for tomatidine (all in μg mL−1, all 48 h)
	[54]



	α-tomatine and hydrolysis products
	KATO-III gastric cancer
	1, 10, 50, 100
	IC50 = 16.4 ± 10.0 for α-tomatine, 77.1 ± 13.3 for β1-tomatine, 156.0 ± 8.4 for γ-tomatine, 150.4 ± 11.3 for δ-tomatine, and 623.0 ± 7.9 for tomatidine (all in μg mL−1, all 48 h)
	[54]



	α-tomatine and hydrolysis products
	HT29 colon cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 71.6% for α-tomatine, 51.3% for β1-tomatine, 17.5% for γ-tomatine, 26.3% for δ-tomatine and 11.4% for tomatidine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-tomatine and hydrolysis products
	HepG2 liver cancer cells
	0.1, 0.5, 1, 5, 10, 100
	Growth inhibition by MTT assay = 85.5% for α-tomatine, 80.9% for β1-tomatine, 17.8% for γ-tomatine, 52.8% for δ-tomatine and 28.8% for tomatidine (aglycone). (4 h, 10 μg mL−1, data also reported for 24 h, 48 h and other concentrations)
	[58]



	α-tomatine and hydrolysis
	PC3 prostate cancer
	1, 10, 50, 100
	IC50 = 3.0 ± 0.3 for α-tomatine, 82.5 ± 9.6 for β1-tomatine, 103.2 ± 16.6 for γ-tomatine, 100.5 ± 5.0 for δ-tomatine, and 248.9 ± 11.2 for tomatidine (all in μg mL−1, all 48 h)
	[54]











© 2019 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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