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Abstract

:

The aim of this study is to investigate the potential inhibitory effect of α-chaconine and α-solanine on RL95-2 estrogen receptor (ER) positive human endometrial cancer cell line and to identify the effect of these glycoalkaloids on the Akt signaling and ERα. The cell proliferation profiles and the cytotoxicity studies were performed by Real-Time Cell Analyzer (xCELLigence) and compared with Sulphorhodamine B (SRB) assay. The effects of α-chaconine (2.5, 5, 10 µM), α-solanine (20, 30, 50 µM), API-1 (25 µM) and MPP (20 µM) effects on Akt (Ser473) and ERα (Ser167) expressions evaluated by Western blot and qPCR method. Their IC50 values were as α-chaconine (4.72 µM) < MPP (20.01 µM) < α-solanine (26.27 µM) < API-1 (56.67 µM). 10 μM α-chaconine and 20, 30 and 50 μM α-solanine were effective in decreasing p-Akt(Ser473)/Akt ratio compared to positive control API-1. When the p-ERα/ERα ratios were evaluated, it was observed that α-chaconine (2.5, 5, 10 μM) and α-solanine (50 μM) were as effective as the specific ERα inhibitor MPP in reducing the ratio of p-ERα/ERα compared to the control group. In conclusion, it has been shown that the proliferation of α-chaconine and α-solanine in human endometrial carcinoma cells reduces the expression and activity of the Akt and ERα signaling pathway.
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1. Introduction


Glycoalkaloids, a class of nitrogen-containing steroidal glycosides, are biologically active secondary plant metabolites, usually found in plants of the genus Solanum. These plants include many agricultural plants, especially the plants from Solanaceae family such as Solanum tuberosum L. (potato), Solanum lycopersicum (tomato) and Solanum melongena (eggplant) [1]. S. tuberosum L. (potato) contains significant amount of glycoalkaloids α-chaconine and α-solanine, which are trisaccharide steroidal glycoalkaloids [2].



S. tuberosum glycoalkaloids are naturally produced and the main glycoalkaloids are α-chaconine and α-solanine, which make up 95% of the total glycoalkaloid content. The molecules of both substances contain the same steroid scaffold (aglycone), but differ in the trisaccharide moiety [1]. Steroidal glycoalkaloids are produced from the cytosolic terpenoid (mevalonate) biosynthetic pathway. Cholesterol is produced starting from acetyl-CoA. Cholesterol is modified by various glycoalkaloid metabolism enzymes via hydroxylation, oxidation and transamination, and thus solanidine (Figure 1a) is synthesized in S. tuberosum. Aglycone solanidine is glycosylated by solanidine glycosyltransferase enzymes to produce α-solanine and α-chaconine [3,4]. α-Chaconine and α-solanine are derived from the compound solanidine and include a carbohydrate side-chain; the side-chain is composed of glucose and two rhamnose molecules and glucose, rhamnose and galactose molecules, respectively [5]. The glycoalkaloids are found at all parts of the potato plant. The highest glycoalkaloid level is in flowers and sprouts while the lowest glycoalkaloid level is in potato tubers. Glycoalkaloids are concentrated in the skins and the prolonged exposure of the tubers to the light promotes the formation of glycoalkaloids on the surface of the tuber [1]. Steroidal alkaloids and their glycosides are known to possess a variety of biological activities including anti-tumor [6], anti-fungal [7], anti-inflammatory [8], teratogenic [9], anti-viral [10], antimicrobial [11], antiestrogenic [12,13], antiandrogenic [14] and anti-cancer activities [15]. There are some studies related to the evaluation of α-chaconine and α-solanine which are naturally occurring toxic steroidal glycoalkaloids in potato sprouts effects on different cancer cells such as lymphoma and lung [16], prostate [17], cervical [18], stomach [19], melanoma [20], pancreatic [21], breast [22] and colorectal [23].



Endometrial cancer is the fifth most common gynecological malignancy in the world in 2012, but its incidence varies between regions [24,25]. In 2012, 320,000 new cases of endometrial cancer were diagnosed worldwide. The number of new cases is expected to increase by about 70% over the next 20 years [26]. Approximately 30% of patients diagnosed with endometrial cancer are under 54 years of age, with 20% between 45–54 years of age and approximately 9% under the age of 44. For this reason, it is necessary to carefully select women with fertility-protective approaches in managing endometrial cancer [27]. Because early detection and treatment modalities have not had a major influence on mortality and fertility, searching out and developing novel approaches for treatment of endometrial cancer is very important.



Akt, a serine-threonine protein kinase, central signaling molecule in the PI3K pathway and plays an important role in controlling the balance between cell survival and apoptosis [28]. Alterations in the Akt pathway have been identified in a variety of human cancer types, including endometrial cancer. Akt is activated by phosphorylation, on account of this Akt phosphorylation is a marker for the activation of this enzyme. The serine/threonine kinase Akt pathway integrates both extracellular and intracellular oncogenic signals, and therefore presents a promising new target for molecular therapeutics [29]. The central negative regulator of the Akt signaling cascade is the tumor suppressor gene PTEN. Mutations in PTEN result in notably increased Akt activity. PTEN mutations occur in 50% of endometrial carcinomas. Patients with increased Akt phosphorylation as a result of loss of PTEN expression have a poor prognosis. Consequently, targeting the Akt pathway may be an appropriate strategy in addressing endometrial cancer [30]. Selective inhibition of Akt represents a potential approach for the treatment of endometrium cancer. Akt/protein kinase B inhibitor, 4-amino-5,8-tetrahydro-5-oxo-8-(β-D-ribofuranosyl)pyrido[2,3-d]pyrimidine-6-carboxamide (API-1) is a novel, small molecule and potent selective inhibitor of Akt signaling that binds to the pleckstrin homology (PH) domain of Akt. It blocks its membrane translocation, which cause inhibition of Akt-regulated cell growth and cell survival in vitro and in vivo [31,32].



ERα plays a role in mediating the activity of estrogen [33]. The biological effects of 17β-estradiol (E2) (Figure 1b) are mainly mediated by ERα and estrogen receptor β (ERβ) receptors and ERα is primarily expressed in the uterus. E2 stimulates the growth of cancer cells as well as many type of cells [34]. Oncogenic transformation of cells in the uterus can initiate to the development of cancerous lesions and these lesions take advantage of E2 signaling pathways for growth [35]. Methyl-piperidino-pyrazole (MPP) is a highly selective ERα antagonist [36].



Although α-chaconine and α-solanine as being steroidal glycoalkaloid exhibit anti-carcinogenic potential against several cancer cell lines, its effect on endometrium cancer is still unclear. The aim of this study is to investigate the potential inhibitory effect of α-chaconine and α-solanine to clarify the potential of inhibiting proliferation, and to explain the effect of these glycoalkaloids on the Akt signaling and estrogen receptor α (ERα) in RL95-2, which is estrogen receptor (ER) positive human endometrial cancer cell line.




2. Materials and Methods


2.1. Materials


α-Chaconine (Cat No: A9544) was purchased from Applichem (Darmstadt, Germany), whereas α-solanine (Cat No: S3757) was Sigma (St. Louis, MO, USA). Chemical inhibitors API-1 (Cat No: 3897) and 1,3-Bis(4-hydroxyphenyl)-4-mtehyl-5-[4-(2-piperidiylethoxy) phenol]-1H-pyrazole dihydrochloride (MPP dihydrochloride) (Cat No: 1991) were purchased from Tocris bioscience (Bristol, UK). Stock solutions of α-chaconine, α-solanine and the chemical inhibitors were prepared in dimethyl sulfoxide (DMSO). DMSO (Cat No: A3672) and phosphate-buffered saline (PBS) (Cat No: A9177) were purchased from Applichem. Dulbecco’s modified eagle’s medium with F-12 nutrient mixture (DMEM: F-12) (Cat No: 01-170-1A) and penicillin/streptomycin solution (Cat No: 03-031-1C) were obtained from Biological Industries (Cromwell, CT, USA). Fetal bovine serum (FBS) (Cat No: S0115) obtained from Biochrom (Cambridge, UK). Insulin (Cat No: I9278), RNAzol (Cat No: R4533, Sigma) and trypsin-EDTA (T3924) were purchased from Sigma. Sulforhodamine B (SRB) sodium salt (Cat No: sc-253615A) and radio immuneprecipitation assay (RIPA) buffer (Cat No: sc-24948) were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Akt (Cat No: 9272), phospo-Akt (Ser473) (Cat No: 9271) and β-actin (Cat No: 4967) antibodies, estrogen receptor α (D8H8) rabbit mAb (Cat No: 8644), phospho-estrogen receptor α (Ser167) (D1A3) rabbit mAb (Cat No: 5587) and HRP-linked secondary antibody (Cat No: 7074) and BCA kit (Cat No: 7780) were purchased from Cell Signaling Technology, Inc (Leiden, The Netherlands). Reagents for electrophoresis and Western blotting were obtained from Sigma. Polyvinylidene difluoride (PVDF) membrane obtained from (Cat No: 162-0177) Bio-Rad (Dubai, United Arab Emirates). Chemiluminescence solution (ECL) (Cat No: 34080) obtained from Thermo Scientific (Paisley, UK). FastStart Essential DNA Probes Master (06 402 682 001), Transcriptor High Fidelity cDNA Synthesis Kit (05 081 955 001), RealTime ready human β-actin, Akt and ER-α catalog assays (05 532 957 001), E-plate (05 232 368 001), Cedex Smart Slides (05 650 801 001) were purchased from Roche (Roche, Laval, QC, Canada).




2.2. Cancer Cell Line and Culture


Human endometrial cancer cell lines RL95-2 was purchased from the American Type Cell Collection (Cat No: CRL-1671™ ATCC, Manassas, VA, USA). The cell line was grown in DMEM:F-12 that was supplemented with 10% (v/v) FBS, 1% penicillin/streptomycin and 0.005 mg/mL insulin. The cells were cultivated in 75 cm2 culture flasks at 37 °C in humidify atmosphere of 95% air and 5% CO2. When the cells had approximately reached 80% confluence, trypsin containing 0.25% EDTA was used to remove them from the flasks for subculture or for the corresponding experimental treatments. An inverted microscope was used to observe the changes in cell morphology. α-Chaconine, α-solanine, API-1 and MPP dihydrochloride were dissolved in DMSO and the final DMSO concentration in the medium was less than 0.1%.




2.3. Cell Growth and Proliferation Assay Using xCELLigence Real-Time Cell Analysis (RTCA)


The essence of the real-time growth profile is based on measuring the change in the adhesive properties of the cells as they are attached to the microelectrode-coated surface of special e-plates of xCELLigence system. Impedance measurement gives time quantitative information about the current state of cells such as cell number, viability, morphology and movement. Measurement is possible without using any label or chemicals. By eliminating the need for label or dye, it is possible to maximize the acquired data physiologically. The device’s software allows real-time monitoring of the experiment and real-time data visualization and analysis functions [37,38].



RL95-2 cells were resuspended in the culture medium and then seeded, to e-plate of xCELLigence RTCA SP system (ACEA Biosciences Inc., San Diego, CA, USA). In this experiment, different number of cells varying from 1.250 to 40.000 were used to obtain growth profile of RL95-2 cell line. xCELLigence system calculates the impedances parameter called “Cell Index (CI)”. CI values of RL95-2 were used to examine cell profile depending on proliferation and viability during 96 h. All experiments were performed at least three times.




2.4. Cytotoxicity Assay Using xCELLigence RTCA


According to SRB assay results, novel concentrations were determined in order to evaluate its effects on cell growth and proliferation of α-chaconine (1–10 μM), α-solanine (10–30 μM), API-1 (10–25 μM) and MPP dihydrochloride (5–50 μM). In brief, RL95-2 cells were seeded at a density of 20.000 cells per well of a 96-well E-plate (Catalog No. 05232368001; ACEA Biosciences, Inc., San Diego, CA, USA). The compounds added to cells at their growth phase. The assay was monitored during 96 h. Effects of α-chaconine, α-solanine, API-1 and MPP dihydrochloride on cell growth curve was assessed with the RTCA system xCELLigence. After obtaining cell profile data, another RTCA assay was performed by using 20.000 cells/100 μL per well to monitor the cytotoxicity of α-chaconine, α-solanine, API-1 and MPP dihydrochloride. Proliferation, spreading and cell attachment kinetics were monitored every 15 min. IC50 values were defined as the inhibition of the cell line by the compounds at 24 h. The RTCA software performs a curve-fitting of selected “sigmoidal dose–response equation” to the experimental data points and calculates logarithmic half maximum effect of concentration (log [IC50]) values at a given time point based on log of concentration producing 50% reduction of CI value relative to solvent control CI value (100%), expresses as log IC50 [37,38]. All experiments were performed at least three times and the results were given as the mean ± Standart Deviation (SD) of independent experiments.




2.5. Determination of Cell Viability via Sulphorhodamine B Assay


The effect of α-chaconine, α-solanine, API-1 and MPP dihydrochloride on RL95-2 cell viability were determined by the method of SRB assay [39,40]. The compounds were dissolved in DMSO to a stock concentration of 50 mM. 20.000 cells/wells seeded and after 24 h incubation cells treated with different final concentrations of α-chaconine (1 nM-100 μM), α-solanine (1 nM-100 μM), API-1 (1–100 μM) and MPP dihydrochloride (1–100 μM) for 24 h, followed by fixing the cells in 10% (v/v) of trichloroacetic acid (TCA) for 1 h at 4 °C. After washing 5 times, cells were exposed to 0.5% (w/v) SRB solution for 30 min in a dark place and subsequently washed with 1% (v/v) acetic acid. After drying, 10 mM (pH 10.5) Tris base solution was used to dissolve the SRB-stained cells using a plate-shaker (PST-60 HL plus Biosan) and color intensity was measured at 510 nm in a microplate reader (Biotek Synergy HT). Data are represented as a percentage of control cells. The measurement of the “half maximal inhibitory concentration” (IC50) values was calculated with the Microsoft Excel program. All experiments were performed at least three times and the results were given as the mean ± SD of independent experiments.




2.6. Protein Extraction and Western Blot Analysis


1 × 106 cells were seeded in 6 well plate to be left overnight and incubated with α-chaconine (2.5; 5; 10 μM), α-solanine (20; 30; 50 μM), API-1 (25 μM) and MPP dihydrochloride (20 μM) for 24 h. The cells were scraped using a cell scraper and centrifuged at 10.000 rpm for 10 min, after which the sample was rinsed again with PBS. Proteins were isolated with RIPA buffer. After cell lysates sonication, total protein contents were determined by using a BCA kit. A 10% separating and 5% stacking gel was prepared freshly on western blotting day. Electrophoresis was carried out at a voltage of 70 V, which was then raised to 100 V after the specimens had reached the separation gel. PVDF membrane was activated in 100% methanol for 10 s. The transfer was performed at 100 V for 1 h and 20 min in cold conditions. 5% non-fat dry milk in tris buffered saline with tween (TBST) was used for blockage for 1 h. Membranes were washed with TBST three times for 10 min. 1:1000 dilution of primary rabbit antibodies in TBST were applied to membrane and incubated overnight at 4 °C. The membranes were subsequently washed with TBST and incubated with a 1:2000 dilution of secondary antibody for 2 h at room temperature. After washing the membrane three times for 10 min in TBST, the proteins were visualized using ECL. Blue sensitive X-ray film was used for detection in a dark room. A Developer, water and fixer were used for photographic process. The band intensity was analyzed using Image J (ImageJ 1.48, ABD). β-actin was used for normalization. All experiments were performed three times and the results were given as the mean ± SD of independent experiments.




2.7. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)


RL95-2 cells were seeded at a density of 1 × 106 cells per well of a 6-well plate and cells were harvested for RNA isolation 24 h after the treatment with α-chaconine (2.5; 5; 10 μM), α-solanine (20; 30; 50 μM), API-1 (25 μM) and MPP dihydrochloride (20 μM). Total RNA was isolated using RNAzol in accordance with the manufacturer’s instructions. The RNA concentration and purity were determined by measurement of absorbance at 260 and 280 nm using a NanoDrop (DeNovix) and 1000 ng of each total RNA sample was used for cDNA synthesis with the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Quebec, Canada) according to the manufacturer’s specifications. qRT-PCR was performed using the FastStart Essential DNA Probes Master (Roche, Quebec, Canada) with primers. The qRT-PCR primer sequences were as follows: ACTB 5′-TCCTCCCTGGAGAAGAGCTA-3′ (forward) and 5′-CGTGGATGCCACAGGACT-3′ (reverse); AKT1, 5′-GCAGCACGTGTACGAGAAGA-3′ (forward) and 5′-GGTGTCAGTCTCCGACGTG-3′ (reverse). ESR1, 5′-TTACTGACCAACCTGGCAGA-3′ (forward) and 5′-ATCATGGAGGGTCAAATCCA-3′ (reverse). Threshold cycle (CT) values obtained from the instrument’s software were used to calculate the fold change of the respective mRNAs. ∆∆CT for each mRNA was calculated by subtracting the CT value of the control from the experimental value. Fold change was calculated by the formula 2−∆∆CT. All experiments were performed at least three times and the results were given as the mean ± SD of independent experiments.




2.8. Statistical Analysis


All calculations from xCELLigence were obtained using the RTCA-integrated software of the xCELLigence system. Statistical analysis was performed GraphPad Prism Software Version 7.01 (La Jolla, CA, USA) using to compare differences in values between the control and experimental group. The results are expressed as the mean ± SD. Statistically significant values were compared using one-way ANOVA and Dunnett’s post-hoc test, and p-values of less than 0.05 were considered statistically significant.





3. Results


3.1. Real Time Cell Growth Profile Curve


A cell number titration experiment is necessary to assess cell growth and proliferation and to decide the optimum cell number for further steps of the study. This approach not only helps to determine the appropriate seeding density but also the time for compound addition [37].



The dynamic cell proliferation of the RL95-2 cells was monitored for a period of 96 h, and the growth curves at different densities are shown in Figure 2. When we examined the growth profile of RL95-2 cells, it was seen that the CI values were low. The factors affecting the value of CI may include cell dimension, morphology and cell-substrate adhesion quality [37,41]. Lack of CI fluctuation in cell attachment and spreading stages was characteristic for RL95-2 cells. The growth curve after cell seeding showed a linear adhesion period that was followed by a continuous increase of CI for all tested densities. According to the growth profile of the cells, even after 96 h, it has been observed that the 20,000 cells/well did not reach the plateau and continued to proliferate at a constant rate. Densities of 10,000 cells/well and above were not considered suitable for further studies as their logarithmic phase lasted before than 20,000 cells/well. It was decided that the optimal cell number for the surface area of 0.20 cm2/well was 20,000 cells/well. The density of 20,000 cells/well produced the most ideal growth curve for further experiments. Approximately 24-h after seeding was selected as the ideal time for compound addition.




3.2. Effects of the Compounds on the Cell Viability


This test is the first test elucidated the cytotoxic effect of API-1, MPP dihydrochloride, α-chaconine and α-solanine on RL95-2 endometrium cancer cells (Figure 3, Figure 4, Figure 5 and Figure 6b). The cell viabilities in the presence of various concentrations of these compounds were analyzed by SRB assay. Seven different concentrations (1, 3, 5, 10, 25, 50 and 100 µM) of API-1, six different concentrations (1, 5, 10, 25, 50 and 100 µM) of MPP dihydrochloride, eight different concentrations (10 and 100 nM, 1, 5, 10, 25, 50 and 100 µM) of α-chaconine and α-solanine were selected to assess the effect of the compounds on cell viability over a wide range.



As shown in Figure 4b, the treatment of MPP dihydrochloride with 25; 50 and 100 µM for 24 h decreased cell viability significantly. However, cell viability was not significantly changed by MPP dihydrochloride at concentration below 25 µM.



At 1, 3, 5 and 10 μM concentrations there was no significant decrease compared to the control, whereas the cell viability did not change at higher than 5 µM. The next step was to work with a lower concentration of 25 μM, as it reduced viability at the same significance compared to the control at 25 and 50 μM concentration. In addition, the RTCA viability test results show a similar profile at concentrations of 10 and 25 μM, but supporting this, 25 μM concentration when evaluated together with the SRB assay results.



As shown in Figure 3b, the treatment of API-1 (5; 10; 25; 50 and 100 µM) for 24 h decreased cell viability significantly. However, cell viability was not significantly changed by API-1 at concentration below 5 µM.



As shown in Figure 5b, the treatment of α-chaconine with 5; 10; 25; 50 and 100 µM for 24 h decreased cell viability significantly. However, cell viability was not decreased by α-chaconine at concentrations below 5 µM.



α-Chaconine at concentrations of 5 μM and over were found to reduce viability in the same sense of significance compared to the control. However, at concentrations of 10 μM and higher it was considered cytotoxic since it reduced viability by more than 70% whereas α-chaconine decreased the viability by about 50% compared to the control at the concentration of 5 μM.



As shown in Figure 6b, the treatment of α-solanine with 30; 50; 70 and 100 µM for 24 h decreased cell viability significantly. However, cell viability did not decrease by α-solanine at concentration below 30 µM. It was found that the cytotoxicity produced by α-Solanine at 50 μM and higher concentrations did not increase due to the dose. A significant increase in α-solanine was observed at 10 μM compared to the control, and a decrease in viability was observed at 30 μM and over at the same concentrations.




3.3. Monitoring of Cytotoxicity in Real-Time Using xCELLigence System


To monitor and validate the reliability and accuracy of the SRB assay in evaluating the cytotoxic effects of the compounds, the cell viability was evaluated using the xCELLigence system in parallel with the studies above. As the cells interacted with these compounds, continuous CI alterations resulting from changes of cell number, morphology, and adhesion on the microelectrodes were measured by the RTCA SP instrument for approximately 72 h. A correlation was noted between results obtained from the impedance-based detection and those from SRB assay. As shown in Figure 3, Figure 4, Figure 5 and Figure 6b, the concentration-response curves of the given time points marked with dashed lines in Figure 7, Figure 8, Figure 9 and Figure 10 corresponded well with at the same dose of the xCELLigence system. The concentration-response curves and the viability of treated cells at the indicated time points are exhibited in Figure 7, Figure 8, Figure 9 and Figure 10. Control groups without compound treatment indicated the normal cell growth in electronic microwells. As shown in Figure 7, the CI values of the treated cells decreased from 5 µM in a concentration-dependent manner after an initial rise, while the CI values of the control kept rising until the maximal value at about 72 h after the treatment. In order to compare the cytotoxic effects of the four compounds, their 50% inhibitory concentrations (IC50) were calculated after 24-h exposure. The IC50 values of α-chaconine, α-solanine, API-1 and MPP dihydrochloride were 4.72, 26.27, 56.67 and 20.01 μM, respectively (Table 1).



α-Chaconine has an antiproliferative effect at concentrations of 1 and 2.5 μM; it was observed that cell viability decreased at concentrations of 5 and 10 μM in a dose-dependent manner (Figure 7 and Figure 11). RTCA viability assay results showed similar profiles at 10 μM concentrations (Figure 5b), while 2.5 μM α-chaconine reduced viability by at least 70%. A decision was made to work with this concentration since the CI value was 50% change at 5 μM and was close to IC50 (4.71 µM).



It was observed that 10 and 15 μM concentrations of α-solanine had an antiproliferative effect and decreased cell viability at 25 and 30 μM concentrations (Figure 8 and Figure 11). RTCA exhibited similar profiles to the control at concentrations of 10 and 15 μM according to the viability test results. α-Solanine did not provide a 50% CI change at 25 μM concentration and was close to a value of 26.27, which was calculated as the IC50 value, therefore 30 μM concentration has been selected for further studies.



MPP dihydrochloride showed antiproliferative activity at a concentration of 10 μM, while cell viability decreased at concentrations of 15, 20 and 25 μM in a dose-dependent manner (Figure 9 and Figure 11). According to RTCA and SRB results, IC50 value was calculated 20 μM for MPP dihydrochloride and this concentration was selected for further studies.



While 5 μM concentration of API-1 showed antiproliferative activity, cell viability was reduced at 10, 25 and 50 μM concentrations and the CI value at 25 μM concentration decreased to below 0.05 (Figure 10 and Figure 11).



SRB and real-time xCELLigence measurements show that RL95-2 cells are more sensitive to α-chaconine then the other tested compounds (Table 1).




3.4. α-Chaconine, α-Solanine Inhibits Phosphorylation of Akt (Ser473) and ERα


Since Akt is crucial for cancer progression, being a critical mediator and required for metastasis, the effect of the glycoalkaloids were investigated on the activation of Akt.



Data demonstrated that API-1 reduced the phosphorylation of Akt (Figure 12a,c), while it did not alter the phosphorylation of ERα (Figure 12b,c). MPP dihydrochloride reduced the phosphorylation of ERα, while it did not alter the phosphorylation of Akt. The quantitative results showed that α-chaconine significantly suppressed the phosphorylation of Akt and ERα in a dose-dependent manner (Figure 12a–c). α-Solanine significantly suppressed the phosphorylation of Akt in a dose-depend manner except for 30 μM (Figure 12b,c).




3.5. Changes in the Expression of Akt and ERα Genes


Expression of genes associated with cancer progression was demonstrated by RT-qPCR (Figure 13a,b). It is demonstrated that α-chaconine and α-solanine suppressed the expression of Akt mRNA at concentration 5 µM and 30 µM, respectively as seen in Figure 13a. The results showed that API-1, α-chaconine and 30 µM α-solanine markedly suppressed the mRNA expression of ERα (Figure 13a,b).





4. Discussion


The most basic steroidal trisaccharide glycoalkaloids are α-chaconine and α-solanine that are found in potato plants [16,20]. Solanidine, the aglycone of α-chaconine and α-solanine, shows structural similarities with diosgenin, the precursor of steroidal hormones. Solanidine is a nitrogen-containing equivalent of diosgenin (steroidal saponin) [42]. Although the potential toxicity of α-chaconine and α-solanine is well known, studies showing that they have beneficial effects such as anticholinesterase [43], anti-inflammatory [8], antibacterial [44], antiviral [10], antifungal [45], antimalarial [46] and anticancer [2] depending on dosage and use conditions are included in the literature.



α-Chaconine and α-solanine can cause toxicity in mouse and normal human liver cells in physiological functions [18,47]. Although the steroidal glycoalkaloids are toxic to normal cell membranes and lead to cell disruption [48], the compounds are thought to be possesses with the potential for therapeutic treatment against cancer cells. α-Chaconine exhibits anti-carcinogenic potential, including the ability to inhibit cell growth of various cancer cell lines in the human colon [49], lung [50,51], prostate [17], liver [18,52], cervical [18] cancer cells. Similarly, α-solanine exhibits anti-carcinogenic potentials, such as inhibiting cell growth of various cancer cell lines in human melanoma [20], prostate [2,52], pancreatic [21] and mice breast [22], lung [51] cancer cells. However, no information was available in the literature regarding whether it is effective in combatting endometrial cancer, and the effects on endometrial cancer were investigated for the first time in this study.



In endometrial cancer, inhibition of both extrinsic (Fas proteins) and intrinsic (Bcl-2 protein family) apoptotic pathways, alterations in PI3K/Akt activity and p53 mutation are known resistance mechanisms. Progressive and recurrent endometrial carcinomas continue to be a compelling tumor group with a high rate of multi-factor chemotherapy resistance. Chemotherapy resistance resulting from overexpression of drug flow efficacious proteins and mutations in β-tubulin isoforms in both primary and recurrent disease represent treatment difficulties. For this reason, the need for a less sensitive new agent for known resistance pathways arises [53]. The development of resistance to these drugs and the serious toxic effects of high doses lead researchers to search for different drug molecules.



When the effects of α-chaconine and α-solanine on cell viability is examined, most of the studies have been performed on various cell culture lines and confirm our findings [16,20,50,54]. The IC50 values of α-solanine in HepG2, human gastric carcinoma (SGC-7901) and human large intestine cancer (LS-174) cells were 14.47, >50 and >50 μg/mL, respectively, and HepG2 cells were more sensitive to α-solanine [55]. The IC50 value of α-solanine was found to be 34 μM in mouse mammary carcinoma cells (4T1) and 30 μM in human hepatocellular carcinoma cells (HuH-7) [22]. These findings agree with the IC50 value of our study of α-solanine. In our study, glycoalkaloids were not combined. However, it is shown that α-chaconine has a more acute toxicity in RL95-2 than α-solanine. According to our findings, α-chaconine increased cell viability at concentrations of 1 μM and lower at 10 μM and lower concentrations of α-solanine, similar to steroidal hormones [56] in the structure of solanidine, the aglycone of these glycoalkaloids, it was evaluated that they could be responsible for this effect.



Since α-chaconine and α-solanine have decreased both cell proliferation and apoptosis-inducing effects in different cancer types as mentioned above, we decided to investigate the effects of these compounds with API -1 and MPP in regulation of Akt and ERα signaling in estrogen-positive RL95-2 cells.



In this study, SRB cytotoxicity assay was chosen to give better linearity and signal-to-noise ratio than sensitive, simple, and formazan-based experiments when measuring the effect of α-chaconine and α-solanine on viability in RL95-2 cells [57].



Supporting the previous data with α-solanidine with MCF-7 cells, α-solanine significantly increased the viability relative to control group up to a concentration of 10 μM [56].



We showed that α-chaconine and α-solanine reveal similar effects at different concentrations and these differences might be their glycone group, although the aglycones are the same. It is also possible to discover more effective molecules by synthesizing chemical derivatives. The inhibition is related to a concentration—but not time—dependent manner. Both compounds might have an even stronger effect than API-1 and MPP dihydrochloride, although there was no significant difference between their IC50 values in this study. Their cytotoxic efficacy on RL95-2 cells was α-chaconine > MPP dihydrochloride > α-solanine > API-1. Thus, more studies should be conducted to investigate the activity of these compounds especially these steroidal glycoalkaloids. In this in vitro study, the activity of these glycoalkaloids and the potential structure–activity relationship was shown, and further in vivo investigation about the cellular mechanisms should be conducted in the future. As shown in Figure 5a and Figure 6a, all the two steroidal glycoalkaloids have same aglycone but not glycone side chain. The cytotoxic effects of α-chaconine which contains chacotriose was significantly stronger than α-solanine with solatriose groups. Thus, the glycone groups besides aglycone ring might be an influencing factor for the cytotoxicity effects of potatoes steroidal glycoalkaloids on RL95-2 cells. There is another study in the literature where this effect is seen in different cell lines supporting our results [19].



When the effects of both glycoalkaloids on cell viability is examined, some of the studies have been performed on various cell culture lines and confirm our findings. From the results obtained, it can be concluded that α-chaconine can decrease phosphorylation of ERα as the same significance in positive control MPP dihydrochloride on RL95-2 cells whereas the specific Akt inhibitor API-1 did not show any effect on ERα phosphorylation. It has been shown for the first time that it may be related to the steroidal aglycone solanidine structure that they might have on the estrogen-dependent pathways on endometrium cancer cell line. This study showed for the first time the effect of α-chaconine on cell proliferation, ERα activity and expression in RL95-2 cells.



It has been shown that α-chaconine inhibits bovine aortic endothelial cell proliferation, migration and invasion. These effects have been shown to be mediated by JNK and PI3K/Akt signaling pathways and NF-κB activation by antiangiogenic activity [20]. α-Chaconine also showed anti-metastatic activity in human lung cancer cells A549. This effect has been shown to decrease MMP-2 and MMP-9 activities [50]. In another study, α-chaconine inhibited prostate cancer cells proliferation (LNCaP and PC-3) by increasing p27 levels and downregulating Cyclin D1, and apoptosis in these cells was associated with caspase-dependent and independent pathways. In addition, it has been shown that caspase-dependent apoptosis is induced via JNK activation in that study [17]. Beforehand α-solanine has been shown to inhibit metastasis, migration and invasion in human melanoma cells (A2058) by inhibiting JNK, PI3K, Akt phosphorylation and NF-κB activation and by decreasing MMP-2/9 activity/expression [20]. In another study, α-solanine down-regulated oncogenic microRNA-21 expression by decreasing MMP-2/9 expression via the ERK and PI3K/Akt signal pathway suppressed by human prostate cancer cell (PC-3) invasion and upregulated of tumor suppressor microRNA-138 [2]. α-Solanine has been shown to increase expression of radio-sensitivity and chemo-sensitivity by decreasing miR138 and focal adhesion kinase (FAK) expression in lung cancer cells (A549 and H1299) [58]. It has been reported in the literature that α-solanine acts as an antitumor agent in inhibition of Wnt/β-catenin, Akt/mTOR, Stat3 and NF-κB pathways in non-toxic concentrations in healthy cells and in pancreatic cancer cells (PANC-1) [21]. Another study has shown that α-solanine induces apoptosis by reducing the ratio of Bcl-2/Bax resulting in intracellular [Ca2+]i, which can cause and alteration in the enzymatic activity of the caspase family in human hepatocarcinoma cells (HepG2) [21]. In a study of the effects of α-solanine on the mitochondrial membrane potential and intracellular [Ca2+]i in HepG2 cells, α-solanine resulted in lowering the membrane potential and reducing the Ca2+ concentration in the organs by facilitating the opening of the permeability transition (PT) channels in the mitochondria. This has been shown to increase the Ca2+ concentration in the cell and thus trigger the apoptosis mechanism [59]. Therefore, α-chaconine and α-solanine are thought to play an active role in the control of signal transduction pathways and signaling proteins and apoptosis-dependent or independent cell proliferative functions. However, so far, the mechanism of these steroidal glycoalkaloids actions and effects in endometrium cancer has not yet been elucidated. In this study it is found that α-chaconine may have led to an increase in cell viability related to an increase in mRNA overexpression of Akt compared with the control, but the level of growth factors in the environment is increased at the 2.5 μM concentration and should be investigated with different parameters in detail. The reason for preference for the investigation of Akt expressions of RL95-2 cells is the presence of active Akt in mutated PTEN human endometrial cancer cells [60]. In our study, it was found that API-1 25 μM strongly reduced p-Akt (Ser473) levels, resulting in RL95-2 cells sensitive to API-1. However, the relative p-Akt (Ser473) protein level results at a concentration of 10 μM α-solanine at 20, 30 and 50 μM α-chaconine were shown to be at the same level of significance as the 25 μM reduction of API-1. Thus, at these applied concentrations, α-chaconine and α-solanine were found to be as potent as API-1, the pure Akt inhibitor, inhibition of Akt phosphorylation. In our study, it was observed that 10 μM α-chaconine and 20, 30 and 50 μM α-solanine were effective in decreasing p-Akt (Ser473)/Akt ratio compared to control 25 μM API-1. At these concentrations, Akt was shown to act by reducing phosphorylation like API-1. This effect of α-chaconine and α-solanine was shown to be related to the dose and these findings were also confirmed in the RL95-2 cell of the α-chaconine A549 [50] and α-solanine [21] in the PANC-1 cells.



When the p-ERα/ERα ratios were evaluated, it was observed that α-chaconine (2.5, 5 and 10 μM), α-solanine (50 μM) and the specific ERα inhibitor was as effective as MPP dihydrochloride (20 μM) to reduce the ratio of p-ERα/ERα compared to the control group. At these concentrations, ERα, such as MPP dihydrochloride, was shown to be effective by reducing the phosphorylation. It has been shown for the first time that it may be effective in estrogen-dependent pathways and may be related to the steroidal aglycone solanidine structure. α-Chaconine showed this effect in a dose-dependent manner.



E2 stimulates the growth of many cancer cells. The mechanisms underpinning this effect include the blockade of MAPK/ERK and PI3K/Akt pathways that inhibit E2-induced DNA synthesis [34]. Estrogen-mediated signaling pathways are classified as genomic and non-genomic, depending on whether ER-dependence is transcriptionally regulated or not [61,62]. Taking into account the fact that RL95-2 cells are ER positive, we have investigated the effect of the compounds on the p-ERα/ERα expressions in these cells. In our study, p-ERα levels were increased α-chaconine (2.5, 5 μM) and α-solanine (20 μM) compared to the control group, and the increase in the concentration of α-chaconine 2.5 μM was found to be significant. This result is also consistent with the results of the RTCA and concludes that α-chaconine did not show cytotoxic effects up to 2.5 μM but may increase ERα phosphorylation through an estrogen receptor-dependent signaling pathway. However, contrary to protein expression, this decrease in mRNA level relative to control may be attributed to non-transcriptional activity of α-chaconine via non-genomic pathway using ERα interaction proteins and secondary messengers. This effect can also be caused by the estrogen-like effect of these steroidal compounds. The fact that RL95-2 cells are also ER positive confirms these results. The mRNA levels of Akt and ERα were decreased with α-chaconine and α-solanine at IC50 concentrations 5 and 30 μM respectively however these alterations were not concentration-dependent.



There are also limited data regarding the combination for these glycoalkaloids revealing that they have synergic toxic effects [63,64]. However, in our study the effects of the combination of these compounds has not been studied.



Furthermore, bioavailability of these compounds is not well-defined and there are a limited number of papers regarding the bioavailability of these glycoalkaloids [63,65,66]. Because of the steroidal structure and lipid solubility of the compounds they might probably go through pre-systemic elimination or enterohepatic cycle therefore the bioavailability of the compounds should be clarified with further in vivo studies.



Our study shows that α-chaconine and α-solanine have cytotoxic effects in RL95-2 cells, specifically affect cellular signaling pathways, and decrease phosphorylation of Akt and ERα. It is clear that there is a need for other scientific studies to be able to fully elucidate which mechanisms might be related to other effects. In addition, the scope of this study should be supported by expanded in vitro and in vivo studies. In this respect, α-chaconine and α-solanine are thought to be potential candidates for endometrial cancer therapy research.




5. Conclusions


In conclusion, we attributed the decrease in expression and activity of Akt and ERα by α-chaconine and α-solanine, and such suppressive effect might contribute to the inactivation of the PI3K/Akt and ERα signaling pathways in human endometrium cancer cells by both these steroidal glycoalkaloids. We demonstrated with a RL95-2 endometrial carcinoma cell line that α-chaconine and α-solanine alone seems to be as effective as both API-1 and MPP dihydrochloride. In ER positive cancers, active ER signaling is a pharmacological target so that ERα is a clinically important target for endometrial cancer. It is, therefore, necessary to carry out further research to explore novel candidates capable of both anti-estrogenic and cytotoxic potential. This should lead a strong insight into endometrial cancer therapy. In addition to this, steroidal glycoalkaloids which have anticancer potential to the estrogens, may also give further insight into endometrial cancer therapy. These findings reveal a new therapeutic potential for these glycoalkaloids on endometrial cancer therapy.



One of the main problems that should be taken into account while using such steroidal glycoalkaloids is the possible hormonal effects/interferences of these compounds on the physiological hormonal system. However, taking into account that conventional hormonal therapies are still being used for ERα positive endometrium cancer treatment, physicians should consider the benefit/risk ratio while treating these types of cancer, as this glycoalkaloids might be used to reduce the interference of these conventional hormonal therapies by lowering the doses with their synergistic effect which should be further investigated by in vivo studies.



On the other hand, it is possible to investigate whether pre- and combined estradiol administration to these glycoalkaloids leads to a change in Akt and ER expressions, and how it affects other endometrial cancer cell lines, Ishikawa and HEC-1A. When PI3K/Akt is thought to be one of the major signaling pathways in endometrial cancer, it is possible to investigate other signaling proteins associated with this pathway. It is also important to investigate whether the effects of these glycoalkaloids on cell migration are related to steroidal structural similarities.







Author Contributions


Conceptualization, A.K.K.A.; Methodology, A.K.K.A.; Formal Analysis, A.K.K.A. and M.B.Y.; Investigation, A.K.K.A.; Resources, M.B.Y.; Data Curation, A.K.K.A. and M.B.Y.; Writing-Original Draft Preparation, A.K.K.A. and M.B.Y.; Writing-Review & Editing, A.K.K.A. and M.B.Y.; Supervision, M.B.Y.; Project Administration, A.K.K.A. and M.B.Y.; Funding Acquisition, M.B.Y.




Acknowledgments


The present study was financially supported by Erciyes University Scientific Research Foundation (Project No: TDK-2014-5446).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Milner, S.E.; Brunton, N.P.; Jones, P.W.; O’Brien, N.M.; Collins, S.G.; Maguire, A.R. Bioactivities of glycoalkaloids and their aglycones from solanum species. J. Agric. Food Chem. 2011, 59, 3454–3484. [Google Scholar] [CrossRef] [PubMed]

	



Shen, K.H.; Liao, A.C.; Hung, J.H.; Lee, W.J.; Hu, K.C.; Lin, P.T.; Liao, R.F.; Chen, P.S. Alpha-solanine inhibits invasion of human prostate cancer cell by suppressing epithelial-mesenchymal transition and mmps expression. Molecules 2014, 19, 11896–11914. [Google Scholar] [CrossRef] [PubMed]

	



Cárdenas, P.; Sonawane, P.; Heinig, U.; Bocobza, S.; Burdman, S.; Aharoni, A. The bitter side of the nightshades: Genomics drives discovery in solanaceae steroidal alkaloid metabolism. Phytochemistry 2015, 113, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, A.; Maiello, M.R.; D’Alessio, A.; Pergameno, M.; Normanno, N. The RAS/RAF/MEK/ERK and the PI3K/AKT signalling pathways: Role in cancer pathogenesis and implications for therapeutic approaches. Expert Opin. Ther. Targets 2012, 16, S17–S27. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Q.W.; Chen, M.W.; Cheng, K.J.; Yu, P.Z.; Wei, X.; Shi, Z. Therapeutic potential of steroidal alkaloids in cancer and other diseases. Med. Res. Rev. 2016, 36, 119–143. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, W.F.; Liu, S.P.; Pan, B.; Tang, Z.F.; Zhong, J.G.; Zhou, F.J. Solanine inhibits prostate cancer Du145 xenograft growth in nude mice by inducing cell cycle arrest in G1/S phase. J. South. Med. Univ. 2016, 36, 665–670. [Google Scholar]

	



Sánchez-Maldonado, A.F.; Schieber, A.; Gänzle, M.G. Antifungal activity of secondary plant metabolites from potatoes (Solanum tuberosum L.): Glycoalkaloids and phenolic acids show synergistic effects. J. Appl. Microbiol. 2016, 120, 955–965. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.G.; Lee, S.G.; Lee, H.H.; Lee, H.J.; Shin, J.S.; Kim, N.J.; An, H.J.; Nam, J.H.; Jang, D.S.; Lee, K.T. Alpha-chaconine isolated from a Solanum tuberosum L. cv Jayoung suppresses lipopolysaccharide-induced pro-inflammatory mediators via AP-1 inactivation in RAW 264.7 macrophages and protects mice from endotoxin shock. Chem. Biol. Interact. 2015, 235, 85–94. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.G. Teratogenic effect of potato glycoalkaloids. Zhonghua Fu Chan Ke Za Zhi 1993, 28, 73–75. [Google Scholar] [PubMed]

	



Thorne, H.V.; Clarke, G.F.; Skuce, R. The inactivation of herpes simplex virus by some solanaceae glycoalkaloids. Antivir. Res. 1985, 5, 335–343. [Google Scholar] [CrossRef]

	



Mitchell, G.; Lafrance, M.; Boulanger, S.; Séguin, D.L.; Guay, I.; Gattuso, M.; Marsault, É.; Bouarab, K.; Malouin, F. Tomatidine acts in synergy with aminoglycoside antibiotics against multiresistant staphylococcus aureus and prevents virulence gene expression. J. Antimicrob. Chemother. 2011, 67, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Chang, L.C.; Bhat, K.P.; Fong, H.H.; Pezzuto, J.M.; Kinghorn, A.D. Novel bioactive steroidal alkaloids from pachysandra procumbens. Tetrahedron 2000, 56, 3133–3138. [Google Scholar] [CrossRef]

	



Chang, L.C.; Bhat, K.P.; Pisha, E.; Kennelly, E.J.; Fong, H.H.; Pezzuto, J.M.; Kinghorn, A.D. Activity-guided isolation of steroidal alkaloid antiestrogen-binding site inhibitors from pachysandra procumbens. J. Nat. Prod. 1998, 61, 1257–1262. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Dixit, V. Effects of short term treatment of solasodine on cauda epididymis in dogs. Indian J. Exp. Biol. 2002, 40, 169–173. [Google Scholar] [PubMed]

	



Zha, X.M.; Zhang, F.R.; Shan, J.Q.; Zhang, Y.H.; Liu, J.O.; Sun, H.B. Synthesis and evaluation of in vitro anticancer activity of novel solasodine derivatives. Chin. Chem. Lett. 2010, 21, 1087–1090. [Google Scholar] [CrossRef]

	



Lu, M.-K.; Chen, P.-H.; Shih, Y.-W.; Chang, Y.-T.; Huang, E.-T.; Liu, C.-R.; Chen, P.-S. Alpha-chaconine inhibits angiogenesis in vitro by reducing matrix metalloproteinase-2. Biol. Pharm. Bull. 2010, 33, 622–630. [Google Scholar] [CrossRef] [PubMed]

	



Reddivari, L.; Vanamala, J.; Safe, S.H.; Miller, J.C., Jr. The bioactive compounds α-chaconine and gallic acid in potato extracts decrease survival and induce apoptosis in LNCaP and PC3 prostate cancer cells. Nutr. Cancer 2010, 62, 601–610. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, M.; Lee, K.R.; Kim, H.J.; Lee, I.S.; Kozukue, N. Anticarcinogenic effects of glycoalkaloids from potatoes against human cervical, liver, lymphoma, and stomach cancer cells. J. Agric. Food Chem. 2005, 53, 6162–6169. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, T.; Komori, C.; Lee, Y.-Y.; Hashimoto, F.; Yahara, S.; Nohara, T.; Ejima, A. Cytotoxic activities of solanum steroidal glycosides. Biol. Pharm. Bull. 1996, 19, 564–566. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.-K.; Shih, Y.-W.; Chang Chien, T.-T.; Fang, L.-H.; Huang, H.-C.; Chen, P.-S. Alpha-solanine inhibits human melanoma cell migration and invasion by reducing matrix metalloproteinase-2/9 activities. Biol. Pharm. Bull. 2010, 33, 1685–1691. [Google Scholar] [CrossRef] [PubMed]

	



Lv, C.; Kong, H.; Dong, G.; Liu, L.; Tong, K.; Sun, H.; Chen, B.; Zhang, C.; Zhou, M. Antitumor efficacy of α-solanine against pancreatic cancer in vitro and in vivo. PLoS ONE 2014, 9, e87868. [Google Scholar] [CrossRef] [PubMed]

	



Mohsenikia, M.; Alizadeh, A.M.; Khodayari, S.; Khodayari, H.; Karimi, A.; Zamani, M.; Azizian, S.; Mohagheghi, M.A. The protective and therapeutic effects of alpha-solanine on mice breast cancer. Eur. J. Pharmacol. 2013, 718, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Kenny, O.M.; Brunton, N.P.; Rai, D.K.; Collins, S.G.; Jones, P.W.; Maguire, A.R.; O’Brien, N.M. Cytotoxic and apoptotic potential of potato glycoalkaloids in a number of cancer cell lines. J. Agric. Sci. Appl. 2013, 2, 184–192. [Google Scholar] [CrossRef]

	



Morice, P.; Leary, A.; Creutzberg, C.; Abu-Rustum, N.; Darai, E. Endometrial cancer. Lancet 2016, 387, 1094–1108. [Google Scholar] [CrossRef]

	



Bansal, N.; Yendluri, V.; Wenham, R.M. The molecular biology of endometrial cancers and the implications for pathogenesis, classification, and targeted therapies. Cancer Control J. Moffitt Cancer Cent. 2009, 16, 8–13. [Google Scholar] [CrossRef] [PubMed]

	



Cancer 2017. Available online: http://www.who.int/mediacentre/factsheets/fs297/en/ (accessed on 20 August 2017).

	



Burke, W.M.; Orr, J.; Leitao, M.; Salom, E.; Gehrig, P.; Olawaiye, A.B.; Brewer, M.; Boruta, D.; Herzog, T.J.; Shahin, F.A. Endometrial cancer: A review and current management strategies: Part II. Gynecol. Oncol. 2014, 134, 393–402. [Google Scholar] [CrossRef] [PubMed]

	



Miyawaki, T.; Ofengeim, D.; Noh, K.-M.; Latuszek-Barrantes, A.; Hemmings, B.A.; Follenzi, A.; Zukin, R.S. The endogenous inhibitor of AKT, CTMP, is critical to ischemia-induced neuronal death. Nat. Neurosci. 2009, 12, 618–626. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, J.Q.; Lindsley, C.W.; Cheng, G.Z.; Yang, H.; Nicosia, S.V. The AKT/PKB pathway: Molecular target for cancer drug discovery. Oncogene 2005, 24, 7482–7492. [Google Scholar] [CrossRef] [PubMed]

	



Engel, J.B.; Honig, A.; Schönhals, T.; Weidler, C.; Häusler, S.; Krockenberger, M.; Grunewald, T.G.; Dombrowski, Y.; Rieger, L.; Dietl, J.; et al. Perifosine inhibits growth of human experimental endometrial cancers by blockade of AKT phosphorylation. Eur. J. Obstet. Gynecol. Reprod. Biol. 2008, 141, 64–69. [Google Scholar] [CrossRef] [PubMed]

	



Saglam, A.S.; Alp, E.; Elmazoglu, Z.; Menevse, E.S. Effect of API-1 and FR180204 on cell proliferation and apoptosis in human DLD-1 and LoVo colorectal cancer cells. Oncol. Lett. 2016, 12, 2463–2474. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Sun, M.; He, L.; Zhou, Q.H.; Chen, J.; Sun, X.M.; Bepler, G.; Sebti, S.M.; Cheng, J.Q. A small molecule inhibits AKT through direct binding to AKT and preventing AKT membrane translocation. J. Biol. Chem. 2010, 285, 8383–8394. [Google Scholar] [CrossRef] [PubMed]

	



Zivadinovic, D.; Watson, C.S. Membrane estrogen receptor-α levels predict estrogen-induced ERK1/2 activation in MCF-7 cells. Breast Cancer Res. 2004, 7, R130. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Marino, M.; Acconcia, F.; Ascenzi, P. Estrogen receptor signalling: Bases for drug actions. Curr. Drug Targets Immune Endocr. Metab. Disord. 2005, 5, 305–314. [Google Scholar] [CrossRef]

	



Vasquez, Y.M. Estrogen-regulated transcription: Mammary gland and uterus. Steroids 2018, 133, 82–86. [Google Scholar] [CrossRef] [PubMed]

	



Harrington, W.R.; Sheng, S.; Barnett, D.H.; Petz, L.N.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S. Activities of estrogen receptor alpha- and beta-selective ligands at diverse estrogen responsive gene sites mediating transactivation or transrepression. Mol. Cell. Endocrinol. 2003, 206, 13–22. [Google Scholar] [CrossRef]

	



RTCA SP Instrument Operator’s Manual. Available online: http://sydney.edu.au/medicine/bosch/facilities/molecular-biology/live-cell/RTCA%20SP%20Instrument%20Operator%20Manual%20v4.pdf (accessed on 20 May 2017).

	



RTCA Software Manual Software Version 1.2. Available online: http://sydney.edu.au/medicine/bosch/facilities/molecular-biology/live-cell/RTCA%20SP%20Instrument%20Operator%20Manual%20v4.pdf (accessed on 20 May 2017).

	



Vichai, V.; Kirtikara, K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat. Protoc. 2006, 1, 1112–1116. [Google Scholar] [CrossRef] [PubMed]

	



Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, J.T.; Bokesch, H.; Kenney, S.; Boyd, M.R. New colorimetric cytotoxicity assay for anticancer-drug screening. J. Natl. Cancer Inst. 1990, 82, 1107–1112. [Google Scholar] [CrossRef] [PubMed]

	



Xing, J.Z.; Zhu, L.; Jackson, J.A.; Gabos, S.; Sun, X.J.; Wang, X.B.; Xu, X. Dynamic monitoring of cytotoxicity on microelectronic sensors. Chem. Res. Toxicol. 2005, 18, 154–161. [Google Scholar] [CrossRef] [PubMed]

	



Kenny, O.M.; McCarthy, C.M.; Brunton, N.P.; Hossain, M.B.; Rai, D.K.; Collins, S.G.; Jones, P.W.; Maguire, A.R.; O’Brien, N.M. Anti-inflammatory properties of potato glycoalkaloids in stimulated jurkat and raw 264.7 mouse macrophages. Life Sci. 2013, 92, 775–782. [Google Scholar] [CrossRef] [PubMed]

	



Roddick, J.G. The acetylcholinesterase-inhibitory activity of steroidal glycoalkaloids and their aglycones. Phytochemistry 1989, 28, 2631–2634. [Google Scholar] [CrossRef]

	



Gubarev, M.I.; Enioutina, E.Y.; Taylor, J.L.; Visic, D.M.; Daynes, R.A. Plant-derived glycoalkaloids protect mice against lethal infection with salmonella typhimurium. Phytother. Res. 1998, 12, 79–88. [Google Scholar] [CrossRef]

	



Fewell, A.M.; Roddick, J.G. Interactive antifungal activity of the glycoalkaloids α-solanine and α-chaconine. Phytochemistry 1993, 33, 323–328. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, S.; Sun, F.; Han, H.; Zhang, X.; Fan, Y.; Tai, G.; Zhou, Y. In vivo antimalarial activities of glycoalkaloids isolated from solanaceae plants. Pharm. Biol. 2010, 48, 1018–1024. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, M. Analysis of biologically active compounds in potatoes (Solanum tuberosum), tomatoes (Lycopersicon esculentum), and jimson weed (Datura stramonium) seeds. J. Chromatogr. A 2004, 1054, 143–155. [Google Scholar] [CrossRef] [PubMed]

	



Keukens, E.A.; de Vrije, T.; van den Boom, C.; de Waard, P.; Plasman, H.H.; Thiel, F.; Chupin, V.; Jongen, W.M.; de Kruijff, B. Molecular basis of glycoalkaloid induced membrane disruption. Biochim. Biophys. Acta 1995, 1240, 216–228. [Google Scholar] [CrossRef]

	



Yang, S.A.; Paek, S.H.; Kozukue, N.; Lee, K.R.; Kim, J.A. Alpha-chaconine, a potato glycoalkaloid, induces apoptosis of HT-29 human colon cancer cells through caspase-3 activation and inhibition of ERK 1/2 phosphorylation. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2006, 44, 839–846. [Google Scholar] [CrossRef] [PubMed]

	



Shih, Y.W.; Chen, P.S.; Wu, C.H.; Jeng, Y.F.; Wang, C.J. Alpha-chaconine-reduced metastasis involves a PI3K/AKT signaling pathway with downregulation of NF-kappaB in human lung adenocarcinoma A549 cells. J. Agric. Food Chem. 2007, 55, 11035–11043. [Google Scholar] [CrossRef] [PubMed]

	



Öztürk, E.; Arslan, A.K.K.; Yerer, M.B. Continuously monitoring the cytotoxicity of api-1, α-chaconine and α-solanine on human lung carcinoma A549. Multidiscip. Digit. Publ. Inst. Proc. 2017, 1, 998. [Google Scholar] [CrossRef]

	



Lee, K.R.; Kozukue, N.; Han, J.S.; Park, J.H.; Chang, E.Y.; Baek, E.J.; Chang, J.S.; Friedman, M. Glycoalkaloids and metabolites inhibit the growth of human colon (HT29) and liver (HepG2) cancer cells. J. Agric. Food Chem. 2004, 52, 2832–2839. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Shi, G. Inhibitory effect of solanine on prostate cancer cell line PC-3 in vitro. Natl. J. Androl. 2011, 17, 284–287. [Google Scholar]

	



Moxley, K.M.; McMeekin, D.S. Endometrial carcinoma: A review of chemotherapy, drug resistance, and the search for new agents. Oncologist 2010, 15, 1026–1033. [Google Scholar] [CrossRef] [PubMed]

	



Ji, Y.-B.; Gao, S.-Y. Antihepatocarcinoma effect of solanine and its mechanisms. Chin. Herb. Med. 2012, 4, 126–135. [Google Scholar]

	



Ji, Y.; Gao, S.; Ji, C.; Zou, X. Induction of apoptosis in HepG2 cells by solanine and Bcl-2 protein. J. Ethnopharmacol. 2008, 115, 194–202. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, M.; Henika, P.R.; Mackey, B.E. Effect of feeding solanidine, solasodine and tomatidine to non-pregnant and pregnant mice. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2003, 41, 61–71. [Google Scholar] [CrossRef]

	



Keepers, Y.P.; Pizao, P.E.; Peters, G.J.; van Ark-Otte, J.; Winograd, B.; Pinedo, H.M. Comparison of the sulforhodamine B protein and tetrazolium (MTT) assays for in vitro chemosensitivity testing. Eur. J. Cancer Clin. Oncol. 1991, 27, 897–900. [Google Scholar] [CrossRef]

	



Zhang, F.; Yang, R.; Zhang, G.; Cheng, R.; Bai, Y.; Zhao, H.; Lu, X.; Li, H.; Chen, S.; Li, J. Anticancer function of α-solanine in lung adenocarcinoma cells by inducing microrna-138 expression. Tumor Biol. 2016, 37, 6437–6446. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.-Y.; Wang, Q.-J.; Ji, Y.-B. Effect of solanine on the membrane potential of mitochondria in HepG2 cells and [Ca2+] i in the cells. World J. Gastroenterol. 2006, 12, 3359. [Google Scholar] [CrossRef] [PubMed]

	



Lilja, J.F.; Wu, D.; Reynolds, R.K.; Lin, J. Growth suppression activity of the PTEN tumor suppressor gene in human endometrial cancer cells. Anticancer Res. 2001, 21, 1969–1974. [Google Scholar] [PubMed]

	



Cui, J.; Shen, Y.; Li, R. Estrogen synthesis and signaling pathways during aging: From periphery to brain. Trends Mol. Med. 2013, 19, 197–209. [Google Scholar] [CrossRef] [PubMed]

	



Langkilde, S.; Mandimika, T.; Schrøder, M.; Meyer, O.; Slob, W.; Peijnenburg, A.; Poulsen, M. A 28-day repeat dose toxicity study of steroidal glycoalkaloids, α-solanine and α-chaconine in the Syrian Golden hamster. Food Chem. Toxicol. 2009, 47, 1099–1108. [Google Scholar] [CrossRef] [PubMed]

	



Rayburn, J.R.; Friedman, M.; Bantle, J.A. Synergistic interaction of glycoalkaloids α-chaconine and α-solanine on developmental toxicity in Xenopus embryos. Food Chem. Toxicol. 1995, 33, 1013–1019. [Google Scholar] [CrossRef]

	



Groen, K.; Pereboom-De Fauw, D.P.K.H.; Besamusca, P.; Beekhof, P.K.; Speijers, G.J.A.; Derks, H.J.G.M. Bioavailability and disposition of ′H-solanine in rat and hamster. Xenobiotica 1993, 23, 995–1005. [Google Scholar] [CrossRef] [PubMed]

	



Alozie, S.O.; Sharma, R.P.; Salunkhe, D.K. Physiological Disposition, Subcellular Distribution and Tissue Binding of A-Chaconine (3h). J. Food Saf. 1978, 1, 257–273. [Google Scholar] [CrossRef]








[image: Nutrients 10 00672 g001 550] 





Figure 1. Structural similarities of the potato aglycone solanidine to the estradiol: (a) The molecular structure of solanidine; (b) The molecular structure of estradiol. 
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Figure 2. Dynamic monitoring of cell adhesion and proliferation using the xCELLigence system. RL95-2 cell at a density of 40,000; 20,000; 10,000; 5000; 2500; 1250 cells/well in E-Plates 96 were observed during 96 h. 
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Figure 3. Dose dependent cytotoxic effects of API-1 was determined by SRB assay and shown for 24 h. (a) The molecular structure of API-1; (b) Effect of API-1 on viability of RL95-2 cell. Cells were treated with various concentrations of API-1 for 24 h. The absorbance was determined after 1 h-incubation of the cells with SRB. Cell viability is presented as the mean ± SD at least three independent experiments. *** p < 0.001 compared with the untreated control. 
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Figure 4. Dose dependent cytotoxic effects of MPP dihydrochloride was determined by SRB assay and shown for 24 h: (a) The molecular of MPP dihydrochloride; (b) Effect of MPP dihydrochloride on viability of RL95-2 cell. Cells were treated with various concentrations of MPP dihydrochloride for 24 h. The absorbance was determined after 1 h-incubation of the cells with SRB. Cell viability is presented as mean ± SD at least three independent experiments. *** p < 0.001 compared with the untreated control. 
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Figure 5. Dose dependent cytotoxic effects of α-chaconine was determined by SRB assay and shown for 24 h: (a) The molecular structure of α-chaconine; (b) Effect of α-chaconine on viability of RL95-2 cell. Cells were treated with various concentrations of α-chaconine for 24 h. Cell viability is presented as mean ± SD at least three independent experiments. ** p < 0.01 and *** p < 0.001 compared with the untreated control. 
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Figure 6. Dose dependent cytotoxic effects of α-solanine was determined by SRB assay and shown for 24 h: (a) The molecular structure of α-solanine; (b) Effect of α-solanine on viability of RL95-2 cell. Cells were treated with various concentrations of α-solanine for 24 h. Cell viability is presented as mean ± SD at least three independent experiments. ** p < 0.01 and *** p < 0.001 compared with the untreated control. 
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Figure 7. Dose and time-dependent cytotoxic effect and alteration of CI of α-chaconine determined by xCELLigence system: Effect of α-chaconine on proliferation of RL95-2 cell. Cells were treated with various concentrations of α-chaconine for 72 h. The CI was calculated from four repeated measurements. 
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Figure 8. Dose and time-dependent cytotoxic effect and alteration of CI of α-solanine determined by xCELLigence system: Effect of α-solanine on proliferation of RL95-2 cell. Cells were treated with various concentrations of α-solanine for 72 h. The CI was calculated from four repeated measurements. 






Figure 8. Dose and time-dependent cytotoxic effect and alteration of CI of α-solanine determined by xCELLigence system: Effect of α-solanine on proliferation of RL95-2 cell. Cells were treated with various concentrations of α-solanine for 72 h. The CI was calculated from four repeated measurements.



[image: Nutrients 10 00672 g008]







[image: Nutrients 10 00672 g009 550] 





Figure 9. Dose and time-dependent cytotoxic effect and alteration of CI of MPP dihydrochloride determined by xCELLigence system: Effect of MPP dihydrochloride on proliferation of RL95-2 cell. Cells were treated with various concentrations of MPP dihydrochloride for 72 h. The CI was calculated from four repeated measurements. 
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Figure 10. Dose and time-dependent cytotoxic effect and alteration of CI of API-1 determined by xCELLigence system: Effect of API-1 on proliferation of RL95-2 cell. Cells were treated with various concentrations of API-1 for 72 h. The CI was calculated from four repeated measurements. 
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Figure 11. Correlation between cell index and the compounds effects using the xCELLigence system. Cells were treated with various concentrations of the compounds for 24 h. The CI was calculated from four repeated data and presented as mean ± SD. ** p < 0.01 and *** p < 0.001 compared with the untreated control. 
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Figure 12. Western blot analysis of the expression of p-Akt, Akt, p-ERα and ERα proteins in the RL95-2 cell line: (a) In the bar graph the data represent the relative density of the bands p-Akt (Ser473)/Akt; (b) In the bar graph the data represent the relative density of the bands p-ERα/ERα; (c) RL95-2 cells were treated with the compounds. The relative intensity is presented as mean ± SD. three independent experiments. * p < 0.1, ** p < 0.01 and *** p < 0.001 compared with the untreated control. 
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Figure 13. Effects of α-chaconine and α-solanine on suppressing the genes expression of: (a) Akt; (b) ERα in the RL95-2 cell line. The mRNA expressions were calculated from three repeated data and presented as mean ± SD. * p < 0.1, ** p < 0.01 *** p < 0.001 compared with the untreated control. 
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Table 1. IC50 values of RL95-2 cells for 24 h 1.
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	Compound
	24 h





	α-Chaconine
	4.72 µM



	α-Solanine
	26.27 µM



	API-1
	56.67 µM



	MPP dihydrochloride
	20.01 µM







1 The IC50 of the four compounds were obtained based on the dose–response curves of CI during 24 h exposure in and calculated from repeated experiments (n = 4) with the real-time xCELLigence system.
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