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Abstract

:

Prostate cancer is the second most commonly diagnosed cancer in men, and metastatic prostate cancer is currently incurable. Prostate cancer frequently becomes resistant to standard of care treatments, and the administration of chemotherapeutic drugs is often accompanied by toxic side effects. Combination therapy is one tool that can be used to combat therapeutic resistance and drug toxicity. Vitamin E (VE) compounds and analogs have been proposed as potential non-toxic chemotherapeutics. Here we modeled combination therapy using mixture design response surface methodology (MDRSM), a statistical technique designed to optimize mixture compositions, to determine whether combinations of three chemotherapeutic agents: γ-tocotrienol (γ-T3), α-tocopherol ether acetate (α-TEA), and docetaxel (DOC), would prove more effective than docetaxel alone in the treatment of human prostate cancer cells. Response surfaces were generated for cell viability, and the optimal treatment combination for reducing cell viability was calculated. We found that a combination of 20 µM γ-T3, 30 µM α-TEA, and 25 nm DOC was most effective in the treatment of PC-3 cells. We also found that the combination of γ-T3 and α-TEA with DOC decreased the amount of DOC required to reduce cell viability in PC-3 cells and ameliorated therapeutic resistance in DOC-resistant PC-3 cells.
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1. Introduction


With 174,650 new cases diagnosed in 2018, prostate cancer is the most common cancer in men in the United States [1]. Of those diagnosed with prostate cancer, 10–20% will develop the more aggressive castration-resistant prostate cancer (CRPC) within 4–5 years, and more than 84% of those diagnosed with CRPC have metastatic cancer at the time of diagnosis [2]. Metastatic prostate cancer is currently incurable, with patients living on average only 9–13 months beyond diagnosis [2,3]. While the prevalence of low-risk prostate cancer has declined, metastatic prostate cancer increased by 72% between 2004 and 2013 [4].



Chemoresistance is one of the greatest challenges faced by cancer therapies. Most prostate cancers begin androgen-sensitive and can thus be treated with androgen-deprivation therapy; however, cases of advanced prostate cancer frequently become castration-resistant after 2–3 years of regular treatment [5,6]. Prostate cancer also frequently becomes resistant to common chemotherapeutic drugs [6,7,8]. Further, docetaxel, like many standard chemotherapeutic drugs, is often accompanied by adverse toxic side effects [9,10]. Despite the challenges presented by chemoresistance and drug toxicity, there are promising ways of combating such issues. One such way is by employing a combination of treatments that function through different mechanisms [11].



Mixture-design response surface methodology (MDRSM) is a statistical and mathematical model that can be used to test for optimal mixtures of two or more compounds by generating three-dimensional maps based on interpolation of measured data points. To create a response surface from which unique, effective combinations can be interpolated, one collects a series of data points for defined combination ratios. In the MDRSM model, the researcher has the flexibility to set his or her own parameters around the concentrations of each drug, such as testing between the IC25 and the IC75 [12]. MDRSM was proposed and shown to be an effective model for optimizing chemotherapeutic treatments by Oblad et al. in 2018 [13].



The Chou-Talalay statistical model can be used to determine whether two compounds interact synergistically, additively, or antagonistically [14]. The Chou-Talalay method is most commonly used to test drug combinations but is limited by the fact that it can only directly analyze combinations of two drugs and is focused on constant ratio combinations. Oblad et al. showed that MDRSM can measure the effectiveness of nonconstant ratio combinations of two or more drugs and predict the ideal combination. With their unique strengths, MDRSM and Chou-Talalay can be used in tandem to help determine the most effective combination of chemotherapeutics to treat advanced, drug-resistant prostate cancer.



Docetaxel (DOC) is a conventional chemotherapeutic drug used to treat advanced prostate cancer [15]. DOC is a first-line drug for metastatic CRPC [16] that works by inhibiting tubulin and preventing progression through mitosis [17]. α-tocopherol ether acetate (α-TEA) is a vitamin E (VE) analog that has been shown to be an effective treatment for prostate cancer both in-vitro and in-vivo [18], and is now in a phase 1 clinical trial for patients with advanced cancer [19]. Findings in the literature indicate that α-TEA acts through a number of cellular and molecular mechanisms to exert its anticancer effects. Specifically, research has shown that α-TEA affects growth and motility of cancer cells through targeting RhoA/ROCK signaling, activates both extrinsic and intrinsic apoptotic pathways, and suppresses antiapoptotic Akt and Erk targets [20,21]. Other findings suggest that α-TEA stimulates the antitumor immune response, induces membrane ceramide accumulation, activates extrinsic death receptors, and causes mitochondrial destabilization [22,23]. α-tocopherol ether butyrate (α-TEB) is an untested VE analog that is structurally similar to α-tocopherol succinate except it cannot be easily hydrolyzed by endogenous esterase activity in cells. γ-tocotrienol (γ-T3) is a naturally occurring VE isomer found in many plant foods [24]. It is found in particularly high quantities in palm oil and rice bran oil. Tocotrienols have antioxidant activity and have been shown to be more potent anti-cancer molecules than the more abundant tocopherol members of the VE family [25]. γ-T3 has been shown to inhibit prostate cancer cell growth and has been shown to enhance DOC-induced apoptosis [26,27]. It has been suggested that γ-T3 exerts it cytotoxic effects through a number of mechanisms including modulation of pro-survival (Id-1, Id-3, EGF-R, and NF-κB) and pro-apoptotic (JNK) pathways, targeting the Ang-1/Tie-2 signaling pathway 2, and modulating eicosanoids and sphingolipids [27,28,29].



In this study, we use MDRSM and Chou-Talalay modeling to identify ideal mixtures of DOC and VE compounds (α-TEA and γ-T3) to treat advanced prostate cancer cells. We chose these two compounds because γ-T3 targets the cancer stem cell population and sensitizes the cells to DOC, and α-TEA targets tumor cells while sparing normal cells [18,30,31]. PC-3 and DU-145 human prostate cancer cells are derived from metastatic prostate cancer and demonstrate chemoresistance to many common chemotherapeutics [32,33]. As such, PC-3 and DU-145 cells provide an excellent representative model for assessing chemoresistant properties in vitro. In our experimental design, we tested 10 defined combination ratios utilizing different concentrations of three anti-cancer compounds: DOC, α-TEA, and γ-T3. We generated response surfaces for cell viability to find the optimal combination for the treatment of PC-3 and DU-145 human prostate cancer cells. Additionally, we developed a model for DOC-resistance by culturing PC-3 cells in increasing concentrations of DOC until cells began to freely grow and proliferate in the presence of DOC.




2. Results


2.1. IC50 Determination


To assess the efficacy of α-tocopherol (α-TOC), α-TEB, α-TEA, and γ-T3 against advanced prostate cancer, the IC50 of each compound was first determined in PC-3 human prostate cancer cells. In addition, the Chou-Talalay and MDRSM analysis methodologies require that the IC50 of each compound of interest be known. Consistent with what has been observed in the literature, treatment with α-TOC elicited virtually no effect on cell viability [34] (Figure 1A). α-TEB also had no effect on cell viability (Figure 1B). In contrast, γ-T3 and α-TEA inhibited cell viability in a dose-dependent manner (Figure 1C,D). IC50 values for γ-T3 and α-TEA were calculated with a 95% confidence interval and found to be 17.0 ± 1.0 µM and 45.0 ± 2.3 µM, respectively. These IC50 values are similar to those previously measured in human serum and could be achievable in tumors [35,36]. The IC50 curves for γ-T3 and α-TEA displayed a near step function drop in cell viability. Treatment with 14 µM γ-T3 resulted in a negligible effect on cell viability, while treatment with 20 µM γ-T3 trended near complete cell death. Similar effects were observed with α-TEA treatment, with the IC50 curve decreasing from 100% cell viability to near 0% viability over a 30–60 µM range.




2.2. Cell Viability Responses for MDRSM Combinations


To determine the most effective combination of γ-T3, α-TEA, and DOC for reducing cell viability in PC-3 human prostate cancer cells, a response surface was generated using MDRSM treatment combinations. As shown in Figure 2A, MDRSM was initially employed in the present work with each vertex of the ternary plot defined by each individual compound at its respective IC50 value as calculated in Figure 1. The combinations generated using this approach were found to be no more effective than the individual compounds in isolation. Due to there being so little difference between each of the individual points, the MDRSM analysis calculated the optimal concentration (red) to be over half of the MDRSM area. It was speculated that the steepness of the IC50 curves for γ-T3 and α-TEA, and the relatively narrow activity ranges of these compounds might account for the lack of any synergistic or additive effect. It was discovered that using the proportions outlined by standard MDRSM protocol resulted in mixtures containing concentrations of each VE compound that were below the lower limits of the activity ranges described in Figure 1. Specifically, the γ-T3 concentrations in the mixtures at 67%, 50%, 33%, and 16% points on the MDRSM were 11 µM, 8.5 µM, 5.6 µM, and 2.8 µM, respectively. For α-TEA, the concentrations at those points were 30 µM, 22.5 µM, 15 µM, and 7.5 µM. All of these said concentrations were below the values at which any effects were observed for γ-T3 or α-TEA in PC-3 cells.



To ensure that no compound was diluted below its range of efficacy, a floor was determined for each compound based on the activity ranges described previously. Using the IC50 data described in Figure 1, it was determined that 30 µM, 14 µM, and 25 µM were the highest concentrations of α-TEA, γ-T3, and DOC, respectively, at which no activity was observed. These concentrations were thus taken to be essentially “zero” and became the lowest concentrations of these compounds used in any of the MDRSM combination mixtures. The data in Figure 2D demonstrate that using these ranges produced combinations that yielded substantially less variable results and were more effective in reducing cell viability than those in Figure 2B. The percent differences between the data in Figure 2B,D ranged from 2–67%, yet these differences were all nonsignificant, likely due to the high degree of variability found in the data in Figure 2B. The most effective combination for reducing cell viability in PC-3 cells consisted of 30 µM α-TEA, 20 µM γ-T3, and 25 nm DOC. This and other combinations, as shown above, were found to be significantly more effective than the combination with the highest concentration of DOC, suggesting that DOC is not as effective alone as it is when used in combination with VE analogs.



To further investigate the effectiveness of combination chemotherapy consisting of γ-T3, α-TEA, and DOC in treating advanced prostate cancer, a response surface was generated for cell viability in DU-145 human prostate cancer cells. For ease of comparison against the data collected on PC-3 cells in Figure 2, and given that the IC50 values reported in the literature for each of the three compounds in the DU-145 cell line did not differ significantly from those observed in the PC-3 cell line, γ-T3, α-TEA, and DOC were incorporated in the same ratio combinations as in Figure 2C,D for the treatment of DU-145 cells and generation of a corresponding response surface [37,38] (Figure 3A). Interestingly, although similar dose-dependent effects were observed when treating DU-145 cells with γ-T3 or α-TEA (data not shown) no significant differences in treatment response were observed among the various ratio combinations (Figure 3B). It was thus unsurprising, then, that MDRSM analysis calculated the optimal concentration (red) to occupy a relatively large portion of the response surface area. The optimal combination for reducing cell viability in the DU-145 cell line was calculated to be 30 µM α-TEA, 16.4 µM γ-T3, and 70 nm DOC. The DU-145 cells were not used in subsequent experiments because the mixture of DOC with VE analogs was not any more effective than DOC alone in treating DU-145 cells.




2.3. Chou-Talalay Analysis


To assess whether dual combinations of α-TEA, γ-T3, and DOC yielded synergistic, additive, or antagonistic effects, Chou-Talalay analysis was conducted using the alamarBlue cell viability assay. The Chou-Talalay analysis requires nonlinear combinations of 0.25× 0.50×, 1×, 2×, and 4× the IC50 for each dual combination of the three compounds. Values close to 1 are considered additive (gray box), values below 1 are synergistic, and values over 1 are antagonistic (red box). Combination of α-TEA or γ-T3 with DOC produced additive effects at each multiple of the IC50, while combination of α-TEA with γ-T3 yielded extreme antagonistic effects across all multiples (Table 1). That none of these compounds exhibited synergy does not entail that the mixtures are not worth pursuing; as evidenced by the results in Figure 1D, additive effects can still be used to limit the amount of the toxic DOC used to treat advanced prostate cancer, thus likely limiting toxic side effects associated with the drug.




2.4. Cell Viability Response in DOC-Resistant PC-3 Cells


To determine the efficacy of γ-T3 and α-TEA in the treatment of DOC-resistant PC-3 cells, DOC-resistant clones were selected for in the process described in the methods section. The alamarBlue cell viability assay was then used to assess cell viability following treatment with the identified compounds in various mixtures. First, to validate that the PC-3DR cells were resistant to DOC, PC-3 and PC-3DR cells were treated with 25, 50, 75, and 100 nM DOC for 48 h (Figure 4A). A significantly reduced response to DOC treatment was observed in the PC-3DR cells at all concentrations. To determine the ability of VE to ameliorate DOC-resistance in prostate cancer cells, PC-3DR cells were treated with mixtures containing DOC and γ-T3 or α-TEA. PC-3DR cells were first treated with 50 nM DOC in combination with 14, 16, 18, and 20 µM γ-T3 for 48 h (Figure 4B). A significantly greater reduction in cell viability was observed for treatment with DOC-VE combinations compared to DOC alone, though no significant differences were observed among the several VE concentrations. The most effective combination consisted of 50 nM DOC and 20 µM γ-T3 and was accompanied by a 17% greater reduction in cell viability relative to 50 nM DOC alone (p = 0.0003). As stated, however, this result was not significantly different from those obtained using the other mixture concentrations. PC-3DR cells were then treated with 50 nM DOC in combination with 30, 35, 40, and 45 µM α-TEA for 48 h (Figure 4C). Again, a significantly larger response was observed for treatment with DOC-VE combinations compared to DOC alone, though no significant variance was observed among the different VE concentrations. The combinations containing 50 nM DOC with 40 µM α-TEA and 50 nM DOC with 45 µM α-TEA were equally as effective, with both accompanied by a 22% greater reduction in cell viability relative to 50 nM DOC alone (p < 0.0001). Again, this result was not significantly different from those obtained using the other mixture concentrations. Finally, PC-3DR cells were treated with 50 nM DOC in combination with both 14, 16, 18, and 20 µM γ-T3 and 30, 35, 40, and 45 µM α-TEA for 48 h (Figure 4D). Similar results were observed as treatment with the DOC-VE mixtures elicited a significantly greater reduction in cell viability compared to DOC alone, albeit again with no significant differences among the various VE concentrations. The most effective combination consisted of 50 nM DOC, 20 µM γ-T3, and 45 µM α-TEA and was accompanied by a 49% greater reduction in cell viability relative to 50 nM DOC alone (p < 0.0001). Again, this result was not significantly different from those obtained using the other concentration mixtures.



Further statistical analysis of the data in Figure 4B–D revealed that treatment with 50 nM DOC combined with both VE compounds was associated with a significantly greater response compared to treatment with 50 nM DOC with an equal dosage of either VE compound. For instance, treatment with a mixture consisting of 50 nM DOC, 20 µM γ-T3, and 45 µM α-TEA saw a 49% greater reduction in cell viability compared to treatment with a mixture containing 50 nM DOC and 20 µM γ-T3 (p < 0.0001), and a 44% greater reduction compared to treatment with a mixture containing 50 nM DOC and 45 μM α-TEA (p < 0.0001).





3. Discussion


Combining standard chemotherapeutics with natural products could decrease toxic side effects, decrease chemotherapeutic resistance, and increase treatment efficacy. Chemotherapeutic compounds in combination target multiple cell death pathways simultaneously, increasing the efficacy over using single agents. Combination chemotherapy has been used for years; however, that the administration of standard chemotherapeutic drugs is often accompanied by debilitating toxic side effects remains a noteworthy obstacle in cancer treatment. Many natural compounds, including VE, have been shown to induce tumor cell death without affecting normal cells. Identifying the most effective mixtures of natural and standard chemotherapeutics can be time-consuming; therefore, we have applied two mixture modeling methods to identify the ideal combinations of DOC, γ-T3, and α-TEA.



Our findings support the notion that VE compounds can reduce the amount of the toxic DOC needed to eliminate advanced prostate cancer cells, and that MDRSM can be used to identify ideal mixtures of chemotherapeutic compounds. Here we have shown that a combination of γ-T3 and α-TEA with DOC significantly reduced the levels of DOC required to decrease tumor cell viability. MDRSM analysis demonstrated that mixtures with concentrations of γ-T3 near the IC50 of γ-T3 were most effective in treating PC-3 cells. Conversely, treatment with the same VE mixtures on DU-145 cells elicited no statistically significant effect among the various ratio combinations. Previous studies have shown that DU145 cells are more resistant to cell death than PC-3 cells because the cells have unique redox environments [39]. Due to the negative results obtained using DU-145 cells, further testing using additional prostate cancer cell lines is required to accurately appraise the combinatorial effectiveness of these compounds. This differential effect in PC-3 and DU-145 cells could be exploited in future experiments to determine the molecular mechanism of γ-T3 and α-TEA DOC sensitization. The results obtained from the in vitro assays performed in the present study do not guarantee translational potential. Further testing using animal models is advisable. Further, we demonstrated that DOC-resistance in prostate cancer cells can be at least partially ameliorated through treatment with γ-T3 and α-TEA, as these compounds enhanced the effectiveness of DOC in the treatment of DOC-resistant PC-3 cells.



The Chou-Talalay model showed that combining γ-T3 and α-TEA yielded antagonistic interactions, indicating that these two compounds should not be combined for chemotherapeutic treatment. This effect is likely due to α-TEA-induced degradation of γ-T3. Elevated α-VE intake has been found to reduce plasma concentrations of the more protective γ-VE isoforms, possibly through upregulating metabolic enzymes with high affinity for γ-VE or competitively reducing the export of γ-VE from the liver (the former being more applicable to the in vitro experiments conducted in the present study) [40]. Antagonism between α-VE and γ-VE due to α-VE-induced degradation of γ-VE offers possible explanation for the seemingly contradictory results of the SELECT trial, in which supplementation with α-TOC was associated with an increased risk of prostate cancer [41,42]. This apparently contradictory observation could be due to the fact that the Chou-Talalay model can feasibly only test two compounds at once, thus not accounting for the potential effects of a third compound (DOC) on the nature of the interactions between γ-T3 and α-TEA. This observation could also be due to the molecular changes that occur in the PC-3 cells as they become DOC-resistant. Interestingly, the PC-3DR cells were more sensitive to a combination of the γ-T3 and α-TEA than either of the compounds alone, indicating that, as the tumor changes, so may its ability to metabolize or efflux VE compounds.



Previous studies investigating the chemotherapeutic potential of VE have found the treatment of prostate cancer cells with α-TOC to be virtually ineffectual [34]. Our results corroborate these findings and also evidence that treatment with α-TEB is similarly ineffective. We suspect that α-TEA is effective and α-TOC is not because the acetate moiety is required initially for absorption. Subsequently, the acetate is hydrolyzed off the α-TEA by endogenous esterase activity, which perhaps enables it to then bind to its chemotherapeutic cellular target. α-TEB is presumably not active because, while it may be absorbed, it contains an ether bond that will not be cleaved once it enters the cell, and therefore with not be able to bind to its chemotherapeutic target.



Our results also support observations in the literature that γ-T3 is among the most potent of the naturally occurring VE isoforms in terms of chemotherapeutic efficacy [25]. Previous studies have shown γ-T3 to be effective in reducing cell viability and ameliorating DOC resistance in several prostate cancer cell lines [26,27,30]. In the present study, while treatment of PC-3DR cells with γ-T3 or α-TEA in combination with DOC significantly reduced cell viability relative to treatment with DOC alone, the efficacy of both forms of VE appeared to be blunted, suggesting possible resistance to these compounds as well. Further, while the differences in reduction of cell viability after treatment with DOC in combination with various concentrations of either γ-T3 or α-TEA and treatment with DOC alone were statistically significant, the percent differences themselves were not particularly substantial, calling into question the possible practical significance of this result. When we combined both γ-T3 and α-TEA in the same mixture with DOC, however, we observed a near 50% decrease in cell viability relative to DOC alone, indicating that a mixture of all three compounds could be much more effective than DOC alone in treating advanced, drug-resistant prostate cancer. Further, as noted in the results section above, treatment with DOC in combination with both VE compounds was significantly more effective than DOC in combination with either of VE compounds alone.



Our investigations highlight various limitations of MDRSM for biological work. For example, a compound with a steep IC50 curve will have several points that will be well below its effective dose. With that in mind, we determined that the weak effect of combinations in Figure 1A was likely due to these small windows of effectiveness. As outlined in the Results section, the concentration of γ-T3 and α-TEA in almost all combinations is below a concentration that will reduce cell viability based on our IC50 calculations. We determined that using specific ranges for each combination would alleviate this issue. It may be that using specific treatment ranges rather than beginning with “zero” is advisable for the application of MDRSM in biological settings. We found using such ranges was best practice in the present study, especially given the unique properties of the compounds of interest. Additionally, MDRSM, when utilized in engineering fields, can lead to exact and consistent results. The variability inherent to the biological sciences presents challenges in obtaining useful models. In this study, we used an in vitro model of PC-3 and DU-145 cells; however, cell-based studies do not demonstrate the effect of the mixtures on normal tissue or how the mixtures are metabolized. Subsequent studies can use MDRSM in animal prostate cancer models to identify mixtures that maximize the effect on tumor cells while minimizing the toxicity to normal tissue.



In conclusion, γ-T3 and α-TEA are more active than α-TOC and α-TEB in advanced prostate cancer cells. γ-T3 and α-TEA can be used to reduce the amount of DOC required to eliminate prostate cancer cells. γ-T3 and α-TEA improve the effectiveness of DOC in reducing cell viability in resistant cells. While our results demonstrate the beneficial effect of combination chemotherapy utilizing γ-T3, α-TEA, and DOC in PC-3 cells, we did not observe the same result in DU-145 cells.




4. Materials and Methods


4.1. Cell Lines


PC-3 and DU-145 human prostate cancer cells were acquired from ATCC (Rockville, MD, USA) and cultured in F12-K media (PC-3) purchased from Corning Incorporated (Oneonta, NY, USA) or Eagle’s Minimum Essential Medium (DU-145) purchased from ATCC. Media was supplemented with 10% fetal bovine serum and 1% antibiotic (streptomycin/penicillin). Cells were grown in incubator under standard conditions of 37 °C and 5% CO2 through 10–25 passages.




4.2. Selection of Docetaxel-Resistant Clones


PC-3 cells were initially cultured in 1 ng/mL DOC medium and maintained until DOC-sensitive clones were eliminated. The surviving PC-3 cells repopulated the flask and continued to divide through multiple passages. The same process was repeated using DOC concentrations of 5 ng/mL and finally 10 ng/mL. Once PC-3 cells were freely dividing in 10 ng/mL DOC medium, they were considered resistant and labeled PC-3DR.




4.3. Reagents


α-TEA and α-TEB were synthesized at Brigham Young University by Dr. David Michaelis in the Department of Chemistry and Biochemistry (Scheme 1). Pure product was dissolved in dimethyl sulfoxide (DMSO) and stored as a 10 mM stock. γ-T3 was purchased from Cayman Chemical (Ann Arbor, MI, USA) and dissolved in DMSO to be stored as a 10 mM stock. Exposure to light was avoided for vitamin E forms. Docetaxel was obtained from Sigma Aldrich (St. Louis, MO, USA) and dissolved in DMSO to form a 10 uM stock. α-tocopherol (α-TOC) was purchased from Sigma Aldrich (St. Louis, MO, USA) Treatments were prepared by diluting the stock concentrations in F12-K media, with DMSO concentration never above 2.5%. The limited solubility of the compounds required that this relatively high amount of DMSO (2.5%) be added to keep them dissolved in solution. Though higher than what is typically seen in cell-based studies, testing revealed that this concentration of DMSO did not have any discernible effect on mitochondrial functioning or cell viability.




4.4. Cell Viability


Cell viability was assessed using the alamarBlue cell viability assay. Cells were grown near confluency, trypsinized, and 5000–10,000 cells were seeded on 96-well plates. Cells were allowed to adhere to the plate for 24 h before treatment with the vehicle control (DMSO 2.5%) or 1 of 10 drug combinations and allowed to incubate for 48 h (37 °C and 5% CO2). DMSO only control was set as 100% viability. Each data point was normalized to the DMSO control and presented as a percent reduction in cell viability so that the strongest reduction in cell viability would give us a maximum on the surface. Each combination treatment also had its own control where treatment medium, without cells, was analyzed with alamarBlue to eliminate background fluorescence and interactions between the drugs and the alamarBlue reagent. After 48 h, the cells were treated with 10 μL of alamarBlue (1:10 ratio of alamarBlue to media), and incubated for 6 h (37 °C and 5% CO2). The fluorescence was then analyzed on a BMG LABTECH FLUOstar OPTIMA plate reader (BMG LABTECH Inc., Cary, NC, USA) using the 544 nm excitation filter and the 612-emission filter. We ran three plates, with each plate having three samples for each concentration. The concentration of DMSO in all experiments did not exceed 2.5%.




4.5. IC50 Calculation


The statistical software GraphPad Prism 7 (Graphpad Software, San Diego, CA, USA) was used to calculate the IC50 for each compound utilizing the data from the cell viability procedure outlined above. Data was collected for varying concentrations above and below the IC50, after which a variable slope non-linear regression model was fit to each compound’s normalized data set (r2 > 0.95). The concentration which led to a 50% reduction in cell viability was calculated with a 95% confidence interval. All IC50 values utilized fall within this confidence interval.




4.6. Mixture Design and Response Surfaces


Ternary plots were generated and analyzed using JMP Pro 13 software (SAS Institute, Cary, NC, USA). Each mixture combination was done in triplicate. Methods followed procedure outlined in paper by Oblad et al., 2018.



The points on the ternary plot represent various combinations with different ratios of each compound. For our experiments, we created custom ranges for our compounds based on the IC50 data as determined by the alamarBlue cell viability assay. The ranges were set as such due to some of the compounds being found to have narrow ranges of effectiveness. For example, in our cell viability assay, γ-T3 had no effect until approximately 14 µM, but reduced cell viability by nearly 50% at 17 µM. Had we set the minimum of each compound at 0 and used the range 0–17 µM for γ-T3, we would have expected to see no effect from γ-T3 in the tested combinations until it was at the maximum concentration. However, DOC has an effect on cell viability even at 1–5 nM, and so its minimum concentration was set at 0 nM.



We tested 10 different combinations, and these 10 points create an even spread over the plot that produces a strong surface for differentiating mixtures (Dejaegher and Heyden, 2011). It is then possible to identify the optimal combination from the model. The predicted points defined by the model are given 95% confidence intervals and allow for statistical conclusions to be made about them.




4.7. Chou-Talalay Analysis


Cell viability assays (alamarBlue) for 0.25×, 0.50×, 1×, 2×, and 4× IC50 for each dual combination of the three compounds were performed and normalized to a 2.0% DMSO control. The data were input into the program CompuSyn (ComboSyn Inc., Paramus, NJ, USA), as well as the concentration ratios, to find the combination index for each combination to determine synergism or antagonism. All data were collected and analyzed as directed by the Chou-Talalay method (Chou and Talalay, 1983).
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Figure 1. IC50 graphs for α-tocopherol (α-TOC), α-tocopherol ether butyrate (α-TEB), γ-tocotrienol (γ-T3), and α-tocopherol ether acetate (α-TEA) in PC-3 human prostate cancer cells. Cell viability at various concentrations over the course of 48 h was assessed for each compound. α-TOC and α-TEB had no effect on cell viability (A,B). α-TEA and γ-T3 inhibited cell viability in a dose-dependent manner (C,D). IC50 values for these compounds were calculated with a 95% confidence interval: (C) γ-T3, 17.0 ± 1.0 µM; (D) α-TEA, 45.0 ± 2.3 µM. 
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Figure 2. Analysis of γ-T3, α-TEA, and docetaxel (DOC) treatment combinations in PC-3 cells. Black dots on the ternary plots represent points where data were collected to produce the mixture design response surface methodology (MDRSM). Bright red areas represent the most effective combinations for reducing cell viability. Deep red, gray, and blue areas represent decreasing levels of effectiveness in descending order. (A) Ternary plot displaying MDRSM analysis conducted with the vertices corresponding to each of the three compounds at their respective IC50 values. (B) Bar graph displaying cell viability data used to generate ternary plot A. The data were highly variable and only treatment with 45 µM α-TEA was observed to be significantly different from control (p = 0.0390). No statistical differences reported among any of the other compounds/mixtures. (C) Ternary plot displaying MDRSM analysis conducted with the mixture at each vertex containing the lowest dose observed to have maximal effect for one compound, and the highest concentrations of the other two compounds that elicited no effect (γ-T3 low: 14 µM, high: 20 µM; α-TEA low: 30 µM, high: 45 µM; and DOC low: 25 nM, high: 100 nM). (D) Bar graph displaying cell viability data used to generate ternary plot B. The most effective combination for reducing cell viability (combination 2; 97.53% reduction relative to control (p < 0.0001) consisted of 30 µM α-TEA, 20 µM γ-T3, and 25 nm DOC, though this result was not significantly different from combinations 4 (90.77%), 6 (92.92%), 7 (88.69%), or 8 (93.42%). Several combinations containing higher concentrations of VE compounds with lower concentrations of DOC were associated with significantly greater reduction in cell viability compared to mixtures containing higher concentrations of DOC with lower concentrations of vitamin E (VE) compounds. Specifically, this result was observed for combinations 6 (p < 0.0001), 7 (p = 0.0007), and 8 (p < 0.0001), which contained 62.5, 37.5, and 37.5 nM DOC respectively, compared to combination 3 (73.47% reduction), which contained 100 nM DOC. 
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Figure 3. Analysis of γ-T3, α-TEA, and DOC treatment combinations in DU-145 cells. (A) Ternary plot displaying MDRSM analysis conducted using the same treatment combinations as used for PC-3 cells in Figure 2C,D. The most effective combination for reducing cell viability was calculated to be 30 µM α-TEA, 16.4 µM γ-T3, and 70 nm DOC. (B) Bar graph displaying cell viability data used to generate ternary plot B. No significant differences in treatment response were detected among the various combinations. 
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Figure 4. Viability data for DOC-resistant PC-3 (PC-3DR) cells treated using combinations of DOC with α-TEA and/or γ-T3. (A) PC-3 and PC-3DR cells treated with 25, 50, 75, and 100 nM DOC. PC-3DR cells exhibited significantly less response to DOC treatment at all concentrations (**** p < 0.0001). (B) PC-3DR cells treated with 50 nM DOC in combination with 14, 16, 18, and 20 µM γ-T3. Significantly greater reduction in cell viability was observed in all DOC-VE combinations compared to DOC alone (* p = 0.0190, ** p = 0.0066, *** p = 0.0008). (C) PC-3DR cells treated with 50 nM DOC in combination with 30, 35, 40, and 45 µM α-TEA. Significantly greater reduction in cell viability was observed in all DOC-VE combinations compared to DOC alone (*** p = 0.0002, **** p < 0.0001). (D) PC-3DR cells treated with 50 nM DOC in combination with 14, 16, 18, and 20 µM γ-T3 and 30, 35, 40, and 45 µM α-TEA. Significantly greater reduction in cell viability was observed in all DOC-VE combinations compared to DOC alone (*** p = 0.0001, **** p < 0.0001). 
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Scheme 1. Synthesis of α-TEA and α-TEB. 
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Table 1. Chou-Talalay combination index (CI) chart for dual combinations of γ-T3, α-TEA, and DOC.
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	0.25 × IC50
	0.5 × IC50
	1 × IC50
	2 × IC50
	4 × IC50





	γ-T3/α-TEA
	25,798.9
	28,716.9
	31,965.0
	34,381.7
	36,211.6



	α-TEA/DOC
	1.09516
	1.05744
	1.02102
	0.99697
	0.98021



	γ-T3/DOC
	0.94101
	0.93797
	0.93494
	0.93288
	0.93142







Red represents antagonistic CIs, and gray represents additive CIs. CIs were obtained via alamarBlue cell viability assay with three biologic replicates in triplicate.
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