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Abstract

:

Metabolic reprogramming in tumor cells is considered one of the hallmarks of cancer. Many studies have been carried out in order to elucidate the effects of tumor cell metabolism on invasion and tumor progression. However, little is known about the immediate substrate preference in tumor cells. In this work, we wanted to study this short-time preference using the highly invasive, hormone independent breast cancer cell line MDA-MB-231. By means of Seahorse and uptake experiments, our results point to a preference for glucose. However, although both glucose and glutamine are required for tumor cell proliferation, MDA-MB-231 cells can survive two days in the absence of glucose, but not in the absence of glutamine. On the other hand, the presence of glucose increased palmitate uptake in this cell line, which accumulates in the cytosol instead of going to the plasma membrane. In order to exert this effect, glucose needs to be converted to glycerol-3 phosphate, leading to palmitate metabolism through lipid synthesis, most likely to the synthesis of triacylglycerides. The effect of glucose on the palmitate uptake was also found in other triple-negative, invasive breast cancer cell lines, but not in the non-invasive ones. The results presented in this work suggest an important and specific role of glucose in lipid biosynthesis in triple-negative breast cancer.
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1. Introduction


Tumor metabolism has been studied since the early 20th century. In 1925, Otto Warburg observed that tumor cells produced greater amounts of lactic acid than other healthy tissues, even in the presence of oxygen [1]. Later, it would be known that these cells are able to obtain the same amount of energy by glycolysis than by oxidative phosphorylation (OXPHOS). This fact would afterwards be known as the Warburg effect [2]. Since the beginning of the present century, the metabolism of tumor cells has regained great importance, and metabolic shift was added as a new hallmark of cancer [3]. As a result, tumor metabolism has been widely studied in the last years, and multiple reviews have been published focusing on the Warburg effect, glutamine utilization, and the genetic alterations involved in these processes [4,5,6,7].



Breast cancer is the second leading cause of cancer death among women [8]. Nevertheless, mortality from breast cancer in North America and the European Union has decreased because of early detection and the development of efficient therapies, thanks to the increasing knowledge on the processes occurring inside tumor cells. Because of the importance of the metabolic reprogramming in cancer, the metabolism of breast cancer cells has been exhaustively studied in the last years in order to know more about this disease and to design more effective therapies.



MDA-MB-231 is one of the most studied estrogen receptor (ER) negative breast cancer cell lines. This cell line is known to be highly metastatic, invasive, and glycolytic [9]. However, most of the metabolic studies are usually performed after incubations of no less than 24 h, often because they are focused on the effects on the proliferation rate and the invasive capacity of these cells. Moreover, palmitate is one of the most abundant fatty acids (FAs), but it has been shown to induce apoptosis in MDA-MB-231 and other breast tumor cell lines [10]. Nevertheless, lipid metabolism is important for MDA-MB-231 tumorigenesis [11]. In this work, we wanted to study two features of MDA-MB-231 cells metabolism, namely: (1) the effect of glucose and/or glutamine starvation on proliferation, and (2) the possible alterations in metabolism after a short-time incubation with different combinations of glucose, glutamine, and/or palmitate. In order to avoid possible interferences with other metabolites from culture media and serum, in this work, we performed the short-time experiments in very restrictive conditions, although it should be taken into account that other metabolites may also be present in an individual. Thus, this kind of methodological approximation allows for the determination of the short-time preference of a metabolic substrate in these cells when only these fuels are present at physiological concentration after a fasted period [12,13]. Combining long- and short-term experiments covers different possible scenarios, such as the short-term response of the cells to a drastic nutritional change (their immediate fuel preference) and the long-term consequence of that change (their ability to adapt to a different nutritional condition). Increasing knowledge in the metabolic flexibility of cancer cells could allow for the design of specific therapies in order to inhibit tumor progression. Therefore, our study may lead to further research in the metabolomics of breast cancer cells and the inhibition of breast cancer progression.



The results obtained point to a preference for glucose, but also a strong dependence on both glucose and glutamine to proliferate. Furthermore, glucose increased the palmitate uptake selectively in MDA-MB-231 and other invasive breast cancer cell lines, but not in the non-invasive breast cancer cell line MCF7. This glucose would be most likely converted to glycerol-3-phosphate (G3P) in order to exert this effect, leading to lipid synthesis from palmitate.




2. Materials and Methods


2.1. Materials


Cell media, antibiotics, and trypsin were obtained from BioWhittaker (Verviers, Belgium). Fetal calf/bovine serum (FBS) was supplied by Biowest (Kansas, USA). Molecular probes (Eugene, OR, USA) provided us with BODIPY (BOron-DIPYrromethene) FL C16 and 2-NBDG. L-[14C(U)]-glutamine was supplied by Perkin Elmer (Waltham, MA, USA). Abnova (Taoyuan City, Taiwan) was the provider of the lactate assay kit. The antibodies used in the present study were purchased from Cell Signaling Technology (Danvers, MA, USA). Adipostatin-A and PD98059 were obtained from Cayman Chemical (Ann Arbor, MI, USA). The plastic material for the cell culture was from Nunc (Roskilde, Denmark). All of the other reagents were from Sigma-Aldrich (St. Louis, MO, USA). The palmitate-BSA conjugate was prepared as previously described [14].




2.2. Cell Culture


Unless specified otherwise, the cell culture media included glutamine (2 mM), 10% fetal bovine serum (FBS); and the antibiotics penicillin (50 U/mL), streptomycin (50 U/mL) and amphotericin (1.25 μg/mL). The tumor cells used in this paper were provided by the ATCC (Rockville, MD, USA) or the European Collection of Cell Cultures. Human breast carcinoma MDA-MB-231, MDA-MB-436, and HCC1937 cell lines and human neuroblastoma Kelly cells were maintained in RPMI-1640. Human breast carcinoma MCF7 cells were maintained in Dulbecco′s modified Eagle′s medium (DMEM) containing glucose (4.5 g/L). The human cervix adenocarcinoma HeLa cells were maintained in Eagle’s minimum essential medium (EMEM). Fresh human umbilical vein endothelial cells (HUVEC) were obtained as previously described [15], and maintained in a 199 medium supplemented with 20% FBS, endothelial cell growth supplement (ECGS) (30 µg/mL), and heparin (100 µg/mL). All of the cell lines were maintained at 37 °C under a humidified 5% CO2 atmosphere.




2.3. Cell Growth Curves


The MDA-MB-231 and MCF7 cells were seeded at a density of 1.5 × 104 cells in 24-well plates. After cell adherence, the cells were incubated in normoxia or hypoxia (1% O2) in the presence or absence of glucose and/or glutamine. A Coulter counter from Beckman Coulter (Brea, CA, USA) was used to count the cell number every day.




2.4. Cytotoxicity Assays


The cells were seeded at a density of 2 × 104 cells in 96-well plates, and 24 h after seeding were treated with or without 0.5 mM palmitate for an additional 16 h. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was carried out as described by us elsewhere [16].




2.5. Extracellular Flux Analyzer Experiments


MDA-MB-231 were cultured at a density of 5 × 104 cells/well in 24-well Seahorse XFe24 plates (Agilent). The cell treatment and oxygen consumption rate (OCR)/extracellular acidification rate (ECAR) measurements were performed, as previously described, in the presence or not of glucose, glutamine, and/or palmitate [17]. Wave software (version 2.6.0) was used for the data analysis.




2.6. Analysis of Glucose and Palmitate Uptake


Cells cultured in 96- or 24-well plates were treated, and the relative glucose or palmitate uptakes were determined, as previously described for endothelial cells using a FACS VERSETM cytometer from BD Biosciences (San Jose, CA, USA) [17]. In an additional experiment, the cells were seeded on glass cover slides and incubated with BODIPY FL C16, washed, fixed with 4% formalin, the nuclei were stained with Hoechst, and the covered slides were mounted (Fluoromount-G, Southern Biotech (Birmingham, AL, USA)). Photographs of the BODIPY FL C16 intracellular location were taken using a Leica SP8 confocal microscope (Wetzlar, Germany).




2.7. Lactate Production


The cells cultured in six-well plates were incubated for 30 min in the presence of different metabolic fuels. Afterwards, the media were collected and the lactate concentration was measured as previously described [17].




2.8. Glutamine Uptake and Oxidation


The cells cultured in 96- or 24-well plates were incubated in the presence or absence of different metabolic substrates for 30 min. The glutamine uptake and oxidation were later measured as previously described [17]. All of the assays were performed in the Radioactive Installation of the University of Málaga, authorized with reference IR/MA-13/80 (IRA-0940) for the use of non-encapsulated radionuclides.




2.9. RNA Isolation and Purification and cDNA Synthesis


Tri reagent and the Direct-zol™ RNA MiniPrep Kit (Zymo Research) were used according to the instructions provided by the suppliers, so as to extract the total RNA from the MDA-MB-231 cells seeded in six-well plates. Complementary DNA (cDNA) was obtained from purified RNA with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).




2.10. qPCR


The qPCR (quantitative RT-PCR) of cDNA, obtained as described above, was performed in an Eco Real-Time PCR System using KAPA SYBR Fast Master Mix (2×) Universal (KAPA Biosystems). The profile of the thermal cycling used was as follows: 95 °C for 3 min, 40 cycles of 95 °C for 10 s, and annealing temperature (Tm) for 30 s. Three independent experiments were carried out with duplicates of each sample. The obtained data were normalized using the β-actin expression as the internal control. Table 1 collects the primers sequence, Tm, and amplicon size for each gene.




2.11. Western Blot


Cells incubated in the presence or not of 5 mM glucose and 30 µM PD98059 for 30 min were lysed with a 2× denaturing loading buffer. The phospho-ERK and ERK (Extracellular signal-Regulated Kinases) protein levels were determined by Western blot, as previously described by us [18].




2.12. Statistical Analysis


The results are given as mean ± standard deviation (SD). To determine the statistical significance, one-way analysis of variance (ANOVA) or Student’s t-test were used, considering significant differences as those with p < 0.05.





3. Results and Discussion


3.1. Glucose and Glutamine Are Essential for MDA-MB-231 Cells’ Proliferation


It has been already reported that the MDA-MB-231 cells cannot grow in the absence of glucose and glutamine, getting into G2/M (G2/mitosis) cell cycle phase block after 2–4 h and inducing apoptosis [19]. Glutamine is essential for MDA-MB-231 cell growth even in the presence of glucose [20]. Nevertheless, as far as we are concerned, the proliferation of MDA-MB-231 cells has not been tested under glucose starvation in the presence of glutamine. Our results show a total dependence on both glucose and glutamine for sustaining cell growth (Figure 1A), although they were able to survive, without growing, in the presence of only glutamine in hypoxia (Figure 1B). Interestingly, glucose and glutamine were also determined to be important for the proliferation of the non-invasive, ER-positive MCF7 cell line, but these cells seemed to be more sensitive to glucose deprivation (Figure 1C). These data reinforce the fact that a distinction between different types of breast cancer cells has to be considered for the study of breast cancer progression. Furthermore, glutamine, but not glucose, withdrawal changed MDA-MB-231 cells’ morphology, making them longer and with a fusiform shape (Figure 1D). This fact may indicate changes in the cytoskeleton structure due to the inhibition of proliferation in the absence of glutamine, suggesting a more critical role of this amino acid in sustaining cell growth in these cells. Remarkably, glutamine deprivation has been seen to affect cell invasion of melanoma cells through decreasing α5 integrin expression, focal adhesion kinase (FAK) phosphorylation, and the inhibition of actin cytoskeleton remodeling [21].




3.2. Effect of Different Metabolic Fuels on Glucose and Glutamine Metabolism


Next, we wanted to analyze the short-time energetic metabolism of MDA-MB-231 cells. For this, we used three main metabolic fuels, namely, glucose, glutamine, and palmitate. Palmitate is known to induce apoptosis in MDA-MB-231 cells after exposures longer than 6–8 h [9]. Our data support this observation (Figure S1). For this reason, we used this FA in experiments involving exposures shorter than 2 h in a cell culture.



We first analyzed the effect on the basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) by adding different metabolic substrates after a fasted period. Glutamine was the major oxidative substrate in MDA-MB-231 cells, as shown by the higher OCR increase after glutamine addition (p < 0.0001; Figure 2A). Glucose was also used as an oxidative substrate, but to a lesser extent (p < 0.0001; Figure 2A). Interestingly, OCR was not increased in the presence of palmitate in MDA-MB-231 cells (Figure 2A). Accordingly, highly proliferative and glycolytic cell lines are described to have a great avidity for FAs, using them for lipid biosynthesis instead of oxidation [22,23,24,25]. A combination of different metabolic substrates slightly increased the maximum OCR values (p < 0.05; Figure 2A). Regarding the ECAR values, the MDA-MB-231 cell line was corroborated to be highly glycolytic in the presence of glucose (p < 0.0001; Figure 2B), as previously described [8,26]. Glutamine also increased the ECAR values (p < 0.05; Figure 2B), most likely due to deprotonation of HCO3−, resulting from oxidation [27].



Additionally, we analyzed the effects of these different metabolic substrates on the uptake and production of the others. Our results showed that neither glutamine nor palmitate alone had any significant effect on glucose uptake or lactate production after 30 min (Figure 3A,B), although the combination of glucose with both glutamine and palmitate increased lactate production in these cells (p < 0.05; Figure 3B). Moreover, no lactate production was detected in the absence of glucose (Figure 3B). This is in contrast to the data from other tumor cell lines, such as glioblastoma cells, which are able to produce lactate from glutamine [4,28].



Regarding glutamine metabolism, we analyzed two different features, namely: glutamine uptake from the media and glutamine oxidation. Glucose did not statistically affect glutamine uptake in MDA-MB-231 cells (Figure 3C), but it decreased glutamine oxidation (p < 0.01; Figure 3D), indicating a preference for glycolysis versus OXPHOS from glutamine. Surprisingly, the combination of glucose and palmitate increased glutamine uptake (p < 0.01; Figure 3C), whereas this combination decreased glutamine oxidation (p < 0.001; Figure 3D). Besides the role of glutamine in feeding the tricarboxylic acid (TCA) cycle, there are other non-oxidative metabolic fates for this amino acid, such as providing nitrogen skeletons for nucleotides and glycosylation reactions, amino acid synthesis, or signal transduction, mostly involving cell proliferation [29]. Glucose metabolism is also important for anaplerosis [7]. Moreover, free FAs such as palmitate can be used for lipid synthesis, such as triacylglycerides (TAG) and phospholipids (PL). The increase in glutamine uptake in the presence of glucose and palmitate, which are both involved in biosynthetic pathways, along with a decrease in its oxidation rate could be related to an elicitation of anaplerotic metabolism.




3.3. Glucose Increases Palmitate Uptake in MDA-MB-231 and Other Invasive Tumor Cell Lines


We also analyzed the effect of glucose and glutamine on palmitate uptake. Glutamine did not affect palmitate uptake in MDA-MB-231 cells (Figure 4A). However, 5 mM of glucose significantly increased palmitate uptake after 30 min (p < 0.0001; Figure 4A). This effect on the palmitate uptake was independent of the glucose concentration (Figure 4B). As far as we are concerned, this is the first time that this effect of glucose has been documented in this cell line, although the same happens in Ehrlich ascetic tumor cells. In the last model, glucose also diminished FA oxidation (FAO), and favored the biosynthetic fate of palmitate [30]. However, the mechanism by which glucose stimulates the palmitate uptake was not determined in the Ehrlich ascetic tumor cells.



Palmitate uptake has been seen to promote invasiveness in hepatocellular carcinoma and pancreatic cancer [31,32]. For this reason, we also tested whether this effect of glucose on the palmitate uptake was found in other breast cancer cell lines, specially comparing invasive and non-invasive cell lines. For this purpose, we tested other triple-negative breast cancer cell lines, such as MDA-MB-436 and HCC1937 cells, and a non-invasive, ER-positive breast cancer cell line, MCF7. Additionally, we also performed this experiment using a mild invasive cervix adenocarcinoma cell line, HeLa, and a highly invasive neuroblastoma cell line, Kelly, along with a non-tumor cell line, such as the endothelial cell line HUVEC. Glucose increased the palmitate uptake in the two triple-negative breast cancer cell lines (p < 0.05), but no effect was found for the MCF7 cells. Moreover, the glucose slightly increased the palmitate uptake in the HeLa cells (p < 0.01) and, to a major extent, in the Kelly cells (p < 0.001), whereas no effect was found in the HUVECs (Figure 4C). Hence, the effect of glucose on the palmitate uptake seems to be related to the invasive capacity of the tumor cell line, independently of the type of cancer. Noticeably, intracellular palmitate has been seen to induce a pro-inflammatory response mediated through the nuclear factor kappa B (NF-κB) pathway, which could explain its importance in cancer progression [33,34].




3.4. The Effect of Glucose on Palmitate Uptake Is Independent of the ERK Signaling Pathway


Importantly, lipid transporters are regulated by the ERK signaling pathway. ERK phosphorylation has been found to increase CD36 expression in the membrane of muscle cells during muscle contraction [35]. However, MDA-MB-231 barely express CD36 transporters, also known as fatty acid translocase (FAT), whereas they express fatty acid binding protein 5 (FABP5) (Figure 5A) [36]. Interestingly, CD36 expression has been reported to be inversely correlated with the metastatic potential of breast cancer cell lines [37]. This fact may support the relationship between palmitate uptake, FA transporters expression, and cancer invasiveness.



The inhibition of ERK phosphorylation has been shown to diminish FABP5 expression in MCF7 cells, thus pointing to a regulation of this lipid transporter by the ERK signaling pathway [38]. Therefore, we hypothesized that this pathway could also have a role in the effect of glucose on palmitate uptake. Nevertheless, after 30 min incubation with 5 mM glucose, no effect was observed in ERK phosphorylation compared to glucose withdrawal (Figure 5B). Furthermore, we used PD98059 in order to inhibit ERK phosphorylation (Figure 5B). This inhibition did not affect the upregulation of the palmitate uptake in the presence of glucose (Figure 5C). These data indicate that glucose acts on the palmitate uptake in a way that is independent of the ERK signaling pathway. Additional experiments should be carried out in order to elucidate the exact molecular mechanism by which glucose affects palmitate uptake in these cells.




3.5. Glucose Is Needed for Palmitate Metabolism in MDA-MB-231 Cells


We then tested whether glucose needs to be metabolized in order to exert its effect on the palmitate uptake. The presence of the glucose analog 2-deoxyglucose (2-DG), which cannot be metabolized through glycolysis, at a concentration of 5 mM, not only failed to increase the palmitate uptake, but decreased it (p < 0.05; Figure 6A). Increasing the glucose concentration along with 5 mM 2-DG reestablished the increase of palmitate uptake beyond the effect of the 2-DG, totally restoring this effect when te glucose and 2-DG were present at the same concentration (Figure 6A).



Glucose is a precursor of lipid synthesis through conversion to G3P, which will incorporate two acyl-CoAs in a reaction mediated by mitochondrial glycerol-3 phosphate acyltransferase (GPAT2), generating phosphatidic acid (PA). This PA will be diverted to PL or to diacylglicerides(DAG) and triacylglicerides (TAG) synthesis [39]. Glycerol-3 phosphate dehydrogenase (GPDH) is the enzyme that converts dihydroxyacetone phosphate (DHAP) into G3P. Among its functions, this enzyme is important for the reoxidation of cytosolic NADH in glycolytic cells, as well as the regulation of cytosolic G3P, thus regulating glycolysis, lipogenesis, and OXPHOS [40]. The treatment of MDA-MB-231 cells with adipostatin A, an inhibitor of GPDH, diminished the effect of glucose on the palmitate uptake in a dose-dependent manner (p < 0.05; Figure 6B). This inhibition of GPDH by adipostatin would most likely lead to a lower G3P synthesis and availability, decreasing the backbone amount to which palmitoyl-CoA could bind to in order to synthetize PA in the reaction catalyzed by GPAT2. Therefore, because of the uselessness of glucose in generating G3P, it could be logical that less palmitate uptake would be necessary. This fact suggests the possible role of glucose in tumor cell proliferation and invasiveness through the modulation of lipid synthesis.



Noticeably, GPAT2 is associated with higher rates of cell proliferation and migration in cancer cells, and a higher tumorigenicity [39,41]. In accordance with our results, the GPAT2 expression was found to be much higher in MDA-MB-231 than in the HeLa and MCF7 cells lines, which present a low GPAT2 expression [39]. Indeed, glucose was seen to be incorporated into glycerol and fatty acyl chains in breast epithelial cells (HMEC), and breast tumor cell lines MCF7 and ZR75-1, but only to glycerol in MDA-MB-231 cells [42]. However, in that article, the effect of glucose on FA uptake was not studied [42].



Moreover, palmitate in MCF7 cells is set aside for mitochondrial oxidation. Whereas palmitate uptake has been found to be similar in MCF7 and MDA-MB-231 cell lines, only MDA-MB-231 cells, in which palmitate has a different metabolic fate, underwent apoptosis after palmitate exposure [43]. Whether glucose is involved in the pro-apoptotic effect of palmitate in MDA-MB-231 cells or if palmitate also triggers an apoptotic response in other invasive tumor cell lines needs to be further researched.



Palmitate is known to mainly lead to PL and TAG synthesis in MDA-MB-231 cells [44]. Interestingly, in the present work, we failed to visualize the fluorescent analog of palmitate BODIPY FL C16 in the plasma membrane of MDA-MB-231 cells (Figure 6C), pointing to a possible accumulation of TAG instead of PL synthesis. Other authors found that MDA-MB-231 cells with an active glucose oxidative metabolism and incubated with oleate accumulated TAG inside the lipid droplets. In that work, the authors speculated that glucose was being converted to G3P in order to sustain the TAG synthesis [45]. However, this statement was not supported by any experimental data beyond the glucose oxidation rate. In the present work, we demonstrated that glucose metabolism, through the conversion of glucose to G3P, supports palmitate uptake in the MDA-MB-231 cell line, most likely followed by incorporation into G3P to form PA, the precursor of TAG.





4. Conclusions


In summary, the data obtained in this study point out to an essential role of glucose in the breast cancer cell line MDA-MB-231 for proliferation, glycolysis, and lipid synthesis, thus adding interesting information about the metabolic profiling of these highly proliferative and invasive, estrogen insensitive breast cancer cells [45]. However, we also show that MDA-MB-231 cells can survive up to two days in the absence of glucose, but not in the absence of glutamine. Despite the pro-apoptotic effect of palmitate after long incubation, glucose induced, in a dose-independent and ERK-independent manner, an increase in palmitate uptake after 30 min, probably for the synthesis of triglycerides. This effect of glucose was also exerted in other triple-negative breast cancer cell lines, such as MDA-MB-436 and HCC1937, and in other invasive tumor cell lines such as HeLa and Kelly, whereas no effect was found in the non-invasive breast cancer cell line MCF7. These results point to a regulation between glucose and lipid metabolism in invasive cancer cells, not given in the non-invasive tumor cells studied, and open new horizons for targeting glucose and lipid metabolism for the inhibition of cancer progression. Finally, this work warns caution in relation to many other studies of tumor metabolism that are being carried out in conditions far removed from the physiological ones.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-7737/9/1/16/s1. Figure S1: Effect of long-time exposure of MDA-MB-231 cells to palmitate.





Author Contributions


Conceptualization, M.C.O., B.M.-P., A.R.Q., and M.A.M.; supervision, B.M.-P., A.R.Q., and M.Á.M.; formal analysis, M.C.O.; investigation, M.C.O.; writing (original draft preparation), M.C.O.; writing (review and editing), M.C.O., B.M.-P., A.R.Q., and M.Á.M.; funding acquisition, B.M.-P., A.R.Q., and M.Á.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants PID2019-105010RB-I00 (Spanish Ministry of Science, Innovation and Universities), UMA18-FEDERJA-220 (Andalusian Government and FEDER) and funds from group BIO 267 (Andalusian Government), as well as funds from “Plan Propio de Investigación y Transferencia” (U. Málaga). The “CIBER de Enfermedades Raras” is an initiative from the ISCIII (Spain). The funders had no role in the study design, data collection and analysis, decision to publish or preparation of the manuscript.




Acknowledgments


M.C.O. is a recipient of a predoctoral FPU grant from the Spanish Ministry of Education, Culture, and Sport.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Warburg, O. The metabolism of carcinoma cells. J. Cancer Res. 1925, 9, 148–163. [Google Scholar] [CrossRef]

	



Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond aerobic glycolysis: Transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 19345–19350. [Google Scholar] [CrossRef]

	



Ocaña, M.C.; Martínez-Poveda, B.; Quesada, A.R.; Medina, M.A. Metabolism within the tumor microenvironment and its implication on cancer progression: An ongoing therapeutic target. Med. Res. Rev. 2019, 39, 70–113. [Google Scholar] [CrossRef]

	



Ruiz-Pérez, M.V.; Sánchez-Jimenez, F.; Alonso, F.J.; Segura, J.A.; Márquez, J.; Medina, M.Á. Glutamine, glucose and other fuels for cancer. Curr. Pharm. Des. 2014, 20, 2557–2579. [Google Scholar] [CrossRef]

	



Vander Heiden, M.G.; Cantley, L.; Thompson, C. Understanding the Warburg effect: The metabolic requirements of cell proliferation. Science 2009, 324, 1029–1033. [Google Scholar] [CrossRef]

	



Desantis, C.E.; Fedewa, S.A.; Sauer, A.G.; Kramer, J.L.; Smith, R.A.; Jemal, A. Breast cancer statistics, 2015: Convergence of incidence rates between black and white women. CA Cancer J. Clin. 2016, 66, 31–42. [Google Scholar] [CrossRef]

	



Gaglio, D.; Metallo, C.M.; Gameiro, P.A.; Hiller, K.; Danna, L.S.; Balestrieri, C.; Alberghina, L.; Stephanopoulos, G.; Chiaradonna, F. Oncogenic K-Ras decouples glucose and glutamine metabolism to support cancer cell growth. Mol. Syst. Biol. 2011, 7, 523. [Google Scholar] [CrossRef]

	



Hardy, S.; El-Assaad, W.; Przybytkowski, E.; Joly, E.; Prentki, M.; Langelier, Y. Saturated fatty acid-induced apoptosis in MDA-MB-231 breast cancer cells. J. Biol. Chem. 2003, 278, 31861–31870. [Google Scholar] [CrossRef]

	



Antalis, C.J.; Uchida, A.; Buhman, K.K.; Siddiqui, R.A. Migration of MDA-MB-231 breast cancer cells depends on the availability of exogenous lipids and cholesterol esterification. Clin. Exp. Metastasis 2011, 28, 733–741. [Google Scholar] [CrossRef] [PubMed]

	



Zeidler, J.D.; Fernandes-Siqueira, L.O.; Carvalho, A.S.; Cararo-Lopes, E.; Dias, M.H.; Ketzer, L.A.; Galina, A.; Da Poian, A.T. Short-term starvation is a strategy to unravel the cellular capacity of oxidizing specific exogenous/endogenous substrates in mitochondria. J. Biol. Chem. 2017, 292, 14176–14187. [Google Scholar] [CrossRef] [PubMed]

	



Mayers, J.R.; Vander Heiden, M.G. Famine versus feast: Understanding the metabolism of tumors in vivo. Trends Biochem. Sci. 2015, 40, 130–140. [Google Scholar] [CrossRef] [PubMed]

	



Huynh, F.K.; Green, M.F.; Koves, T.R.; Hirschey, M.D. Measurement of fatty acid oxidation rates in animal tissues and cell lines. Methods Enzymol. 2014, 542, 391–405. [Google Scholar] [PubMed]

	



Kubota, Y.; Kleinman, H.K.; Martin, G.R.; Lawley, T.J. Role of laminin and basement membrane in the morphological differentiation of human endothelial cells into capillary-like structures. J. Cell Biol. 1988, 107, 1589–1598. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo, P.; Martínez-Poveda, B.; Cheng-Sánchez, I.; Guerra, J.; Tobia, C.; López-Romero, J.M.; Sarabia, F.; Medina, M.A.; Quesada, A.R. Exploring the antiangiogenic potential of solomonamide A bioactive precursors: In vitro and in vivo evidences of the inhibitory activity of solo F-OH during angiogenesis. Mar. Drugs 2019, 17, 228. [Google Scholar] [CrossRef]

	



Ocaña, M.C.; Martínez-Poveda, B.; Quesada, A.R.; Medina, M.A. Highly glycolytic immortalized human dermal microvascular endothelial cells are able to grow in glucose-starved conditions. Biomolecules 2019, 9, 332. [Google Scholar] [CrossRef]

	



Carrillo, P.; Martínez-Poveda, B.; Medina, M.A.; Quesada, A.R. The strigolactone analog GR-24 inhibits angiogenesis in vivo and in vitro by a mechanism involving cytoskeletal reorganization and VEGFR2 signalling. Biochem. Pharmacol. 2019, 168, 366–383. [Google Scholar] [CrossRef]

	



Visagie, M.H.; Mqoco, T.V.; Liebenberg, L.; Mathews, E.H.; Mathews, G.E.; Joubert, A.M. Influence of partial and complete glutamine-and glucose deprivation of breast-and cervical tumorigenic cell lines. Cell Biosci. 2015, 5, 37. [Google Scholar] [CrossRef]

	



Korangath, P.; Teo, W.W.; Sadik, H.; Han, L.; Mori, N.; Huijts, C.M.; Wildes, F.; Bharti, S.; Zhang, Z.; Santa-Maria, C.A.; et al. Targeting glutamine metabolism in breast cancer with aminooxyacetate. Clin. Cancer Res. 2015, 21, 3263–3273. [Google Scholar] [CrossRef]

	



Fu, Y.M.; Zhang, H.; Ding, M.; Li, Y.Q.; Fu, X.; Yu, Z.X.; Meadows, G.G. Specific amino acid restriction inhibits attachment and spreading of human melanoma via modulation of the integrin/focal adhesion kinase pathway and actin cytoskeleton remodeling. Clin. Exp. Metastasis 2004, 21, 587–598. [Google Scholar] [CrossRef] [PubMed]

	



Caro, P.; Kishan, A.U.; Norberg, E.; Stanley, I.A.; Chapuy, B.; Ficarro, S.B.; Polak, K.; Tondera, D.; Gounarides, J.; Yin, H.; et al. Metabolic signatures uncover distinct targets in molecular subsets of diffuse large B cell lymphoma. Cancer Cell 2012, 22, 547–560. [Google Scholar] [CrossRef] [PubMed]

	



Bloch-Frankenthal, L.; Langan, J.; Morris, H.P.; Weinhouse, S. Fatty acid oxidation and ketogenesis in transplantable liver tumors. Cancer Res. 1965, 25, 732–736. [Google Scholar] [CrossRef]

	



DeBerardinis, R.J.; Lum, J.J.; Thompson, C.B. Phosphatidylinositol 3-kinase-dependent modulation of carnitine palmitoyltransferase 1A expression regulates lipid metabolism during hematopoietic cell growth. J. Biol. Chem. 2006, 281, 37372–37380. [Google Scholar] [CrossRef]

	



Mares-Perlman, J.A.; Shrago, E. Energy substrate utilization in freshly isolated Morris hepatoma 7777 cells. Cancer Res. 1988, 48, 602–608. [Google Scholar]

	



Arora, R.; Schmitt, D.; Karanam, B.; Tan, M.; Yates, C.; Dean-Colomb, W. Inhibition of the Warburg effect with a natural compound reveals a novel measurement for determining the metastatic potential of breast cancers. Oncotarget 2015, 6, 662–678. [Google Scholar] [CrossRef]

	



Mookerjee, S.A.; Goncalves, R.L.S.; Gerencser, A.A.; Nicholls, D.G.; Brand, M.D. The contributions of respiration and glycolysis to extracellular acid production. Biochim. Biophys. Acta 2015, 1847, 171–181. [Google Scholar] [CrossRef]

	



Helmlinger, G.; Sckell, A.; Dellian, M.; Forbes, N.S.; Jain, R.K. Acid production in glycolysis-impaired tumors provides new insights into tumor metabolism acid production in glycolysis-impaired tumors provides new insights into tumor metabolism. Clin. Cancer Res. 2002, 8, 1284–1291. [Google Scholar]

	



DeBerardinis, R.J.; Cheng, T. Q’s next: The diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene 2010, 29, 313–324. [Google Scholar] [CrossRef]

	



Spector, A.A.; Steinberg, D. Relationship between fatty acid and glucose utilization in Ehrlich ascites tumor cells. J. Lipid Res. 1966, 7, 657–663. [Google Scholar]

	



Binker-Cosen, M.J.; Richards, D.; Oliver, B.; Gaisano, H.Y.; Binker, M.G.; Cosen-Binker, L.I. Palmitic acid increases invasiveness of pancreatic cancer cells AsPC-1 through TLR4/ROS/NF-kB/MMP-9 signaling pathway. Biochem. Biophys. Res. Commun. 2017, 484, 152–158. [Google Scholar] [CrossRef] [PubMed]

	



Nath, A.; Li, I.; Roberts, L.R.; Chan, C. Elevated free fatty acid uptake via CD36 promotes epithelial-mesenchymal transition in hepatocellular carcinoma. Sci. Rep. 2015, 5, 14752. [Google Scholar] [CrossRef] [PubMed]

	



Al-Bakheit, A.; Traka, M.; Saha, S.; Mithen, R.; Melchini, A. Accumulation of palmitoylcarnitine and its effect on pro-inflammatory pathways and calcium influx in prostate cancer. Prostate 2016, 76, 1326–1337. [Google Scholar] [CrossRef] [PubMed]

	



Echeverría, F.; Valenzuela, R.; Espinosa, A.; Bustamante, A.; Álvarez, D.; González-Mañan, D.; Ortiz, M.; Soto-Alarcón, S.A.; Videla, L.A. Reduction of high-fat diet-induced liver proinflammatory state by eicosapentaenoic acid plus hydroxytyrosol supplementation: Involvement of resolvins RvE1/2 and RvD1/2. J. Nutr. Biochem. 2019, 63, 35–43. [Google Scholar] [CrossRef]

	



Turcotte, L.P.; Raney, M.A.; Todd, M.K. ERK1/2 inhibition prevents contraction-induced increase in plasma membrane FAT/CD36 content and FA uptake in rodent muscle. Acta Physiol. Scand. 2005, 184, 131–139. [Google Scholar] [CrossRef] [PubMed]

	



Guaita-Esteruelas, S.; Bosquet, A.; Saavedra, P.; Gumà, J.; Girona, J.; Lam, E.W.F.; Amillano, K.; Borràs, J.; Masana, L. Exogenous FABP4 increases breast cancer cell proliferation and activates the expression of fatty acid transport proteins. Mol. Carcinog. 2017, 56, 208–217. [Google Scholar] [CrossRef] [PubMed]

	



Uray, I.P.; Liang, Y.; Hyder, S.M. Estradiol down-regulates CD36 expression in human breast cancer cells. Cancer Lett. 2004, 207, 101–107. [Google Scholar] [CrossRef]

	



Kannan-Thulasiraman, P.; Seachrist, D.D.; Mahabeleshwar, G.H.; Jain, M.K.; Noy, N. Fatty acid-binding protein 5 and PPARβ/δ are critical mediators of epidermal growth factor receptor-induced carcinoma cell growth. J. Biol. Chem. 2010, 285, 19106–19115. [Google Scholar] [CrossRef]

	



Pellon-Maison, M.; Montanaro, M.A.; Lacunza, E.; Garcia-Fabiani, M.B.; Soler-Gerino, M.C.; Cattaneo, E.R.; Quiroga, I.Y.; Abba, M.C.; Coleman, R.A.; Gonzalez-Baro, M.R. Glycerol-3-phosphate acyltranferase-2 behaves as a cancer testis gene and promotes growth and tumorigenicity of the breast cancer MDA-MB-231 cell line. PLoS ONE 2014, 9, e100896. [Google Scholar] [CrossRef]

	



Mráček, T.; Drahota, Z.; Houštěk, J. The function and the role of the mitochondrial glycerol-3-phosphate dehydrogenase in mammalian tissues. Biochim. Biophys. Acta 2013, 1827, 401–410. [Google Scholar] [CrossRef]

	



Cattaneo, E.R.; Prieto, E.D.; Garcia-Fabiani, M.B.; Montanaro, M.A.; Guillou, H.; Gonzalez-Baro, M.R. Glycerol-3-phosphate acyltransferase 2 expression modulates cell roughness and membrane permeability: An atomic force microscopy study. PLoS ONE 2017, 12, e0189031. [Google Scholar] [CrossRef] [PubMed]

	



Lane, A.N.; Tan, J.; Wang, Y.; Yan, J.; Higashi, R.M.; Fan, T.W.M. Probing the metabolic phenotype of breast cancer cells by multiple tracer stable isotope resolved metabolomics. Metab. Eng. 2017, 43, 125–136. [Google Scholar] [CrossRef] [PubMed]

	



Balaban, S.; Lee, L.S.; Varney, B.; Aishah, A.; Gao, Q.; Shearer, R.F.; Saunders, D.N.; Grewal, T.; Hoy, A.J. Heterogeneity of fatty acid metabolism in breast cancer cells underlies differential sensitivity to palmitate-induced apoptosis. Mol. Oncol. 2018, 12, 1623–1638. [Google Scholar] [CrossRef] [PubMed]

	



Hopperton, K.E.; Duncan, R.E.; Bazinet, R.P.; Archer, M.C. Fatty acid synthase plays a role in cancer metabolism beyond providing fatty acids for phospholipid synthesis or sustaining elevations in glycolytic activity. Exp. Cell Res. 2014, 320, 302–310. [Google Scholar] [CrossRef] [PubMed]

	



Przybytkowski, E.; Joly, É.; Nolan, C.J.; Hardy, S.; Francoeur, A.-M.; Langelier, Y.; Prentki, M. Upregulation of cellular triacylglycerol—Free fatty acid cycling by oleate is associated with long-term serum-free survival of human breast cancer cells. Biochem. Cell Biol. 2007, 85, 301–310. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 09 00016 g001 550] 





Figure 1. Effect of glucose and/or glutamine starvation on the proliferation of breast cancer cells. (A) Cell growth in normoxia and (B) hypoxia (1% O2) for MDA-MB-231 cells, and (C) in normoxia for MCF7 cells under different combinations of 5 mM glucose and 0.5 mM glutamine. (D) Representative photographs of MDA-MB-231 cells’ morphology under different glucose and/or glutamine starvation conditions for 24 h. Bar scale = 200 µm. Data are expressed as means ± standard deviation (SD) of three independent experiments. * p < 0.05 versus glucose and glutamine conditions. 
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Figure 2. Energetic metabolism in MDA-MB-231 cells. (A) Oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR). Three initial measurements were made in MDA-MB-231 cells incubated in media without glucose, glutamine, and palmitate. These measurements were considered the baseline. Then, 5 mM glucose, 0.5 mM glutamine, and/or 0.5 mM palmitate were injected and additional measurements were taken. Data are expressed as means ± SD of three independent experiments with triplicate samples each. * p < 0.05, **** p < 0.0001 versus control without any metabolic substrate. G—glucose; Q—glutamine; P—palmitate. 






Figure 2. Energetic metabolism in MDA-MB-231 cells. (A) Oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR). Three initial measurements were made in MDA-MB-231 cells incubated in media without glucose, glutamine, and palmitate. These measurements were considered the baseline. Then, 5 mM glucose, 0.5 mM glutamine, and/or 0.5 mM palmitate were injected and additional measurements were taken. Data are expressed as means ± SD of three independent experiments with triplicate samples each. * p < 0.05, **** p < 0.0001 versus control without any metabolic substrate. G—glucose; Q—glutamine; P—palmitate.



[image: Biology 09 00016 g002]







[image: Biology 09 00016 g003 550] 





Figure 3. Effect of different metabolic fuels on glucose and glutamine metabolism in MDA-MB-231 cells. (A) Glucose uptake, (B) lactate secretion, (C) glutamine uptake, and (D) glutamine oxidation were determined after 30 min fast and 30 min incubation in the presence of 5 mM glucose, 0.5 mM glutamine, and/or 0.5 mM palmitate. Data are expressed as means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 versus glucose (A,B) or glutamine (C,D) condition. G—glucose; Q—glutamine; P—palmitate. 
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Figure 4. Effect of glucose on palmitate uptake. (A) Palmitate uptake in the presence of 5 mM glucose and/or 0.5 mM glutamine, or (B) with different concentrations of glucose in MDA-MB-231 cells. (C) Palmitate uptake in the presence or not of 5 mM glucose in MDA-MB-436, HCC1937, MCF7, HeLa, Kelly, and human umbilical vein endothelial cells (HUVEC) cell lines. All of the experiments were performed after 30 min of fasting and 30 min of incubation with 0.5 mM palmitate, 2 μM BODIPY (BOron-DIPYrromethene) FL C16, and indicated concentrations of glucose. Data are expressed as means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus palmitate condition. G—glucose; Q—glutamine; P—palmitate. 
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Figure 5. Effect of glucose on the ERK (Extracellular signal-Regulated Kinases) signaling pathway in MDA-MB-231 cells. (A) mRNA expression of FABP5 and CD36 transporters. (B) ERK phosphorylation and (C) palmitate uptake in the presence of 5 mM glucose alone or along with 30 μM of PD98059. (B,C) were performed after 30 min of fasting and 30 min of incubation with 0.5 mM palmitate and 2 μM BODIPY (BOron-DIPYrromethene) FL C16. Data are expressed as means ± SD of three independent experiments. **** p < 0.0001 versus condition without glucose and PD98059. 
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Figure 6. Utilization of glucose for palmitate metabolism in MDA-MB-231 cells. (A) Palmitate uptake in the presence of different concentrations of glucose along with 5 mM 2-deoxyglucose (2-DG) or (B) different concentrations of adipostatin A. (C) Representative photograph of BODIPY FL C16 intracellular location in MDA-MB-231 cells. Bar scale = 8 μm. All of the experiments were performed after 30 min of fasting and 30 min of incubation with 0.5 mM palmitate, 2 μM BODIPY FL C16, and indicated concentrations of glucose. Data are expressed as means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus condition without 2-DG (A) or with only palmitate (B). # p < 0.05, ### p < 0.001 versus palmitate and glucose (B). 
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Table 1. Primers used for qPCR.
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	Gene
	Primers
	Annealing Temperature (°C)
	Amplicon Size (bp)





	β-actin
	Fw: GACGACATGGAGAAAATCTG

Rv: ATGATCTGGGTCATCTTCTC
	60
	131



	FABP5
	Fw: AAGATGGGAAATTAGTGGTG

Rv: AACAGTATGGAGATTTGCTC
	60
	153



	CD36
	Fw: AGCTTTCCAATGATTAGACG

Rv: GTTTCTACAAGCTCTGGTTC
	60
	111
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