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Abstract

:

Fatty acid synthase (FASN) is highly expressed in multiple types of human cancers and is recognized as one of the targets for treating cancer metastasis. α-Linolenic acid is an omega-3 essential fatty acid and it possesses various biological activities. The present study was designed to reveal the effects of α-linolenic acid on osteosarcoma and to reveal whether the mechanism of α-linolenic acid in anticancer activity may be related to FASN inhibition. The cytotoxicity of α-linolenic acid was assessed in osteosarcoma MG63, 143B, and U2OS cells. Cell viability was detected by the MTT assay. The protein expression level was detected by western blotting. Flow cytometry, Annexin V/propidium iodide dual staining, and Hoechst 33258 staining were performed to assess the apoptotic effects. Wound healing assay was applied to detect the inhibitory effect of α-linolenic acid on osteosarcoma cells migration. The results showed that α-linolenic acid downregulated FASN expression. α-Linolenic acid inhibited osteosarcoma cell proliferation and migration in a dose-dependent manner. In addition, α-linolenic acid regulated endoplasmic reticulum transmembrane receptors and signal protein expression in osteosarcoma cells. The findings of the present study suggested that α-linolenic acid suppresses osteosarcoma cell proliferation and metastasis by inhibiting FASN expression, which provides a basis as a potential target for osteosarcoma treatment.
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1. Introduction


Osteosarcoma, which develops from mesenchymal cells, is the most common type of bone malignant tumor, and has a high fatality rate. Most patients with osteosarcoma are children, adolescents, and individuals who are >55 years old [1]. Among all patients with osteosarcoma, adolescents aged 10–20 years account for 60% of cases, and the mortality rate in children and adolescents accounts for 8.9% of cancer-related deaths [2]. It has been reported that patients receiving multi-drug therapy increases the 5-year survival rate to 55–80% [3,4]. However, despite the improvement in prolonging survival rates, patient prognosis remains poor. The five-year survival rate of patients with metastasis is <20% [5,6]. Controlling metastasis has great significance for the treatment of osteosarcoma. Therefore, finding effective ways to inhibit osteosarcoma proliferation and metastasis may be useful for developing a therapeutic approach in the clinic.



Fatty acid synthase (FASN) is a key enzyme involved in the de novo synthesis of long-chain fatty acids, which is speculated to be essential for mammalian endogenous lipid synthesis. As previously reported, fatty acid metabolic pathways are associated with carcinogenesis [7]. FASN is highly expressed in various types of human tumors. However, FASN is expressed at low levels in normal human tissues, except for liver and adipose tissues [8]. Similarly, the expression of FASN in human osteoblasts is much lower than that in osteosarcoma cells [4] According to some studies, inhibiting FASN in vivo or in vitro may suppress the proliferation of cancer cells [9,10]. Various studies have shown that FASN inhibitors such as epigallocatechin gallate (EGCG), C75, and cerulenin could specifically induce cancer cell apoptosis [11,12]. Therefore, FASN is regarded as an antitumor target, which is related to the survival of cancer cells. However, whether FASN could be a therapeutic target for osteosarcoma remains unknown.



The endoplasmic reticulum (ER) is the major site involved in lipid metabolism by various enzymes [13]. Homeostasis through the ER accumulation of misfolded or unfolded proteins in the ER lumen is destroyed. Continuous changes in the extracellular environment and ER surroundings cause ER stress. In response to ER stress, a series of signaling pathways of the unfolded protein response (UPR) are activated [14,15].



Through signaling pathways, there are three ER transmembrane sensors that mediate the UPR: (i) Inositol-requiring enzyme 1 (IRE1); (ii) protein kinase R-like endoplasmic reticulum kinase (PERK); and (iii) activating transcription factor 6 (ATF6) [16]. The activation of UPR pathways leads to autophagy to restore ER homeostasis. If homeostasis is not restored, continuous ER stress can induce cell apoptosis and programmed cell death to remove damaged cells [17]. However, the role of FASN inhibition-induced ER stress, which is associated with osteosarcoma cell apoptosis, still remains unclear.



α-Linolenic acid is an 18-carbon polyunsaturated fatty acid with a double bond at the nine, 12, and 15 sites. It is an essential polyunsaturated fatty acid for the human body. Since the human body cannot synthesize it, it can only be obtained from food. Studies have found that α-linolenic acid has a variety of functions, which can reduce the incidence of stroke and coronary heart disease by inhibiting the formation of atherosclerosis and also effectively improving neural cognitive ability [18,19]. α-Linolenic acid also has a good effect on obesity and non-alcoholic fatty liver disease. Studies have found that adding α-linolenic acid to the diet of mice can significantly reduce the obesity rate in mice, and human experiments have also shown that there was a decrease in body fat and body weight in subjects with α-linolenic acid intervention. α-Linolenic acid has a good effect in the treatment of tumors [20,21]. Serological analysis shows that the content of linolenic acid in cancer patients is much lower than that of normal people. Increasing the level of linolenic acid in cancer patients has a certain effect on the recovery and treatment of cancer. In addition, studies have also found that α-linolenic acid can activate the AKT-MAPK pathway, thereby inhibiting the growth of tumor cells [22,23].



Thus, the present study aimed to determine whether α-linolenic acid could induce osteosarcoma cell apoptosis and investigate the underlying molecular mechanisms, and to reveal whether the mechanism of α-linolenic acid in anti-cancer activity may be related to FASN inhibition. These results might provide new novel clues for the treatment of osteosarcoma treatment.




2. Results


2.1. α-Linolenic Acid Inhibits the β-Ketoacyl Synthase (KS) Domain of FASN


Molecular docking by means of computer simulation proved that α-linolenic acid acted on KS of FASN. The top five binding models are shown in Figure 1B, where the best Vina score was −6.1, which represents the high affinity of α-linolenic acid with KS domain in position ①. Interestingly, the catalytic center consisting of C161 H293 H331 was located at this position in the yellow area in Figure 1C. α-Linolenic acid could block the hydrophobic pocket by interacting with the surrounding amino acids, which formed a broad hydrophobic interaction. Coincidentally, Ac–CoA needs to pass this hydrophobic pocket pathway to enter the catalytic center to be catalyzed. In the presence of α-linolenic acid, the catalytic triad was blocked and Ac–CoA was inhibited to enter the catalyzed center, which resulted in decreasing the FASN activity (Figure 1).




2.2. α-Linolenic Acid Reduces the Viability of Osteosarcoma MG63, 143B and U2OS Cells


An MTT assay was used to identify whether α-linolenic acid inhibited the viability of osteosarcoma MG63, 143B, and U2OS cells. Compared with the control (0 μM), α-linolenic acid reduced cell viability. α-Linolenic acid showed a high degree of inhibition of cell proliferation in a dose-dependent manner, and the IC50 value was 51.69 ± 0.14 μM in MG63 cells (Figure 2A), 56.93 ± 0.23 μM in 143B cells (Figure 2B), and 49.8 ± 0.50 μM in U2OS cells (Figure 2C).




2.3. α-Linolenic Acid Induces Apoptosis of MG63 Cells


According to the IC50 value, α-linolenic acid (0, 20, 40, and 80 μM) was used to treat MG63, 143B, and U2OS cells to test its apoptotic effect. Following treatment of MG63 cells with α-linolenic acid for 24 h, cells were double-stained with Annexin V and PI and analyzed by flow cytometry. α-Linolenic acid induced the apoptosis of MG63 cells in a dose dependent manner (Figure 3A).




2.4. α-Linolenic Acid Induces Apoptosis of 143B and U2OS Cells


The effect of α-linolenic acid on the apoptosis of 143B and U2OS cells was detected by Hoechst 33258 staining and Annexin V/PI double staining. After treatment with α-linolenic acid (0, 20, 40, and 80 μM) for 24 h, the results of Hoechst 33258 staining showed that cell membrane permeability and nuclear concentration increased after treatment (Figure 3B,C). The results of Annexin V/PI double staining were positive for Annexin V-FITC and PI, indicating that cells were in terminal apoptosis or had already died (Figure 3B,C). α-Linolenic acid induced 143B and U2OS cell apoptosis in a dose-dependent manner.




2.5. α-Linolenic Acid Reduces the Migration of Osteosarcoma Cells In Vitro


The effect of α-linolenic acid on osteosarcoma cell migration in vitro was measured by performing wound healing assays. Compared with the untreated control group, wound healing was decreased after α-linolenic acid treatment (Figure 4). These findings provide evidence that α-linolenic acid participates in inhibiting the migration of osteosarcoma cells in a dose-dependent manner.




2.6. α-Linolenic Acid Downregulates FASN Expression in Osteosarcoma MG63, 143B Cells


α-Linolenic acid is a highly active FASN inhibitor. However, no previous studies have focused on the effect of α-linolenic acid on FASN activity in osteosarcoma cells. MG63 and 143B cells treated with α-linolenic acid (0, 20, 40, and 80 μM) reduced the expression of FASN in a dose-dependent manner compared with the control (Figure 5).




2.7. α-Linolenic Acid Induces ER Stress in Osteosarcoma MG63 and 143B Cells


The expression levels of UPR markers (IRE1, PERK, and ATF6) were detected by western blotting to determine whether α-linolenic acid induced ER stress in osteosarcoma MG63 and 143B cells. As shown in Figure 5, cells were treated with α-linolenic acid (0, 20, 40, and 80 μM) for 24 h, which led to significantly increased expression levels of IRE1, ATF6, and PERK. The results showed that α-linolenic acid could cause ER stress in human osteosarcoma cells.




2.8. α-Linolenic Acid Downregulates Akt Phosphorylation in Osteosarcoma MG63 Cells


The effect of α-linolenic acid on the activity of Akt was determined. After MG63 cells were treated with α-linolenic acid for 24 h, the cells were collected, lysed, and analyzed by western blotting to detect phospho-Akt. α-Linolenic acid reduced the phosphorylation of Akt (Ser 473) in a dose-dependent manner, but did not affect total Akt expression. The western blotting results indicated that the p-Akt/total Akt expression ratios were decreased significantly in α-linolenic acid-treated MG63 cells compared with the negative control (Figure 5A).




2.9. Effects of α-Linolenic Acid on Bax and Bcl-2 Protein Expression in Osteosarcoma MG63, 143B Cells


Bax is a pro-apoptotic protein. Increased levels of Bax can promote cell apoptosis and play a key role in cell apoptosis induced by mitochondrial stress. Bcl-2 is an anti-apoptotic protein that can inhibit the release of cytochrome c-induced apoptosis. Decreased Bcl-2 protein levels may lead to cell apoptosis. After α-linolenic acid treatment, the expression levels of Bax increased in a dose-dependent manner. In contrast, the expression levels of Bcl-2 decreased in a dose-dependent manner (Figure 5).





3. Discussion


According to reports, the expression levels of FASN in cancer cells is considerably higher than that in normal cells [10,11]. Studies have shown that FASN is a dual target for the treatment of obesity and cancer. FASN is a key enzyme for the synthesis of long-chain fatty acids in vivo. In recent years, studies have shown that fatty acids biosynthesized by FASN are used to satisfy cell division and proliferation. FASN expression is associated with the prognosis of patients with malignant tumors. FASN plays a key role in the occurrence and spread of numerous types of malignant tumors and is an attractive target for cancer treatment [24,25]. FASN inhibition has become a promising target for cancer treatment, and various inhibitors (EGCG, Curcumin et al.) have been studied [26,27]. Osteosarcoma is the most common primary malignant tumor in children and adolescents. At the time of diagnosis, 30% of patients with localized osteosarcoma and 80% of patients with metastatic osteosarcoma will exhibit recurrence of the cancer. Lung metastasis is one of the main causes of death in patients with osteosarcoma [28,29,30,31]. In the present study, it was hypothesized that FASN could be a potential target of osteosarcoma. To the best of our knowledge, the present study is the first to show that α-linolenic acid can inhibit the proliferation and metastasis of osteosarcoma via inhibition of FASN. This may highlight novel ideas for the treatment of osteosarcoma.



Studies have shown that dietary α-linolenic acid intake is associated with a lower risk of death from all causes, cardiovascular disease, and coronary heart disease, and a slightly higher risk of death from cancers [21]. α-Linolenic acid can induce cell apoptosis in human breast cancer cells [22,23]. Therefore, α-linolenic acid is speculated to prevent metastasis and subsistence of cancer cells. KS domain is an important part of FASN, which could catalyze acetyl-CoA with malonyl-CoA to produce 3-ketoacyl-CoA. Consequently, FASN activity could be decreased directly by inhibiting KS domain. As the interaction of the KS domain with α-linolenic acid, the FASN ability of synthesizing fatty acid could be suppressed in the present of α-linolenic acid. However, Liver X Receptors (LXR) and Peroxisome Proliferator-activated Receptor α (PPARα) could be regulated by fatty acids, furthermore LXR and PPARα could regulate FASN expression directly [32,33]. Accordingly, α-linolenic acid inhibits FASN activity by binding with the KS domain, which leads to the expression of LXR and PPARα being inhibited, and then FASN expression was decreased by α-linolenic acid. In the present study, by using computer molecular docking technology, it was found that α-linolenic acid could bind to the KS region of FASN (Figure 1). In addition to α-linolenic acid inhibiting the activity of FASN, this research proved that it could also inhibit the expression of FASN (Figure 5). The study revealed that α-linolenic acid regulated cell growth through FASN (Figure 2). Therefore, it is reasonable that the decrease in FASN expression precedes the inhibition of cell growth, which is also supported by our results. Furthermore, α-linolenic acid treatment induced a dose-dependent reduction in the viability of MG63, 143B, and U2OS cells. Additionally, this study proved that α-linolenic acid inhibited the growth and metastasis of osteosarcoma cells. It was demonstrated that α-linolenic acid suppressed the migration of osteosarcoma cells through the wound healing migration assay (Figure 4). Additionally, this study proved that α-linolenic acid inhibited the growth and metastasis of osteosarcoma cells (Figure 4).



One way to treat cancer is inducing the apoptosis of cancer cells. In the current study, the relationship between α-linolenic acid-mediated apoptosis and the inhibition of FASN was explored. Flow cytometry, Hoechst 33258 staining, and Annexin V/propidium iodide (PI) dual staining are all commonly used methods to detect cell apoptosis. The results of flow cytometry, Hoechst 33258 staining, and Annexin V/PI double staining showed that α-linolenic acid induced apoptosis in a dose-dependent manner (Figure 3). The pro-apoptotic and anti-apoptotic activities of Bcl-2 family proteins are controlled by cell death signals on the mitochondria [34,35]. In the present study, it was found that the administration of α-linolenic acid reduced the expression of anti-apoptotic Bcl-2 and increased the pro-apoptotic Bax protein in MG63 and 143B cells (Figure 5). These results indicated that the apoptosis induced by α-linolenic acid was associated with the Bcl-2 family, indicating that α-linolenic acid induced apoptosis in osteosarcoma cells.



ER stress is closely related to lipid metabolism. α-Linolenic acid affects the synthesis of fatty acids by inhibiting FASN expression, which induces ER stress [13,14]. Cells can induce self-protection signal transduction pathways to deal with ER stress, known as the UPR (PERK, IRE1, and ATF6) [15,16]. However, if the ER stress is severe and lasts for a long period of time, the UPR will eventually initiate the cell apoptosis pathway. In the current study, α-linolenic acid induced cell apoptosis through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, and the Bcl-2 family proteins played a critical role. These results showed that α-linolenic acid mediated ER stress and cell apoptosis.



It was speculated that the molecular mechanisms associated with the involvement of FASN in osteosarcoma proliferation and metastasis may be related to ER stress activation and the PI3K/Akt pathway. One of the most common changes in human cancer cells is Akt activation [36]. Inhibition of FASN activity can decrease cell proliferation and induce apoptosis in cancer cells [37]. Some reports have shown that PI3K/Akt signaling plays an important role in the development of cancer [38]. According to previous reports, FASN inhibition can reduce the proliferation and migration of colorectal cancer cells by suppressing the activity of the “HER2-PI3K/Akt axis” [39]. Conversely, Akt inhibition demonstrates a similar downregulation effect on FASN mRNA and protein expressions in vitro [40]. In the present study, when treated with α-linolenic acid, p-Akt expression was significantly reduced in MG63 cells. It was also found that α-linolenic acid decreased osteosarcoma cell proliferation and migration. These results indicated that α-linolenic acid regulated FASN expression to affect the activity of the PI3K/Akt axis.



In the present study, it was revealed that α-linolenic acid could bind to the KS region of FASN and downregulate FASN expression. It was also demonstrated that α-linolenic acid suppressed the proliferation and migration of osteosarcoma cells. α-Linolenic acid could induce ER stress, which is related to cell apoptosis. These phenomena indicated that osteosarcoma cell proliferation and metastasis may be associated with the inhibitory effect of α-linolenic acid on FASN expression (Figure 6). Thus, FASN may be a potential target for the treatment of osteosarcoma, and α-linolenic acid could be an adjuvant drug for osteosarcoma therapy. We hypothesize that the signaling pathways will affect each other. Thus, the molecular mechanisms will be further studied and in vivo experiments will be performed to reveal the anti-metastatic properties of α-linolenic acid in tumor growth and metastasis, and determine whether FASN is a promising target and prognostic predictor for treating osteosarcoma.




4. Materials and Methods


4.1. Reagents


DMSO, α-linolenic acid, and BSA were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Biological Industries (Kibbutz Beit-Haemek, Israel). Antibodies against FASN (C2065), GAPDH (#5174), Phosoho-Akt (Ser473#4060), and Akt (#4691) were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). Antibodies against Bax (ab32503), Bcl-2 (ab32124), IRE1 (ab124945), PERK (ab229912), and ATF6 (ab227830) were purchased from Abcam (Boston, MA, USA).




4.2. Molecular Docking Simulation of α-Linolenic Acid with FASN


Docking is particularly useful in studying drug target discovery. In this project, CB-DOCK [41] was used to explore the binding affinity between α-linolenic acid and KS, one of the FASN domains. KS structure (3HHD) and α-linolenic acid structure were downloaded from the PDB database and PubChem database, respectively.




4.3. Cell Lines and Culture


Human osteosarcoma cell lines MG63, 143B, and U2OS are commonly used in osteosarcoma research and have some differences in their proliferation rate. These three cell lines were used in this study, which were purchased from The Cell Bank of Type Culture Collection of The Chinese Academy of Sciences (Shanghai, China) and were STR authenticated. The cells were grown in DMEM supplemented with 10% FBS in a humidified atmosphere containing 5% CO2 and maintained at 37 °C.




4.4. Cell Viability Assay


MG63, 143B, and U2OS cells were seeded at a concentration of 1 × 106 cells/mL and cultured in 96-well plates until they reached confluence, and then the media were replaced with serum-free media containing increasing concentrations of α-linolenic acid (0, 10, 20, 30, 40, 60, 80, 100, 150, and 200 μM) and cells were incubated for 24 h (37 °C, 5% CO2). The concentration of solvent was consistent, and the influence of solvent was excluded. Subsequently, the media were replaced with fresh media containing 0.5 mg/mL MTT. Following incubation for 4 h at 37 °C, the plate was poured out again and 150 μL DMSO was added to dissolve the formazan crystals present in living cells. The plate was analyzed by spectroscopic analysis using a microplate spectrophotometer (synergy2; BioTek Instruments, Inc., Santa Clara, CA, USA) at a wavelength of 492 nm. The data were taken from an average of five wells, and the measurement was repeated three times.




4.5. Immunoblot Analysis


Cells were washed with cold PBS three times, and RIPA lysis buffer containing 1 mM PMSF was added to lyse the cells on ice for 5 min. The lysate was centrifuged in an Eppendorf tube at 13,000× g for 30 min at 4 °C, and the supernatant was taken as the cell lysate. After measuring the protein concentration using the BCA method, SDS-PAGE was used to isolate the same amount of total protein extract (20 μg), then following electrophoresis, proteins were transferred to PVDF membranes. The membrane was then incubated with the primary (FASN, Phosopho-Akt, Akt, Bax, Bcl-2, IRE1, PERK, ATF6, and GAPDH) and secondary antibodies for ≥1.5 h in Tris-buffered saline containing 5% BSA. After incubation, the membrane was washed with Tris-buffered saline containing 0.1% Tween-20. ECL was used to detect the signals, and GAPDH was used as the internal control to compare the target protein levels. These results were semi-quantified with ImageJ software (Version 1.0, National Institutes of Health, Bethesda, MD, USA), and then calculated.




4.6. Detection of Cell Apoptotic Rates by Flow Cytometry


According to the manufacturer’s protocols, the Annexin-V-FITC Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA) was used for MG63 cell apoptosis detection. Cells were harvested after drug treatment for 24 h. The cells were washed three times with cold PBS, and then 1 × 106 cells/mL were resuspended in 1× binding buffer. Subsequently, 500 μL cell suspension was incubated with 5 μL Annexin-V-FITC and 10 μL PI in the dark for 15 min, and analyzed using a FACSCalibur flow cytometer (BD Biosciences) over 1 h. An excitation light at a wavelength of 488 nm was used, and green fluorescence (FITC, wavelength 530 ± 30 nm) and red fluorescence (PI, wavelength > 620 nm) were detected. Apoptotic cells were determined by Annexin V+/PI− (early apoptotic cells) and Annexin V+/PI+ (late apoptotic cells).




4.7. Hoechst 33258 Staining


143B and the U2OS cells were seeded at a concentration of 1 × 106 cells/mL and cultured until they reached confluence in 24-well plates. Cells were treated with specified doses of α-linolenic acid (0, 20, 40, and 80 μM). After incubation at 37 °C in a 5% CO2 incubator for 24 h, the culture medium was replaced with medium containing 0.5 μM Hoechst 33258. The cells were incubated for 20 min, and then washed with PBS three times. A fluorescence microscope was used to examine nuclear staining, and images were assessed using ImagePro Plus software (Version 6.0, Media Cybernetics, Inc., Pittsfield, MA, USA).




4.8. Annexin V/PI Dual Staining Microscopy


143B and U2OS cells were seeded at a concentration of 1 × 106 cells/mL and cultured until they reached confluence, followed by treatment with the indicated doses of α-linolenic acid (0, 20, 40 and 80 μM). Cells were stained with fluorescein-coupled Annexin V and PI stain for 5 min in the dark. The apoptotic cells were measured under a fluorescence microscope, and images were analyzed using ImagePro Plus software (Version 6.0, Media Cybernetics, Inc., Pittsfield, MA, USA). The results were calculated using ImageJ.




4.9. Wound Healing Assay


Cells were seeded at a concentration of 1 × 106 cells/mL, cultured in 6-well plates, and incubated to 70–80% confluence. Then, a 10 μL plastic pipette was used to make vertical scratches to form a ‘wound’. The culture medium was removed and replaced with fresh DMEM without FBS. Cells were treated with different concentrations of α-linolenic acid (0, 20, 40, and 80 μM) and incubated at 37 °C for 24 h. Images were captured under an inverted microscope. ImageJ was used to measure the wound area. The area of fold-change and the cell migration rate were calculated. Each area was counted in three fields and repeated three times. These results were quantified with ImageJ, and then calculated.




4.10. Statistical Analysis


Statistical analysis among three or more groups were determined by one-way ANOVA with Tukey’s post-test using Origin 8.5 software. All data are presented as the mean ± SD of three independent repeats. p < 0.05 was considered to indicate a statistically significant difference.





5. Conclusions


α-Linolenic acid, via downregulating FASN expression, induced human osteosarcoma MG63, 143B, and U2OS cell apoptosis in a dose-dependent manner. FASN inhibition may have a notable effect on altering the expression of key proteins, which may influence tumor progression and migration. These results support the idea that α-linolenic acid, as a FASN inhibitor, plays a role in regulating ER transmembrane receptors PERK, IRE1, and ATF6. α-Linolenic acid also regulated signal protein expression. These findings indicate that FASN may serve as a therapeutic target in osteosarcoma and that α-linolenic acid may be a health care product for osteosarcoma therapy.







Author Contributions


Conceptualization, H.F. and W.H.; Methodology, H.F.; Software, W.H.; Validation, H.F. and W.H.; Formal analysis, H.F. and W.H.; Investigation, H.F.; Resources, H.F.; Data curation, H.F. and W.H.; Writing—original draft preparation, H.F.; Writing—review and editing, H.F., Y.G., X.M. and J.Y.; Supervision, Y.G., X.M. and J.Y.; Visualization, H.F.; Project administration, J.Y.; Funding acquisition, X.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDA23080601); the Fundamental Research Funds for the Central Universities (Grant No. Y95401AXX2); and the Youth Innovation Promotion Association, CAS (Grant No. 2012315).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Meyers, P.A.; Schwartz, C.L.; Krailo, M.; Kleinerman, E.S.; Betcher, D.; Bernstein, M.L.; Conrad, E.; Ferguson, W.; Gebhard, M.T.; Goorin, A.M.; et al. Osteosarcoma: A randomized, prospective trial of the addition of ifosfamide and/or muramyl tripeptide to cisplatin, doxorubicin, and high-dose methotrexate. J. Clin. Oncol. 2005, 23, 2004–2011. [Google Scholar] [CrossRef] [PubMed]

	



Bacci, G.; Forni, C.; Longhi, A.; Ferrari, S.; Mercuri, M.; Bertoni, F.; Serra, M.; Briccoli, A.; Balladelli, A.; Picc, P. Local recurrence and local control of non-metastatic osteosarcoma of the extremities: A 27-year experience in a single institution. J. Surg. Oncol. 2007, 96, 118–123. [Google Scholar] [CrossRef] [PubMed]

	



Jawad, M.U.; Cheung, M.C.; Clarke, J.; Koniaris, L.G.; Scully, S.P. Osteosarcoma: Improvement in survival limited to high-grade patients only. J. Cancer Res. Clin. Oncol. 2011, 137, 597–607. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.; Zhong, X.; Song, H.; Liu, J.; Li, J.; Leung, F.; William, W.L.; Liu, Z.L. Anoikis resistant mediated by FASN promoted growth and metastasis of osteosarcoma. Cell Death Dis. 2019, 10, 298. [Google Scholar] [CrossRef] [PubMed]

	



Hegyi, M.; Semsei, A.F.; Jakab, Z.; Antal, I.; Kiss, J.; Szendroi, M.; Csoka, M.; Kovacs, G. Good prognosis of localized osteosarcoma in young patients treated with limb-salvage surgery and chemotherapy. Pediatr. Blood Cancer 2011, 57, 415–422. [Google Scholar] [CrossRef] [PubMed]

	



Stokkel, M.P.M.; Linthorst, M.F.G.; Borm, J.J.J.; Taminiau, A.H.; Pauwe, E.K.J.L. A reassessment of bone scintigraphy and commonly tested pretreatment biochemical parameters in newly diagnosed osteosarcoma. J. Cancer Res. Clin. Oncol. 2002, 128, 393–399. [Google Scholar] [PubMed]

	



Knowles, L.M.; Yang, C.; Osterman, A.; Smith, J.W. Inhibition of fatty-acid synthase induces caspase-8-mediated tumor cell apoptosis by up-regulating DDIT4. J. Biol. Chem. 2008, 283, 31378–31384. [Google Scholar] [CrossRef]

	



Brusselmans, K.; De Schrijver, E.; Heyns, W.; Verhoeven, G.; Swinnen, J.V. Epigallocatechin-3-gallate is a potent natural inhibitor of fatty acid synthase in intact cells and selectively induces apoptosis in prostate cancer cells. Int. J. Cancer 2003, 106, 856–862. [Google Scholar] [CrossRef] [PubMed]

	



Puig, T.; Vázquez-Martín, A.; Relat, J.; Pétriz, J.; Menéndez, J.A.; Porta, R.; Casals, G.; Marrero, P.F.; Haro, D.; Brunet, J.; et al. Fatty acid metabolism in breast cancer cells: Differential inhibitory effects of epigallocatechin gallate (EGCG) and C75. Breast Cancer Res. Treat. 2008, 109, 471–479. [Google Scholar] [CrossRef] [PubMed]

	



Ruby, A.J.; Kuttan, G.; Babu, K.D.; Rajasekharan, K.N.; Kuttan, R. Anti-tumour and antioxidant activity of natural curcuminoids. Cancer Lett. 1995, 94, 79–83. [Google Scholar] [CrossRef]

	



Crous-Masó, J.; Palomeras, S.; Relat, J.; Camó, C.; Martínez-Garza, Ú.; Planas, M.; Feliu, L.; Puig, T. (-)-Epigallocatechin 3-Gallate Synthetic Analogues Inhibit Fatty Acid Synthase and Show Anticancer Activity in Triple Negative Breast Cancer. Molecules 2018, 23, 1160. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Xiao, W.; Wang, X.; Wu, X.; Tian, W. Novel inhibitors of fatty-acid synthase from green tea (Camellia sinensis Xihu Longjing) with high activity and a new reacting site. Biotechnol. Appl. Biochem. 2006, 43, 1–7. [Google Scholar] [PubMed]

	



Han, J.; Kaufman, R.J. The role of ER stress in lipid metabolism and lipotoxicity. J. Lipid Res. 2016, 57, 1329–1338. [Google Scholar] [CrossRef] [PubMed]

	



Schroder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74, 739–789. [Google Scholar] [CrossRef]

	



Woehlbier, U.; Hetz, C. Modulating stress responses by the UPR osome: A matter of life and death. Trends Biochem. Sci. 2011, 36, 329–337. [Google Scholar] [CrossRef]

	



Xu, C.; Bailly Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions. J. Clin. Investig. 2005, 115, 2656–2664. [Google Scholar] [CrossRef]

	



Kulkarni, A.; Chen, J.; Maday, S. Neuronal autophagy and intercellular regulation of homeostasis in the brain. Curr. Opin. Neurobiol. 2018, 51, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Brenna, J.T.; Norman, S., Jr.; Sinclair, A.J.; Cunnane, S.C.; International Society for the Study of Fatty Acids and Lipids, ISSFAL. Alpha-Linolenic acid supplementation and conversion to n-3 long-chain polyunsaturated fatty acids in humans. Prostaglandins Leukot. Essent. Fat. Acids 2009, 80, 85–91. [Google Scholar] [CrossRef]

	



Rajna, A.; Gibling, H.; Sarr, O.; Matravadia, S.; Holloway, G.P.; Mutch, D.M. Alpha-linolenic acid and linoleic acid differentially regulate the skeletal muscle secretome of obese Zucker rats. Physiol. Genom. 2018, 50, 580–589. [Google Scholar] [CrossRef] [PubMed]

	



Blondeau, N. The nutraceutical potential of omega-3 alpha-linolenic acid in reducing the consequences of stroke. Biochimie 2016, 120, 49–55. [Google Scholar] [CrossRef] [PubMed]

	



Naghshi, S.; Aune, D.; Beyene, J.; Mobarak, S.; Asadi, M.; Sadeghi, O. Dietary intake and biomarkers of alpha linolenic acid and risk of all cause, cardiovascular, and cancer mortality: Systematic review and dose-response meta-analysis of cohort studies. BMJ 2021, 375, 2213. [Google Scholar] [CrossRef]

	



Truan, J.S.; Chen, J.M.; Thompson, L.U. Flaxseed oil reduces the growth of human breast tumors (MCF-7) at high levels of circulating estrogen. Mol. Nutr. Food Res. 2010, 54, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Mason, J.K.; Klaire, S.; Kharotia, S.; Wiggins, A.K.A.; Lilian, U. Thompson Alpha-linolenic acid and docosahexaenoic acid, alone and combined with trastuzumab, reduce HER2-overexpressing breast cancer cell growth but differentially regulate HER2 signaling pathways. Lipids Health Dis. 2015, 14, 91. [Google Scholar] [CrossRef] [PubMed]

	



Pizer, E.S.; Wood, F.D.; Heine, H.S.; Romantsev, F.E.; Pasternack, G.R.; Kuhajda, F.P. Inhibition of fatty acid synthesis delays disease progression in a xenograft model of ovarian cancer. Cancer Res. 1996, 56, 1189–1193. [Google Scholar] [PubMed]

	



Milgraum, L.Z.; Witters, L.A.; Pasternack, G.R.; Kuhajda, F.P. Enzymes of the fatty acid synthesis pathway are highly expressed in in situ breast carcinoma. Clin. Cancer Res. 1997, 3, 2115–2120. [Google Scholar] [PubMed]

	



Kuhajda, F.P. Fatty acid synthase and cancer: New application of an old pathway. Cancer Res. 2006, 66, 5977–5980. [Google Scholar] [CrossRef] [PubMed]

	



Kuhajda, F.P. Fatty-acid synthase and human cancer: New perspectives on its role in tumor biology. Nutrition 2000, 16, 202–208. [Google Scholar] [CrossRef]

	



Nie, Z.; Peng, H. Osteosarcoma in patients below 25 years of age: An observational study of incidence, metastasis, treatment and outcomes. Oncol. Lett. 2018, 16, 6502–6514. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Zhang, Y.; Li, R.; Li, J.; Lu, X.; Zhang, Y. The efficacy and safety comparison of first-line chemotherapeutic agents (high-dose methotrexate, doxorubicin, cisplatin, and ifosfamide) for osteosarcoma: A network meta-analysis. J. Orthop. Surg. Res. 2020, 15, 51. [Google Scholar] [CrossRef] [PubMed]

	



Mirabello, L.; Troisi, R.J.; Savage, S.A. International osteosarcoma incidence patterns in children and adolescents, middle ages and elderly persons. Int. J. Cancer 2009, 125, 229–234. [Google Scholar] [CrossRef]

	



Savage, S.A.; Mirabello, L. Using epidemiology and genomics to understand osteosarcoma etiology. Sarcoma 2011, 2011, 548151. [Google Scholar] [CrossRef]

	



Pawar, A.; Xu, J.; Jerks, E.; Mangelsdorf, D.J.; Jump, D.B. Fatty acid regulation of liver X receptors (LXR) and peroxisome proliferator-activated receptor alpha (PPARalpha) in HEK293 cells. J. Biol. Chem. 2002, 18, 39243–39250. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, S.B.; Laffitte, B.A.; Patel, P.H.; Watson, M.A.; Matsukuma, K.E.; Walcza, R.; Collins, J.L.; Osborne, T.F.; Tontonoz, P. Direct and indirect mechanisms for regulation of fatty acid synthase gene expression by liver X receptors. J. Biol. Chem. 2002, 29, 11019–11025. [Google Scholar] [CrossRef] [PubMed]

	



Fan, H.; Liang, Y.; Jiang, B.; Li, X.; Xun, H.; Sun, J.; He, W.; Lau, H.T.; Ma, X. Curcumin inhibits intracellular fatty acid synthase and induces apoptosis in human breast cancer MDA-MB-231 cells. Oncol. Rep. 2016, 35, 2651–2656. [Google Scholar] [CrossRef]

	



Salakou, S.; Tsamandas, A.C.; Bonikos, D.S.; Papapetropoulos, T.; Dougenis, D. The potential role of bcl-2, bax, and Ki67 expression in thymus of patients with myasthenia gravis, and their correlation with clinicopathologic parameters. Eur. J. Cardiothorac. Surg. 2001, 20, 712–721. [Google Scholar] [CrossRef]

	



Vivanco, I.; Sawyers, C.L. The phosphatidylinositol 3-kinase AKT pathway in human cancer. Nat. Rev. Cancer 2002, 2, 489–501. [Google Scholar] [CrossRef]

	



Pizer, E.S.; Chrest, F.J.; DiGiuseppe, J.A.; Han, W.F. Pharmacological inhibitors of mammalian fatty acid synthase suppress DNA replication and induce apoptosis in tumor cell lines. Cancer Res. 1998, 58, 4611–4615. [Google Scholar] [PubMed]

	



Wang, H.Q.; Altomare, D.A.; Skele, K.L.; Poulikakos, P.I.; Kuhajda, F.P.; Di Cristofano, A.; Testa, J.R. Positive feedback regulation between AKT activation and fatty acid synthase expression in ovarian carcinoma cells. Oncogene 2005, 24, 3574–3582. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Lu, H.; Chen, C.; Bu, X.; Huang, P. Loss of fatty acid synthase inhibits the “HER2-PI3K/Akt axis” activity and malignant phenotype of Caco-2 cells. Lipids Health Dis. 2013, 12, 83. [Google Scholar] [CrossRef] [PubMed]

	



Fhu, C.W.; Ali, A. Fatty Acid Synthase: An Emerging Target in Cancer. Molecules 2020, 25, 3935. [Google Scholar] [CrossRef]

	



CD-DOCK. Available online: http://clab.labshare.cn/cb-dock/php/index.php (accessed on 24 February 2022).








[image: Molecules 27 02741 g001 550] 





Figure 1. Molecular docking by means of computer simulation also showed that α-linolenic acid acted on the β-ketoacyl synthase domain of FASN. (A) Chemical structure of α-linolenic acid. (B) Five binding models of α-linolenic acid with KS. ① Vina score of −6.1, ② Vina score of −5.9, ③ Vina score of −5.7, ④ Vina score of −5.3, ⑤ Vina score of −4.9. (C) KS domain and the catalytic center are shown in the yellow area. (D) α-Linolenic acid binding the hydrophobic pocket on the KS domain. (E) Details of KS binding with α-linolenic acid. 
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Figure 2. Effect of α-linolenic acid on the viability of osteosarcoma MG63, 143B, and U2OS cells. Cell viability was then determined using an MTT assay. (A) MG63, (B) 143B, and (C) U2OS cells were treated with 0, 10, 20, 30, 40, 60, 80, 100, 150, and 200 μM α-linolenic acid for 24 h. The ratio of α-linolenic acid-treated cells to control cells was taken as the percentage of cell viability. The data are presented as the mean ± SD of three independent experiments. FASN, fatty acid synthase. 
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Figure 3. Effect of α-linolenic acid on the apoptosis of MG63 osteosarcoma cells, and 143B and U2OS cells. (A) MG63 cell apoptosis was analyzed by flow cytometry with Annexin V and PI double staining. The four regions represent the state of cells: Alive, necrosis, early apoptosis, and late apoptosis. (B,C) Hoechst 33258 staining and Annexin V/PI double staining were performed in 143B and U2OS cells treated with α-linolenic acid, respectively. The concentrations of α-linolenic acid were 0, 20, 40, and 80 μM. 
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Figure 4. α-Linolenic acid suppresses the migration of MG63, 143B, and U2OS cells. (A–C) Wound healing assays showed that MG63, 143B, and U2OS cells treated with α-linolenic acid (0, 20, 40, and 80 μM) reduced migration. (D) Representative images of migration are shown, and ImageJ was used to analyze the average area of cell migration of MG63, 143B, and U2OS cells in each group. The data are presented as the mean ± SD of three independent experiments. ** p < 0.01. 
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Figure 5. α-Linolenic acid regulates the protein expression levels in osteosarcoma MG63 and 143B cells. (A) MG63 cells were treated with α-linolenic acid for 24 h, and then the expression levels of FASN, PERK, IRE1, ATF6, p-Akt, Akt, Bcl-2, and Bax were analyzed by western blotting. (B) 143B cells were treated with α-linolenic acid for 24 h, and then the expression levels of FASN, PERK, IRE1, ATF6, Bcl-2, and Bax were analyzed by western blotting. Using GAPDH as a reference band, these results were semi-quantified using ImageJ. The concentrations of α-linolenic acid were 0, 20, 40, and 80 μM. The data are presented as the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01. FASN, fatty acid synthase; p-, phosphorylated; ER, endoplasmic reticulum; PERK, protein kinase R-like endoplasmic reticulum kinase; IRE1, inositol-requiring enzyme 1; ATF6, activating transcription factor 6. 
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Figure 6. Working hypothesis of the anticancer effects of α-linolenic acid in osteosarcoma cells. 
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