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Abstract

:

Although mTOR (the mammalian target of rapamycin) can regulate intracellular free Ca2+concentration in normal cultured podocytes, it remains elusive as to how mTORC2/AKT-mediated Ca2+participates in the process of T-2 toxin-induced apoptosis. The potential signaling responsible for intracellular Ca2+ concentration changes was investigated using immunoblot assays in an in vitro model of TM3 cell injury induced by T-2 toxin. Changes in Ca2+ were assessed using the Ca2+-sensitive fluorescent indictor dye Fura 2-AM. The cytotoxicity of TM3 cells was assessed with an MTT bioassay, and apoptosis was measured using Annexin V-FITC staining. Following T-2 toxin treatment, the growth of cells, phospho-mTORSer2481, phospho-mTORSer2448, and phospho-AktSer473 were significantly decreased in a time-dependent manner, whereas Ca2+ and apoptosis were increased. T-2 toxin-induced apoptosis was prevented by BAPTA-AM (a Ca2+chelator) and MHY1485 (an mTOR activator), and the application of mTOR activator MHY1485 also prevented the increase of intracellular free Ca2+concentration in TM3 cells. Our results strongly suggest that T-2 toxin exposure induces apoptosis in TM3 cells by inhibiting mTORC2/AKT to promote Ca2+ production.
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1. Introduction


Mycotoxins are a very numerous and diverse group of secondary metabolites of molds that cause toxicological effects in mammals [1]. It is estimated that before or after harvest, approximately 25% of the world’s agricultural commodities are contaminated to some extent with mycotoxins [2]. One of the most notorious mycotoxins that present a potential hazard to human and animal health is T-2 toxin. This toxin is a structural derivative of the trichothecene ring system; trichothecenes are synthetized by several Fusarium species, such as F. sporotrichioides, F. langsethiae, F. acuminatum, and F. poae [3]. T-2 toxin is the most toxic member of the trichothecene family; the toxin primarily exerts effects that are similar to those of a radiation injury by negatively impacting protein levels and RNA and DNA synthesis in eukaryotic cells, thus inhibiting cellular functions, such as the cell cycle and resulting in apoptosis [2,4,5]. Oral, parenteral, and cutaneous exposure to T-2 toxin manifests deleterious effects in some experimental animal modes, which exhibit apoptosis in various tissues and organs, including the skin, kidney, brain, hematopoietic, lymphoid, gastrointestinal bone marrow, and reproductive organs [6,7,8,9]. In light of the great harm to the health of humans and livestock, the toxicological effects of T-2 toxin were reported in the Joint Food and Agriculture Organization/ World Health Organization (FAO/WHO) Expert Committee on Food Additives [10].



T-2 toxin-induced apoptosis has been considered to be one of the important mechanisms of its toxic effects. T-2 toxin has been documented to induce apoptosis in various cell types, such as human chondrocytes, HL-60, Hela, Bel-7402, U937 cells, Vero, and human liver cells in vitro; this involves Fas, p53, Bcl-xL, Bcl-2, Bax caspase-9, and caspase-3 signaling pathways [11,12,13]. In addition, several studies have demonstrated that excessive intracellular calcium concentration, one of the most important second messengers in multiple cellular activities, subsequently leads to the depolarization of mitochondria and apoptosis [14,15]. The Ca2+ induced by T-2 toxin appears to be involved in the activation of several caspases, resulting in apoptosis [16].



Mammalian/mechanistic target of rapamycin (mTOR), a serine/threonine protein kinase (AKT), plays a crucial role in cell growth, proliferation, and apoptosis [17,18]. Recently, it was reported that mTOR could regulate intracellular Ca2+ in cultured normal podocytes [19,20]. Hence, in this study, we focused on the distinct role of mTOR signaling and investigated how Ca2+ contributes to T-2 toxin-induced TM3 cell apoptosis.




2. Results


2.1. TM3 Cell Viability


An MTT assay was used to measure the viability of TM3 cells after treatment with T-2 toxin in different times. As shown in Figure 1, the cells’ viability was influenced by T-2 toxin in a time-dependent manner. Thus, the results suggest that 12 h exposure to T-2 toxin at the concentrate of 100 nM significantly (p < 0.01) reduced the TM3 cell viability.




2.2. T-2 Toxin Induces Intrinsic Apoptosis in TM3 Cells


Caspase-3 is the key executioner in apoptosis [21], and activated caspase-3 is cleaved into various proteins, which kill cells via apoptosis. Figure 2A,B shows that significantly higher levels of cleaved caspase-3 were found in TM3 cells that were treated with T-2 toxin for 24 and 48 h. In addition, flow cytometry using Annexin-V and PI was performed to determine whether T-2 toxin induced apoptosis. As shown in Figure 2C,D, the percentage of apoptotic cells increased 12–48 h after T-2 toxin treatment in TM3 cells. Collectively, these data confirm that T-2 toxin induced TM3 cells apoptosis in a time-dependent manner.




2.3. Induction of Ca2+Is Involved in T-2 Toxin-Mediated TM3 Cells Apoptosis


The Ca2+-sensitive dye Fura2-AM was used to determine the relationship between the Ca2+ signal and apoptosis induced by the T-2 toxin. The results that are shown in Figure 3A,B demonstrate that after incubation with T-2 toxin, the intracellular Ca2+concentration was time-dependently enhanced. BAPTA-AM was used in our experiment to verify whether the Ca2+was involved in T-2 toxin-mediated apoptosis. When compared with the control group, BAPTA-AM treatment showed a significant decline in the Ca2+ (Figure 3C) and remarkably increased expression of cleaved caspase-3 (p < 0.05), consequently inducing apoptosis (Figure 3D–G). Notably, T-2 toxin-mediated elevation of the cleaved-caspase-3 and apoptosis was diminished by co-treatment of T-2 toxin with BAPTA-AM (Figure 3D–G).




2.4. The mTOR/Akt Pathway Inhibition Is Related to T-2 Toxin-Mediated Apoptosis


mTOR(the mammalian target of rapamycin) is a serine/threonine kinase that is regulated by phosphoinositide 3-kinase(PI3K)/Akt signaling. mTOR complexes are categorized into two multi-protein complexes, which are mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 activation is characterized predominantly by phosphorylation at Ser 2448, while mTORC2 activation is characterized predominantly by phosphorylation at Ser 2481, resulting in the phosphorylation of Akt/Protein Kinase B at Ser 473 [20,22]. As illustrated in Figure 4A, the phosphorylation of mTOR at Ser2481 decreased significantly in a time-dependent manner in T-2 toxin-treated TM3 cells. Similarly, the phosphorylation of mTOR at Ser 2448 showed the same trend (Figure 4B). Consistently, we detected a time-dependent suppression of phospho-Akt Ser 473 (Figure 4C). MHY1485, a novel small molecular activator of mTOR [23], was used to prove whether the mTOR/Akt signaling pathway was involved in the intracellular Ca2+ concentration that was induced by T-2 toxin. Significantly, the inhibitory effect of T-2 toxin on mTOR/Akt was dramatically attenuated by MHY1485 (Figure 4D–F). Meanwhile, MHY1485 significantly recovered T-2 toxin-mediated enhancement of Ca2+, and protected TM3 cells from apoptosis induced by T-2 toxin (Figure 4G–I).





3. Discussion


TM3 cells are the main source of androgen for spermatogenesis. For males, the maturation of sexual organs and the emergence of sexual characteristics are directly influenced by TM3 cells. Yang’s experiment has demonstrated that T-2 toxin has negative effects on male fertility and other reproductive pathologies [24]. More research has proven that TM3 cells are influenced by T-2 toxin in a dose-dependent manner and has revealed the mechanisms of cytotoxicity [25,26,27,28]. Our previous studies found that T-2 toxin decreased antioxidant scavenging enzymes, increased lipid peroxidation and ROS production, and contributed to TM3 cells apoptosis. Moreover, activating the ROS-mediated mitochondrial pathway is the mechanism of T-2 toxin-induce apoptosis [29].



To investigate the temporal relationship between T-2 toxin and TM3 cells, the cytotoxicity of T-2 toxin was determined at different times. We observed that T-2 toxin inhibited cellular viability in a time-dependent manner. When compared with the control group, T-2 toxin significantly increased the expression of cleaved caspase-3, a crucial factor in apoptosis. T-2 toxin strongly increased the percentage of apoptotic cells at 12 h. Zhuang et al. reported that T-2 toxin was linked with oxidative stress and the mitochondrial pathway in a time-dependent manner in Hela, Bel-7402, and Chang liver cells [13]. Similarly, in the current study, the results that are presented above clearly show that T-2 toxin induces intensive cytotoxicity in TM3 Leydig cells.



As an important second messenger in cells, Ca2+ is closely related to a series of important physiological and pathological processes, such as proliferation, differentiation, development, and cell death. The accumulated evidence has demonstrated that when cells are stimulated with T-2 toxin, it leads to the activation of store-operated calcium entry, which plays a crucial role in regulating Ca2+ signaling and cellular responses in arterial smooth muscle cells [30]. Notably, Decuypere et al has reported that Ca2+ is the key player in the canonical mTOR-controlled autophagy pathway [31]. But, there was few research about relationship of T-2 toxin-induces apoptosis and Ca2+ signal way, we first discuss the role of Ca2+ in T-2 toxin-mediated apoptosis. In our experiment, when TM3 cells were singly treated with BAPTA-AM, the release of intracellular Ca2+ was inhibited, which resulted in a block of physiological process, consequently led to apoptosis. It suggested that Ca2+ is necessary for cell survival, confirming Wang’s experimental results [32]. However, the increase of cytosolic free Ca2+ leads to changes in mitochondrial membrane potential and permeability transition, as well as cytochrome c release into the cytosol, resulting in the activation of the caspase cascade and consequent apoptosis [33]. As we observed in our experiment, T-2 toxin enhances the intracellular Ca2+ concentration and promotes the expression of cleaved caspase-3 in a time-dependent manner, but the effect is blocked in the presence of the general Ca2+ inhibitor BAPTA-AM. After co-treatment of T-2 toxin with BAPTA-AM, the T-2 toxin-mediated abnormal elevation of Ca2+ was attenuated by BAPTA-AM, and then the apoptosis was decreased. This indicated that T-2 toxin induced apoptosis in TM3 cells via the promotion of Ca2+ production. The potential mechanism may be that an overload of intracellular Ca2+ concentration caused energy dissipation via Ca2+ cycling [34], and it is likely to cause a decrease in the mitochondrial membrane potential [35].



mTORC1 (the mammalian target of rapamycin complex 1), formed by mTOR, Raptor, mLST8, PRAS40, and DEPTOR, regulates cell growth by promoting protein synthesis through phosphorylating the translational regulators S6 kinases (S6K1) and eukaryotic translation initiation factor 4E (4E-BP1) [36]. When compared with mTORC1, there is less knowledge of mTORC2. As reported, mTORC2 directly activates Akt, a kinase that regulates cellular processes, through the phosphorylation of its hydrophobic motif (Ser473) [37,38]. In our experiment, MHY1485 mitigated T-2 toxin-mediated suppression of phosphorylation of Akt at Ser473, verifying that the mTOR/Akt-473 pathway is involved in T-2 toxin-induced apoptosis. In several previous studies, the phosphorylation of mTOR was shown to depend on the concentration of intracellular Ca2+ [39,40]. However, in this study, mTOR activator MHY1485 attenuated the T-2 toxin-induced intracellular Ca2+ concentration, consequently protecting TM3 cells from apoptosis. It has reported that Ca2+ transport between endoplasmic reticulum and mitochondria, resulting the decrease of cellular adenosine triphosphate (ATP) and consequently activating autophagy via an mTOR-independent mechanism, as the study from Shin et al reported, mTORC1 inactivation contributes to the upregulation of autophagy [41]. Wu’s result shows that T-2 toxin treatment can induce both apoptosis and autophagy in L02 cells; however, the activation of autophagy has a potential protective process to against apoptosis induced by T-2 toxin [42]. In this study, T-2 toxin suppresses the both of mTORC1 and mTORC2, but there showed no protective effects of autophagy on T-2 toxin mediated apoptosis. The underlying mechanism is related to the duration of exposure and the concentration of T-2 toxin, which is worthy to further study.




4. Materials and Methods


4.1. Materials


T-2 toxin was purchased from BBI (Markham, ON, Canada). [4,5-Dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich (Munich, Bavaria, Germany). Fetal bovine serum (FBS) was obtained from HyClone (Logan, UT, USA). Dulbecco’s modified eagle medium (DMEM)/nutrient mixture (Ham’s) F-12 with HEPES and horse serum was purchased from Gibco (Carlsbad, CA USA). The Annexin V-FITC apoptosis detection kit was purchased from Nanjing KeyGen Biotech. Co. Ltd. (Nanjing, China). The primary antibodies for p-mTOR ser473 and p-mTORser2448 were obtained from Abcam (Cambridge, Cambridge, UK). The primary antibodies of mTOR, p-AKTser473, AKT, caspase-3, and β-actin were obtained from Proteintech (Chicago, IL, USA), and the signal was visualized by using HRP-conjugated secondary antibodies that were obtained from Proteintech. BAPTA-AM and MHY1485 were purchased from ApexBio (Houston, TX, USA).




4.2. Cell Culture


TM3 Leydig cells were cultured and maintained in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptavidin (Gibco-BRL, Grand Island, NY, USA) at 37 °C with 5% CO2. For each assay, cells were seeded onto culture dishes and routinely cultured for 24 h, and then treated with T-2 toxin for different times.




4.3. Drug Treatment


T-2 toxin was dissolved in 100% ethyl alcohol and further diluted with serum-free DMEM/F-12 to achieve the indicated final concentrate (100 nM) with vehicles as control (1% ethyl alcohol). BAPTA-AM, a highly selective and efficient Ca2+ chelator, and MHY1485, a potent, cell-permeable mTOR agonist, were treated on TM3 cells. TM3 Leydig cells was performed by pretreating the cells with BAPTA-AM (1 μM) or MHY1485 (10 μM) for 30 min and then continued with subsequent T-2 toxin (100 nM) treatment for 24 h.




4.4. Growth Inhibition Assay


Cell viability was evaluated with the MTT assay according to the manufacturer’s instructions. Briefly, 6 × 103 cells were seeded in 96-well plates, followed by overnight incubation. Serum-free media containing 100 nM T-2 toxin was then substituted for 10% FBS media. After 12–48 h, 20 µL of a 5 mg/mL solution of MTT was added, and then the cells were incubated for 4 h. Subsequently, after removing the supernatant, DMSO (150 µL) was added to dissolve the precipitate. The absorbance (optical density) of each well was measured at 492 nm using a microplate reader (Infinite® M1000 Pro, Tecan, Salzburg, Austria). The data of the control treatment was considered to be 100% viable.




4.5. Western Blotting


TM3 cells were lysed in cold RIPA buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 0.25% sodium deoxycholate, 1% NP-40, 0.1% SDS, 10% glycerol) including protease inhibitors complex after treatment with T-2 toxin for predetermined times. Samples were separated in a 10% polyacrylamide gel and then transferred onto PVDF membranes (Immobilon-P Transfer membrane, Millipore, Billerica, MA, USA). The membranes were blocked with TBS-T buffer (20 mM Tris, 137 mM NaCl, pH 7.6, 0.1% Tween-20) containing 5% gelatin for 1 h at room temperature and subsequently probed at 4 °C overnight with special p-Akt, p-mTOR ser473, p-mTORser2448, Procaspase-3, cleaved caspase-3, or β-actin antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and then incubated with goat anti-rabbit IgG or goat anti-mouse IgG as secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at room temperature.




4.6. Detection of Apoptosis


TM3 cells were treated with 100 nM for 0, 12, 24, or 42 h. Afterward cells were digested by EDTA-free tryptic and centrifuged at 2000 rpm for 5–10 min. Precipitates were collected and washed with pre-cooled PBS. Cells were then stained with AnnexinV-FITC to quantify the percentage of cells undergoing apoptosis, and the necrotic cells were counterstained with propidium iodide (PI). Apoptosis was analyzed using flow cytometry (FACS Scan and CellQuest Pro software version 5.1; BD Biosciences, Franklin Lakes, NJ, USA).




4.7. Measurement of Intracellular Ca2+ Concentration


Changes in intracellular Ca2+concentration were assessed using the Ca2+-sensitive fluorescent indictor dye Fura 2-AM (Santa Crut Biotechnology, Inc.). Briefly, TM3 cells were washed with Ca2+-free buffer, including 120 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.96 mM NaH2PO4, 0.2% glucose, 0.1% bovine serum albumin (BSA), and 20 mM HEPES (pH = 7.2) and were loaded with 6 µM of Fura2-AM at 37 °C for 30 min. Fluorescence intensity was measured at excitation wavelengths of 340 and 380 nm. Images were acquired using an Olympus BX 51W1I upright microscope (Shinjuku-ku, Tokyo, Japan).




4.8. Statistical Analysis


Each experiment was performed and repeated at least three times. The results were analyzed using SPSS Statistics Base 19.0 (SPSS Inc., Chicago, IL, USA). p < 0.05 was considered to be significant. Values are expressed as the mean ± SD.





5. Conclusions


In conclusion, our results suggest that the inhibition of mTOR/Akt signaling pathway and the promotion of intracellular Ca2+ concentration are induction factors of apoptosis that is induced by T-2 toxin in TM3 cells. mTOR/Akt signaling pathway protects against apoptosis induced by T-2 toxin by decreasing the Ca2+ in TM3 cells. It proves that T-2 toxin induces apoptosis by inhibiting mTORC2/AKT to promote Ca2+ production in TM3 cells. The findings can provide a new insight for developing effective drugs and therapeutic targets to treat the damage by T-2 toxin.







Author Contributions


Conceptualization, J.W. (Jing Wu); Writing—Original Draft Preparation, J.W. (Ji Wang) and C.Y.; Methodology, Z.Y.; Formal Analysis, J.Y.; Data Curation, J.W. (Ji Wang); Writing—Review & Editing, J.W. (Jing Wu); Project Administration, J.W. (Jing Wu).




Funding


This project was supported by the National Natural Science Foundation of China (Grant No. 31302157), China Postdoctoral Science Foundation (Grant No. 2017M620346), Scientific Research Project of Hunan Provincial Education Department (Grant No. 17B125)




Conflicts of Interest


The authors declared no conflict of interest.




References


	



Zain, M.E. Impact of mycotoxins on humans and animals. J. Saudi Chem. Soc. 2011, 15, 129–144. [Google Scholar] [CrossRef]

	



Adhikari, M.; Negi, B.; Kaushik, N.; Adhikari, A.; Al-Khedhairy, A.A.; Kaushik, N.K.; Choi, E.H. T-2 mycotoxin: Toxicological effects and decontamination strategies. Oncotarget 2017, 8, 33933–33952. [Google Scholar] [CrossRef] [PubMed]

	



Marin, S.; Ramos, A.J.; Cano-Sancho, G.; Sanchis, V. Mycotoxins: Occurrence, toxicology, and exposure assessment. Food Chem. Toxicol. 2013, 60, 218–237. [Google Scholar] [CrossRef] [PubMed]

	



Salimian, J.; Arefpour, M.A.; Riazipour, M.; Poursasan, N. Immunomodulatory effects of selenium and vitamin e on alterations in t lymphocyte subsets induced by T-2 toxin. Immunopharmacol. Immunotoxicol. 2014, 36, 275–281. [Google Scholar] [CrossRef] [PubMed]

	



Shinozuka, J.; Suzuki, M.; Noguchi, N.; Sugimoto, T.H.; Uetsuka, K.; Nakayama, H.; Doi, K. T-2 toxin-induced apoptosis in hematopoietic tissues of mice. Toxicol. Pathol. 1998, 26, 674–681. [Google Scholar] [CrossRef] [PubMed]

	



Afsah-Hejri, L.; Jinap, S.; Hajeb, P.; Radu, S.; Shakibazadeh, S. A review on mycotoxins in food and feed: Malaysia case study. Compr. Rev. Food Sci. Food Saf. 2013, 12, 629–651. [Google Scholar] [CrossRef]

	



Kiessling, K.H. Biochemical mechanism of action of mycotoxins. Pure Appl. Chem. 1986, 58, 327–338. [Google Scholar] [CrossRef]

	



Sehata, S.; Kiyosawa, N.; Makino, T.; Atsumi, F.; Ito, K.; Yamoto, T.; Teranishi, M.; Baba, Y.; Uetsuka, K.; Nakayama, H.; et al. Morphological and microarray analysis of t-2 toxin-induced rat fetal brain lesion. Food Chem. Toxicol. 2004, 42, 1727–1736. [Google Scholar] [CrossRef] [PubMed]

	



Doi, K.; Ishigami, N.; Sehata, S. T-2 toxin-induced toxicity in pregnant mice and rats. Int. J. Mol. Sci. 2008, 9, 2146–2158. [Google Scholar] [CrossRef] [PubMed]

	



Canady, R.A.; Coker, R.D.; Egan, S.K.; Krska, R.; Olsen, M.; Resnik, S.; Schlatter, J. T-2 and HT-2 Toxins. International Programme on Chemical Safty. Available online: http://www.inchem.org/documents/jecfa/jecmono/v47je06.htm (accessed on 20 September 2001).

	



Chen, J.H.; Cao, J.L.; Chu, Y.L.; Wang, Z.L.; Yang, Z.T.; Wang, H.L. T-2 toxin-induced apoptosis involving fas, p53, bcl-xl, bcl-2, bax and caspase-3 signaling pathways in human chondrocytes. J. Zhejiang Univ.-Sci. B (Biomed. Biotechnol.) 2008, 9, 455. [Google Scholar] [CrossRef] [PubMed]

	



Nagase, M.; Alam, M.M.; Tsushima, A.; Yoshuzawa, T.; Sakato, N. Apoptosis induction by T-2 toxin: Activation of caspase-9, caspase-3 and DEF-40/CAD through cytosolic release of cytochrome c in HL-60 cells. Biosci. Biotechnol. Biochem. 2001, 65, 1741–1747. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, Z.; Yang, D.; Huang, Y.; Wang, S. Study on the apoptosis mechanism induced by t-2 toxin. PLoS ONE 2013, 8, e83105. [Google Scholar] [CrossRef] [PubMed]

	



Mu, Y.P.; Lin, D.C.; Yan, F.R.; Jiao, H.X.; Gui, L.X.; Lin, M.J. Alterations in caveolin-1 expression and receptor-operated ca2+ entry in the aortas of rats with pulmonary hypertension. Cell. Physiol. Biochem. 2016, 39, 438–452. [Google Scholar] [CrossRef] [PubMed]

	



Pinton, P.; Giorgi, C.; Siviero, R.; Zecchini, E.; Rizzuto, R. Calcium and apoptosis: ER-mitochondria Ca2+ transfer in the control of apoptosis. Oncogene 2008, 27, 6407. [Google Scholar] [CrossRef] [PubMed]

	



Holme, J.A.; Morrison, E.; Samuelsen, J.T.; Wiger, R.; Låg, M.; Schwarze, P.E.; Bernhoft, A.; Refsnes, M. Mechanisms involved in the induction of apoptosis by T-2 and HT-2 toxins in HL-60 human promyelocytic leukemia cells. Cell Biol. Toxicol. 2003, 19, 53–68. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, S.M.; Gulhati, P.; Rampy, B.A.; Han, Y.; Rychahou, P.G.; Doan, H.Q.; Weiss, H.L.; Evers, B.M. Novel expression patterns of PI3K/AKT/mTOR signaling pathway components in colorectal cancer. J. Am. Coll. Surg. 2010, 210, 767–776. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Liu, Y.; Li, Y.; Zhe, X.; Zhang, S.; Zhang, L. Neuroglobin promotes the proliferation and suppresses the apoptosis of glioma cells by activating the PI3K/AKT pathway. Mol. Med. Rep. 2018, 17, 2757–2763. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.T.; Wang, W.W.; Ren, L.H.; Zhao, X.X.; Wang, Z.H.; Zhuang, D.L.; Bai, Y.N. The mTORC2/Akt/NFκB pathway-mediated activation of trpc6 participates in adriamycin-induced podocyte apoptosis. Cell. Physiol. Biochem. 2016, 40, 1079–1093. [Google Scholar] [CrossRef] [PubMed]

	



Ding, F.; Zhang, X.; Li, X.; Zhang, Y.; Li, B.; Ding, J. Mammalian target of rapamycin complex 2 signaling pathway regulates transient receptor potential cation channel 6 in podocytes. PLoS ONE 2014, 9, e112972. [Google Scholar] [CrossRef] [PubMed]

	



Tobaben, S.; Grohm, J.; Seiler, A.; Conrad, M.; Plesnila, N.; Culmsee, C. Bid-mediated mitochondrial damage is a key mechanism in glutamate-induced oxidative stress and aif-dependent cell death in immortalized ht-22 hippocampal neurons. Cell Death Differ. 2011, 18, 282–292. [Google Scholar] [CrossRef] [PubMed]

	



Grahammer, F.; Wanner, N.; Huber, T.B. mTOR controls kidney epithelia in health and disease. Nephrol. Dial. Transplant. 2014, 29 (Suppl. 1). [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Choi, Y.J.; Park, Y.J.; Park, J.Y.; Jeong, H.O.; Kim, D.H.; Ha, Y.M.; Kim, J.M.; Song, Y.M.; Heo, H.S.; Yu, B.P.; et al. Inhibitory effect of mTOR activator MHY1485 on autophagy: Suppression of lysosomal fusion. PLoS ONE 2012, 7, e43418. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.Y.; Zhang, Y.F.; Liang, A.M.; Kong, X.F.; Li, Y.X.; Ma, K.W.; Jing, A.H.; Feng, S.Y.; Qiao, X.L.; et al. Toxic effects of t-2 toxin on reproductive system in male mice. Toxicol. Ind. Health 2010, 26, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Z.; Matias, F.B.; Yi, J.E.; Wu, J. T-2 toxin-induced cytotoxicity and damage on tm3 leydig cells. Comp. Biochem. Physiol. Part C 2016, 181–182, 47–54. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhang, Y.; Jing, A.; Ma, K.; Gong, Q.; Qin, C. Effects of t-2 toxin on testosterone biosynthesis in mouse leydig cells. Toxicol. Ind. Health 2012, 30, 873–877. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.Y.; Zhang, Y.F.; Li, Y.X.; Guan, G.P.; Kong, X.F.; Liang, A.M.; Ma, K.W.; Da, L.G.; Bai, X.F. Effects of t-2 toxin on the regulation of steroidogenesis in mouse leydig cells. Toxicol. Ind. Health 2016, 32, 1801–1807. [Google Scholar] [CrossRef] [PubMed]

	



Jian, Y.Y.; Yong, F.Z.; Xiang, P.M.; Yuan, X.L.; Kai, W.M.; Xue, F.B. T-2 toxin inhibits gene expression and activity of key steroidogenesis enzymes in mouse leydig cells. Toxicol. In Vitro 2015, 29, 1166–1171. [Google Scholar] [CrossRef]

	



Wu, J.; Tu, D.; Yuan, L.Y.; Yi, J.E.; Tian, Y. T-2 toxin regulates steroid hormone secretion of rat ovarian granulosa cells through camp-pka pathway. Toxicol. Lett. 2015, 232, 573–579. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.B.; Sun, Y.Y.; Zheng, Y.L.; Yu, C.Q.; Lin, H.Q.; Pang, J.Y. A study on blocking store-operated Ca2+ entry in pulmonary arterial smooth muscle cells with xyloketals from marine fungi. Acta Pharm. 2017, 67. [Google Scholar] [CrossRef] [PubMed]

	



Decuypere, J.P.; Paudel, R.C.; Parys, J.B.; Bultynck, G. Intracellular Ca2+ signaling: A novel player in the canonical mtor-controlled autophagy pathway. Commun. Integr. Biol. 2013, 6, e25429. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.H.; Shih, Y.L.; Ko, W.C.; Wei, Y.H.; Shih, C.M. Cadmium-induced autophagy and apoptosis are mediated by a calcium signaling pathway. Cell. Mol. Life Sci. 2008, 65, 3640–3652. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Tian, X.; Huang, X.; Fang, Y.; Qiao, D. Resveratrol-induced mitochondrial dysfunction and apoptosis are associated with Ca2+, and mcicr-mediated mpt activation in hepg2 cells. Mol. Cell. Biochem. 2007, 302, 99–109. [Google Scholar] [CrossRef] [PubMed]

	



Carafoli, E. The calcium cycle of mitochondria. Febs Lett. 1979, 104, 1. [Google Scholar] [CrossRef]

	



Masini, A.; Trenti, T.; Ceccarelli-Stanzani, D.; Ventura, E. The effect of ferric iron complex on isolated rat liver mitochondria. II. Ion movements. Biochim. Biophys. Acta 1985, 810, 20–26. [Google Scholar] [CrossRef]

	



Ma, X.M.; Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev. Mol. Cell Boil. 2009, 10, 307–318. [Google Scholar] [CrossRef] [PubMed]

	



Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293. [Google Scholar] [CrossRef] [PubMed]

	



Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of akt/pkb by the rictor-mtor complex. Science 2005, 307, 1098. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Chiu, J.; Zhang, H.; Qi, T.; Tang, Q.; Ma, K.; Lu, H.; Li, G. Autophagic cell death induced by resveratrol depends on the Ca(2+)/ampk/mtor pathway in a549 cells. Biochem. Pharmacol. 2013, 86, 317–328. [Google Scholar] [CrossRef] [PubMed]

	



Gulati, P.; Gaspers, L.D.; Dann, S.G.; Joaquin, M.; Nobukuni, T.; Natt, F.; Kozma, S.C.; Thomas, A.P.; Thomas, G. Amino acids activate mtor complex 1 via ca/cam signaling to hvps34. Cell Metab. 2008, 7, 456. [Google Scholar] [CrossRef] [PubMed]

	



Shin, C.S.; Huh, W.K. Bidirectional regulation between TORC1 and autophagy in Saccharomyces cerevisiae. Autophagy 2011, 7, 854–862. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wu, J.; Zhou, Y.; Yuan, Z.; Yi, J.; Chen, J.; Wang, N.; Tian, Y. Crosstalk between Autophagy and Apoptosis Modulates T-2 Toxin-Induced Toxicity in Liver Cells. Preprints 2018, 2018100034. [Google Scholar] [CrossRef]








[image: Ijms 19 03360 g001 550] 





Figure 1. T-2 toxin decreases viability in TM3 cells. ** indicates p < 0.01 when compared with the untreated group. Each experiment was performed and repeated at least three times. 
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Figure 2. T-2 toxin induces intrinsic apoptosis in TM3 cells. (A) Expression of cleaved-caspase-3 was analyzed by Western blotting. (B) Level of cleaved-caspase-3 was quantified by densitometry. (C) Apoptosis was analyzed by Annexin V/PI assays in TM3 cells. (D) Percentage of apoptotic cells treated by T-2 toxin. T-2 toxin induced apoptosis in a time-dependent manner. * indicates p < 0.05 and ** indicates p < 0.01 when compared with the untreated group. Each experiment was performed and repeated at least three times. 
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Figure 3. Induction of Ca2+ is involved in T-2 toxin-mediated TM3 cell apoptosis. (A) Representative images of the fluorescence intensity of intracellular free Ca2+ measured with Fura-2/AM, images were captured at 200× magnification. (B) T-2 toxin induced an increase in the free Ca2+ intracellular concentration in a time-dependent manner. (C) BAPTA-AM pretreatment attenuated the increase of free Ca2+ intracellular concentration. (D) Expression of cleaved-caspase-3 was analyzed by Western blot assay. (E) Level of cleaved-caspase-3 was quantified by densitometry. (F) Apoptosis was analyzed by Annexin V/PI assays in TM3 cells. (G) Percentage of apoptotic cells treated with T-2 toxin and (or) BAPTA-AM. BAPTA-AM attenuated the increase of percentage of apoptotic cells caused by treatment with T-2 toxin. * indicates p < 0.05 and ** indicates p < 0.01 when compared with the control group. ## indicates p < 0.01 when the co-treated group is compared with the group only treatment with T-2 toxin. Each experiment was performed and repeated at least three times. 
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Figure 4. Mammalian Target of Rapamycin/Serine/Threonine Protein Kinase (mTOR/Akt) pathway inhibition is related to T-2 toxin-mediated apoptosis. T-2 toxin reduced the relative expression of p-mTOR ser 2481 (A), p-mTOR ser 2448 (B), and p-AKT ser 473 (C). MHY1485 attenuated the T-2 toxin-caused suppression of phosphorylation of mTOR at ser 2481 (D), ser 2448 (E), and AKT at ser 473 (F). MHY1485 inhibited free Ca2+ intracellular concentration (G) and protected TM3 cells from apoptosis (H,I). * indicates p < 0.05 and ** indicates p < 0.01 when compared with the control group. ## indicated p < 0.01 when the co-treated group is compared with the group only treatment with T-2 toxin. Each experiment was performed and repeated at least three times. 
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