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Abstract

:

The mammalian target of rapamycin (mTOR) has been shown to play a central role in regulating cell growth and metabolism. However, little is known about the function of mTOR in nutrient metabolism in bivalve mollusks. In this study, the role of mTOR in the regulation of nutrient metabolism was investigated in Sinonovacula constricta. First, the activation of mTOR was assayed after starvation and refeeding. Afterwards, the role of mTOR in the regulation of nutrient metabolism was investigated using an activator (MHY1485) or inhibitor (rapamycin) of mTOR. The open reading frame of the S. constricta mTOR is 7416 bp in length and encodes a polypeptide consisting of 2471 amino acids. The mTOR amino acid sequence of S. constricta was highly conserved when compared with other species and had a close evolutionary relationship with the TOR proteins of Crassostrea gigas and Lingula anatine. mTOR was expressed in the intestine, exhalent siphon, labial palppus, muscle, inhalent siphon, gill, mantle, digestive land, and gonad tissue of S. constricta, with the highest expression in muscle. During starvation, the level of phosphorylated mTOR protein was relatively low, and the ratio of LC3II/LC3I protein and the AMPKα mRNA level significantly increased with the increase in starvation time. After feeding, the level of phosphorylated mTOR protein increased from 0.13 to 0.56, and the ratio of LC3II/I protein and AMPKα mRNA level decreased from 1.17 to 0.38. MHY1485 significantly increased the level of phosphorylated 4E-BP1 and significantly decreased the ratio of LC3II/I proteins. Furthermore, MHY1485 significantly increased the mRNA level of the glucose metabolism-related gene glucokinase (GK), significantly decreased the mRNA expression of the G6P gene, and significantly increased the mRNA expression of the lipid synthesis-related genes sterol-regulatory element-binding protein (SREBP) and stearoyl-CoA desaturase (SCD). Rapamycin significantly reduced the level of phosphorylated 4E-BP1 and the mRNA expression of mTOR, and the expression level of phosphorylated 4EBP1 decreased from 0.97 to 0.28. Meanwhile, it also significantly reduced the mRNA expression of glucose metabolism-related genes GK, pyruvate kinase (PK), glucose transporter 1 (GLUT1), and G6P, as well as lipid synthesis-related genes SCD and acetyl-CoA carboxylase (ACC). These results indicate a conserved role of mTOR in regulating nutritional metabolism, including glucose metabolism, lipid synthesis, and autophagy in S. constricta.
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1. Introduction


The mammalian target of rapamycin (mTOR) is crucial for controlling cell growth and metabolism. As a member of the PI3K-related kinase (PIKK) family, mTOR regulates the activity of two distinct proteins, mTOR complexes 1 and 2 (mTORC1 and mTORC2, respectively) [1]. The former primarily controls cell growth, proliferation, anabolism, and catabolism, whereas the latter primarily controls cell survival and cytoskeletal reorganization [2].



Cellular energy and nutritional state directly regulate mTORC1 to control associated signaling pathways downstream. By promoting anabolic processes such as ribosome biogenesis and protein and lipid synthesis or suppressing catabolic processes such as autophagy, mTORC1 orchestrates cell growth [3,4]. mTORC1 enhances transcription and translation initiation, elongation, and protein synthesis [5] by phosphorylating the downstream substrate, eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). mTORC1 also mediates glycolysis and the pentose phosphate pathway via hypoxia-inducible factor 1 (HIF1), a transcriptional regulator of glucose transporters 1 (GLUT1), and the proto-oncogene c-Myc, a regulator of pyruvate kinase (PK) [6]. In addition, mTORC1 controls the expression of glucose 6-phosphate dehydrogenase (G6P), the rate-limiting enzyme in the pentose phosphate pathway [7]. Apart from protein synthesis and glucose metabolism, sterol response element-binding protein (SREBP), one of the most important master transcriptional factors of lipid synthesis, is regulated by mTORC1 [8]. When SREBP moves into the nucleus, it stimulates the transcription of several lipogenic enzymes, including fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase (SCD), among others [7].



Autophagy is a catabolic process regulated by nutrition status and mTORC1 [9]. Autophagy is a process of intracellular degradation of cellular components by lysosomes, where the cytoplasm is broken down into various basic components and can re-enter the cytoplasm for reuse [10]. Autophagy can prevent cell damage, promote cell survival in the absence of nutrition, and respond to cytotoxic stimuli [9]. Microtubule-associated protein 1 light chain 3 (LC3/ATG8) is a marker for autophagy. LC3I enzymatically cleaves off a segment of the polypeptide and couples it with phosphatidyl ethanolamine (PE) to form LC3II [11]. Consequently, a rise in the LC3II/I ratio is regarded as a sign of autophagy [12]. When nutrients are abundant, mTOR1 inhibits autophagy by directly phosphorylating the main transcription factor EB (TFEB) of the genes encoding lysosomes and autophagy [10]. Autophagy is also regulated by AMP-activated protein kinase (AMPK), which suppresses mTORC1 when foods or energy are insufficient [9].



The function of mTOR and its related signal pathway is widely studied in invertebrates. Drosophila lifespan can be extended by inhibiting the mTOR pathway and activating AMPKα signal transduction [13]. Meanwhile, the mTOR signaling pathway can also regulate neural stem cells and cell cycles in Drosophila [14]. In Caenorhabditis elegans, inhibition of mTOR reduces protein synthesis, prolongs lifespan, and promotes autophagy [15]. In crustaceans such as shrimp and crabs, mTOR is involved in endocrine regulation as well as metabolism regulation. It promotes protein synthesis and increases muscle protein content by activating the mTOR signaling pathway in Eriocheir sinensis [16]. Additionally, it has also been found that sustained molting steroid production and secretion in the molting glands of blackback land crab (Gecarcinus Lateralis) [17] and green crab (Carcinus maenas) [18] relied on mTOR-dependent protein synthesis [19]. In Litopenaeus vannamei, the inhibitor rapamycin inhibited the mTOR signaling pathway, significantly changed the expression of many autophagy-related genes, and significantly increased the ratio of LC3II/LC3I [20]. In Crassostrea gigas, 35 autophagy-associated proteins were first identified, followed by analysis of the expression and localization of microtubule-associated proteins 1A/1B-light chain 3 (LC3) and mTOR in different tissues of oysters [21]. In scallops, the organic pollutant benzo(a)pyrene (B(a)P) interfered with the expression of digestive gland lipid metabolizing enzyme genes, leading to lipid accumulation and disruption of lipid metabolism during reproduction, which may be regulated by mTOR [22].



The razor clam, Sinonovacula constricta, is one of the most important economic shellfish in China. The growth rate of S. constricta is relatively fast among shellfish, and nutrition affects their growth and development during the culture process. However, the regulation of nutritional metabolism in this species remains largely unknown. The mTOR signaling pathway is widely present in invertebrates and is closely related to growth and nutrient metabolism. This suggests that the mTOR signaling pathway may play an important role in the growth and metabolic regulation of S. constricta. Therefore, this study lays the foundation for elucidating the molecular mechanism of environmental regulation of nutrient metabolism in S. constricta. MHY1485 is an activator of mTOR in human cancer cells, osteoblast cells [23], chicken granulosa cells [24], porcine macrophages [25], mouse hepatocytes [26], and Danio rerio [27]. Rapamycin has been studied as an inhibitor of mTOR in human cancer cells [28], Mus musculus [29], Danio rerio [30], Drosophila [31], Xenopus laevis [32], Saccharomyces cerevisiae [33], and Brachionus calyciflorus [34]. In this study, the role of mTOR in nutritional metabolism in S. constricta was studied with MHY1485 and rapamycin.




2. Materials and Methods


2.1. Sequence Analysis and Tissue Expression


The mTOR-like sequences were obtained from the genome database of the razor clam (NCBI: txid98310). Sequence analysis was performed with ClustalX 1.83. The amino acid coding sequences were predicted using the open reading frame finder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on 20 July 2021). The domains of mTOR were analyzed by SMART. The tertiary structure of proteins was predicted by SWISS-MODEL. MEGA6.0 software was used to construct a phylogenetic tree.



S. constricta (5.0–6.0 cm) were purchased from the Ningbo Lulin Aquaculture firm (Ningbo, China) and maintained in aerated saltwater (salinity 21 ± 2, temperature 20 ± 1 °C). After 2 days of starvation, the intestine, exhalent siphon, labial palppus, muscle, inhalant siphon, gill, mantle, digestive land, and gonad tissues were sampled. Then, RNA was extracted for quantitative real-time PCR, and the method is described below.




2.2. Starvation and Re-Feeding Experiment


About 300 S. constricta were purchased as test subjects. Clams were subjected to 10-day starvation and 3-day refeeding. Clams were sampled after 0 h, 24 h, 72 h, and 240 h of starvation and after 6 h, 12 h, 24 h, and 72 h of subsequent re-feeding. After starvation treatment, they were fed a sufficient concentration of 3.0 × 106 cells/mL of Isochrysis zhanjianggens, at which time the Isochrysis zhanjianggens reached an exponential growth phase. The water quality was maintained daily by renewing 60% of the water. The maintenance temperature was 16 ± 1.0 °C, the pH was 7.6 ± 0.50, and the salinity of the seawater was 21 ± 1 psu. Muscle tissues were taken and frozen at −80 °C.




2.3. Challenge Experiments and Samples


MHY1485 (MedChemExprsess, Monmouth Junction, NJ, USA) and rapamycin (MedChemExprsess, Monmouth Junction, NJ, USA) were dissolved in DMSO and then diluted in sterilized seawater. After 2 days of starvation, S. constricta were intramuscularly injected with 40, 20, 10, 5, 1, 0.5 µg/kg, and 0 µg/kg (control group) of rapamycin. After 7 days of starvation, S. constricta were intramuscularly injected with 40, 20, 10, 5, 1µg/kg, and 0 µg/kg (control group) of MHY1485. Muscle tissues were all dissected after 6 and 12 h of treatment, and then the expression of phosphorylated 4E-BP1 was detected. After the determination of the optimal dosage and time, S. constricta were intramuscularly injected with 5 µg/kg and 0 µg/kg of rapamycin (15 individuals/group) after 2 days of starvation. For MHY1485, S. constricta was intramuscularly injected with 10 µg/kg and 0 µg/kg of MHY1485 after 7 days of starvation. Muscle tissues were dissected after 6 h and stored in −80 °C refrigerator.




2.4. Western Blotting


Muscle tissues were ground in RIPA buffer (Cowin Biotech, Beijing, China) containing protease inhibitors (Cowin Biotech, Beijing, China) and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA), and then centrifuged at 13,000 rpm for 15 min at 4 °C. The bovine serum albumin (BCA) method was used to determine the protein concentration, with bovine serum albumin (BSA) serving as the control. A total of 15% separating gels (10 mL 30% Acrylamide (29:1), 5 mL 1.5 mM Tris-HCl (PH8.8), 200 µL 10% SDS, 100 µL 10% Ammonium persulfate, 4.6 mL ddH2O, and 8 µL TMED) and 10% concentrated gels (1.3 mL 30% Acrylamide (29:1), 1 mL 1 mM Tris-HCl (PH6.8), 50 µL 10% SDS, 75 µL 10%PAGE gel coagulant, 5.5 mL ddH2O, and 8 µL TMED) were made into an SDS-PAGE gel preparation kit (Beyotime, Shanghai, China). After normalization, the samples and protein molecular weight markers were loaded into 15% SDS-PAGE lanes and electrophoresed for 2 h. The samples on the gel were transferred to an immuno-blot polyvinylidene difluoride membrane (Merck, Darmstadt, Germany) by wet transfer technique with a transfer time of 1.5 h. The membranes were blocked in the closure solution for 30 min, followed by three 10-min TBST washes, before being incubated with the primary antibody overnight at 4 degrees on a shaker. The membranes were washed with TBST again three times for 10 min, then incubated for 20 min with anti-mouse or anti-rabbit antibodies and washed three times with TBST for 10 min. Finally, target proteins were measured by a chemiluminescence imager, the ChemiScope Capture Image System, as well as chemiluminescent liquid detection reagents. The primary antibodies included phosphor-mTOR (MilliporeSigma, Darmstadt, Germany, ABS79, 1:3000), β-actin (HuaBio, Hengshui, China, EM21002, 1:10,000), phosphor-4E-BP1 (Thr37/46) (Cell Signal Technology, Danvers, MA, USA, 236B4, 1:1000), and LC3A/B (Cell Signal Technology, Danvers, MA, USA, 4108, 1:3000). The antibodies were selected based on the conserved amino acid sequences of β-actin, mTOR, 4E-BP1, and LC3 A/B of S. constricta. The secondary antibodies included horseradish peroxidase-conjugated labeled goat anti-rat IgG (H+L) (Beyotime, Shanghai, China, 1:1000) and horseradish peroxidase-conjugated labeled goat anti-rabbit IgG (H+L) (Beyotime, Shanghai, China, 1:1000).




2.5. RNA Extraction and cDNA Synthesis


Total RNA was extracted using Trizol reagent (Ambion, Foster City, CA, USA). We used 1% agarose gel electrophoresis and a NanoDrop® ND-1000 (NanoDrop, Wilmington, DE, USA) to evaluate the purity and integrity of the RNA. Constantly, total RNA was reverse transcribed to the cDNA using the reverse transcription kit (TaKaRa, Maebashi, Japan) according to the manufacturer’s instructions. The qPCR primers were designed based on the gene sequences of our previous genome [35] (Table 1). The whole reaction mixture contained 2 µL cDNA, 0.8 µL each of forward and reverse primers at 10 µmol/L, 10μL of SYBR Green Mix (TaKaRa, Maebashi, Japan), and 6 µL of DEPC-treated water. Real-time quantitative PCR was carried out by using the SYBR Premix Ex Taq (TliRNase Plus) (TaKaRa, Maebashi, Japan) with a quantitative thermal cycler (Mastercycler ep realplex, Eppendorf, Hamburg, Germany). The program was set at 95 °C for 30 s, followed by 45 cycles of 95 °C for 5 s and 60 °C for 30 s, and the dissolution curve program was set at 95 °C for 30 s, 65 °C for 60 s, and 60 °C for 5 s. The dissolving curve was employed to test the specificity of the amplified product. Relative gene expression was calculated using the 2−ΔΔCt method; an antibody against β-actin was utilized as an internal control. The data were displayed as relative mRNA expression levels.




2.6. Statistical Analysis


The intensity of the protein bands was quantified using Image J software. The obtained data were analyzed by the SPSS 26.0 software package (IBM Corp., Foster City, CA, USA). The data were subjected to a one-way analysis of variance (ANOVA), followed by a Tukey test and a T-test in the SPSS 26.0 software package. In addition, the data are presented as the mean standard error of the mean (SEM). The differences were considered significant at p < 0.05.





3. Results


3.1. Molecular Characterization, Phylogenetic Relationship, and Tissue Expression Profiles of mTOR


The complete CDS sequence of the mTOR of S. constricta is 7416 bp, encoding 2471 amino acids. mTOR contains an unknown domain, DUF3385 (AA 824−996), a FAT domain (1481−1833), a rapamycin binding domain (1940−2039), a phosphoinositide 3-kinase catalytic domain (PI3Kc, AA 2108−2414) kinase domain, and a FATC domain (AA 2439−2471) (Figure 1a). The protein domains were predicted from the three-dimensional structure produced by AA 824−2471. The overall structure of mTOR in S. constricta is highly conserved in the TOR family (Figure 1b). The phylogenetic tree showed that the mTOR of S. constricta was closely related to Crassostrea gigas and Lingula anatina (Figure 1c). mTOR mRNA was expressed in all nine tissues of S. constricta, and the expression level was highest in muscle (Figure 1d).




3.2. Effects of Starvation and Re-Feeding on the Expressions of mTOR, LC3, and AMPKα


The level of phosphorylated mTOR was relatively low during starvation; however, the protein phosphorylation level increased significantly (p < 0.05) and reached its maximum after 6 h of refeeding (Figure 2a). The ratio of LC3II/I significantly increased after 10 days of starvation. The ratio of LC3II/I decreased and remained at a relatively low level after refeeding (Figure 2b). The AMPKα mRNA level significantly increased as the fasting period rose and decreased after feeding microalgae (Figure 2c).




3.3. Dose Screening of Rapamycin and MHY1485


After 12 h of treatment, 20 µg/kg MHY1485 significantly increased the level of phosphorylated 4E-BP1 compared to the control (Figure 3a; p < 0.05). After 6 h of treatment, MHY1485 at 40 and 10 µg/kg significantly increased the level of phosphorylated 4E-BP1 compared to the control (Figure 3b; p < 0.05). Therefore, the effects of MHY1485 on nutritional metabolism were further measured at 6 h after 10 µg/kg MHY1485 treatment. Meanwhile, after 12 h of treatment, rapamycin significantly inhibited the level of phosphorylated 4E-BP1 at doses of 40, 20, and 10 µg/kg compared with the control group (Figure 3c; p < 0.05). After 6 h of treatment, rapamycin at doses of 10 µg/kg and 5 µg/kg significantly reduced the level of phosphorylated 4E-BP1 compared with the control group (Figure 3d; p < 0.05). Therefore, the effects of rapamycin on nutritional metabolism were examined at 6 h after 5 µg/kg rapamycin treatment.




3.4. Effects of MHY1485 and Rapamycin on the Expression of mTOR and 4E-BP1


The mRNA expression of mTOR in the MHY1485 treatment group displayed an increased tendency; however, there was no significant difference (Figure 4a; p > 0.05). The phosphorylation of 4E-BP1 was significantly increased after MHY1485 treatment (Figure 4b; p < 0.05). Rapamycin significantly reduced the expression of mTOR mRNA compared to the control group (Figure 4c; p < 0.05). Meanwhile, the rapamycin-treated group had significantly lower phosphorylation of 4E-BP1 than the control group (Figure 4d; p < 0.05).




3.5. Effects of MHY1485 and Rapamycin on the Expression of AMPKα and LC3


MHY1485 decreased the mRNA expression of AMPKα, but there was no significant difference (Figure 5a; p > 0.05). MHY1485 significantly down-regulated the LC3II/I ratio compared to the control group (Figure 5b; p < 0.05). The AMPKα mRNA level and the LC3II/I ratio were not significantly changed in the rapamycin group compared with the control group (Figure 5c,d; p > 0.05).




3.6. Effects of MHY1485 and Rapamycin on the Expression of Genes Related to Nutritional Metabolism


The mRNA expression of glucokinase (GK) was dramatically raised while G6P was dramatically decreased in the MHY1485 when compared to the control group (Figure 6a; p < 0.05). In addition, MHY1485 significantly increased the mRNA expression of SREBP and SCD compared with the control group (Figure 6a; p < 0.05). MHY1485 did not significantly influence ACC mRNA expression (Figure 6a; p > 0.05). The mRNA expression of tricarboxylic acid cycle (TCA)-related genes, including citrate synthase (CS) and nicotinamide adenine dinucleotide phosphate (NADP), was not significantly increased by MHY1485 treatment (Figure 6a; p > 0.05).



The mRNA expression of PK, GK, GLUT1, and G6P was significantly inhibited by rapamycin compared to the control (Figure 6b; p < 0.05), and the mRNA expression of phosphoenolpyruvate carboxykinase (PEPCK) was not significantly changed (Figure 6b; p > 0.05). In addition, rapamycin significantly reduced the mRNA expression of key enzymes involved in fatty acid synthesis, including SCD and ACC (Figure 6b; p < 0.05). The mRNA expression of SREBP was not significantly altered by rapamycin compared to the control (Figure 6b; p > 0.05). The mRNA expression of TCA cycle-related genes CS and NADP was not significantly changed in the rapamycin-treated group compared with the control group (Figure 6b; p > 0.05).





4. Discussion


In this study, mTOR sequences were obtained from the genome database of S.constricta and analyzed. First, S.constricta mTOR contains the unknown DUF3385, FAT, FRB, PI3Kc, and FATC domains, which are similar to all TOR from yeast to mammals, indicating that TOR proteins are highly conserved in all eukaryotes [4,36]. The FAT domain contains a solenoid structure formed by 28 α-helices and sandwiched between the PI3Kc domain, which acts as a protein interaction space [37]. PI3Kc belongs to the phosphatidyl inositol kinase-related kinase (PIKK) family [38]. FRB domains have conserved rapamycin binding sites, and rapamycin binds to FRB domains to inhibit mTOR activity [37,39]. FATC interacts with FAT to form a spatial structure that exposes the catalytic domain of mTOR, which is essential for mTOR activity. These domains are essential for the mTOR protein to function [40]. These results indicate that mTOR has high homology with TOR proteins from other species at the molecular level.



Phylogenetic tree analysis showed that the mTOR protein of S.constricta was closely related to the invertebrates Crassostrea gigas and Lingula anatina and was further clustered with other vertebrate species. The expression of the mTOR gene was widely expressed in the detected tissues, and the expression of the mTOR gene in muscle was significantly higher than that in other tissues, indicating that the expression of mTOR was tissue-specific. Similar results have been reported from Penaeus chinensis [41], Cyprinus carpio [42], and Litopenaeus Vannamei [36], whose mTOR expression is high in muscle. Muscle is the tissue with the greatest growth rate, so mTOR transcription levels may be related to its physiological functions in growth and nutrient regulation [41].



At present, mTOR’s role in the regulation of nutrient metabolism has not been studied in mollusks. In this study, the expressions of mTOR, LC3, and AMPKα in S. constricta were significantly changed during starvation and refeeding. We used phosphorylation-specific antibodies against mTOR polypeptides phosphorylated at S2159 to detect mTOR phosphorylation. It was found that S2159/T2164 phosphorylation regulated mTOR-raptor and raptor-PRAS40 interactions and enhanced mTOR autophosphorylation at S2481, and S2159/T2164 phosphorylation synergically promoted mTOR activation [43]. Acute starvation was found to transmit signals to the mTOR pathway through IGF, thus affecting its growth and development in Macrobrachium nipponense [44]. During starvation, the expression level of mTOR was always low, while the expression levels of the LC3 II/I ratio and AMPKα were greatly elevated. This indicated that the anabolism regulated by mTOR was transformed into catabolism in S. constricta. When cellular energy status was impaired, AMPKα was activated to reduce non-essential energy expenditure and stimulate energy production through catabolism [45]. Our research also suggested that mTOR was inhibited and energy metabolism was affected when S. constricta was deficient in nutrients; however, different from mTOR, AMPK was activated as the fasting period lengthened and energy levels dropped. Under the synergistic action of mTOR and AMPKα, the autophagy level of S. constricta increased to maintain basic life activities. After refeeding, the expression of mTOR was significantly increased, while the expression of LC3 II/I ratio and AMPKα were significantly reduced to the level at the beginning of starvation and remained at a low level during the feeding period. In mammals, activated mTOR inhibits autophagy by phosphorylation and inhibition of ULK1, ATG14, and the transcription factor EB (TFEB) [46,47]. Activated AMPKα can promote autophagy by activating TSC2 or by phosphorylating raptor to inhibit mTOR [48]. In bivalve shellfish, the regulatory mechanism of the mTOR signaling pathway is less clear and needs further study.



Numerous studies have confirmed that mTOR1 regulates the balance of cellular anabolism and catabolism in response to the external environment. Mtor1 can sense intracellular signals such as nutrients, growth factors, and stress to control protein metabolism, glucose metabolism, lipid metabolism, and autophagy [49]. In mammals, inhibiting mTOR1 can reduce glycolysis [7] and lipogenesis [50,51] while promoting fatty acid oxidation [52]. Rapamycin is a commonly used specific inhibitor of mTOR1 and promotes autophagy in many species, including yeast, worms, flies, and mammals [4,53]. Here, our data also demonstrated that rapamycin could inhibit the mTOR signaling pathway and related nutritional metabolism in S. constricta. A low nanomolar dose of rapamycin had a weak effect on mTOR and could not inhibit 4EBP1 phosphorylation. High micromolar doses of rapamycin lead to the instability or non-formation of the mTOR complex, which inhibits 4E-BP1 phosphorylation [54]. The same was true for rapamycin in S. constricta. The phosphorylated 4E-BP1 expression of S. constricta did not change after the treatment of low molar doses (0.5 and 1 µg/kg), while the phosphorylated 4EBP1 expression of S. constricta significantly decreased after the treatment of high micromolar doses (5, 10, 20, and 40 µg/kg). Different doses had different effects on the mTOR signaling pathway of S. constricta. The rapamycin/FK-binding protein 12 complex binds to mTOR1, thereby inhibiting raptor-mTOR1 interactions and suppressing mTOR function [40]. In the present study, MHY1485 was found to activate the mTOR signaling pathway. This is similar to the previous studies in mice, human cancer cells, chicken cells, and so on [23,55]. Choi et al. indicated that MHY1485 binds to the ATP-binding site of mTOR, thereby activating its functions [26].



4E-BP1 is a typical downstream regulator of mTOR. Phosphorylated 4E-BP1 activates translation initiation and promotes protein synthesis [1]. Studies showed that rapamycin effectively inhibited the phosphorylation of 4E-BP1 [56,57]. The phosphorylation level of 4E-BP1 was significantly reduced in juvenile turbot fed a rapamycin-supplemented diet for 3 h, indicating that the mTOR signaling pathway was successfully inhibited [58]. Rapamycin treatment of mouse cell lines for one hour significantly inhibited the expression of phosphorylated 4E-BP1 and thus reduced cell migration [59]. Rapamycin significantly inhibited the expression of phosphorylated 4E-BP1 in Drosophila cells [60]. Rapamycin also significantly reduced the expression of phosphorylated 4E-BP1 in human lung cancer cells [61]. In agreement with the above-mentioned studies, the level of 4E-BP1 phosphorylation was dramatically reduced by rapamycin in the present study. Meanwhile, our results showed that MHY14854 had a promotion effect on the phosphorylation of 4E-BP1 in S. constricta. Taken together, these results indicated that mTOR could regulate protein synthesis at least partially through the 4E-BP1 pathway in S. constricta.



Glycolysis converts glucose or glycogen to pyruvate. GK and PK are two restriction enzymes of the glycolytic pathway [62,63,64]. In the present study, MHY1485 significantly up-regulated the expression of GK, while rapamycin significantly down-regulated the expression of GK and PK. This is consistent with what has been observed in fish and mice. MHY1485 enhanced the activity of the glycolytic enzyme hexokinase (HK) in mouse mammary epithelial cell lines and thus enhanced the glycolytic rate [65]. Chronic rapamycin markedly decreased the relative expression of PK and GK in flatfish [58]. These results suggest that mTOR probably mediates glucose utilization in S. constricta. In this study, rapamycin significantly reduced the relative expression of GLUT1 mRNA. Sipula et al. showed that rapamycin inhibited the mTOR signaling pathway and thus prevented GLUT1 movement [66]. Taha et al. showed that rapamycin regulates glucose transport by partially inhibiting GLUT1 synthesis at the transcription and translation levels [67]. We hypothesized that rapamycin inhibited mTOR and subsequently decreased the expression of the glucose transporter, thereby reducing the glycolysis rate in S. constricta.



SREBP and its target genes (SCD and ACC) are critical for lipid synthesis [68]. Previous studies suggested that mTOR activation induces nuclear accumulation of SREBP1 and up-regulates the expression of SREBP1 target genes [8] in Drosophila cells. In rainbow trout (Oncorhynchus mykiss) hepatocytes, insulin and amino acids increased adipogenesis and up-regulated SREBP1 expression by activating mTOR signaling, while rapamycin eliminated this activation [69]. In this study, the mRNA expression of SREBP was not reduced by rapamycin, but it was indeed increased by the activator MHY1485. One possibility is that SREBP is primarily regulated by S6K, another downstream target of mTOR in S. constricta. Rapamycin has a different sensitivity to 4E-BP1 and S6K in HEK293 cells [56,57]. In human cancer cell lines, the phosphorylation of S6K was inhibited by a low concentration of short-aging rapamycin, and the phosphorylation of 4E-BP1 was inhibited by a high concentration of long-aging rapamycin, so the effect of rapamycin was limited by concentration and time [70]. It is possible that rapamycin does not affect S6K after prolonged action. Another possibility is the resistance of SREBP expression to rapamycin [7]. SCD1 catalyzes the desaturation of saturated fatty acids into monounsaturated fatty acids. In mouse breast cancer cell lines, rapamycin significantly inhibited SCD1 mRNA expression via the mTOR/4E-BP1 axis [71]. In this study, the activator MHY1485 significantly increased the expression of SCD1 mRNA, while rapamycin significantly inhibited the expression of SCD1 mRNA. The results raise the possibility that mTOR is involved in the regulation of fatty acid unsaturation in S. constricta. Brown et al. showed that rapamycin significantly reduced the expression of ACC in mouse hepatocytes [72]. In this study, rapamycin also significantly inhibited the mRNA expression of ACC in S. constricta. ACC is the first rate-limiting enzyme for de novo fatty acid synthesis. It is possible that ACC is an important target of mTOR to regulate lipid synthesis in S. constricta.



mTOR not only regulates the synthesis of macromolecules but also regulates autophagy. In the absence of nutrients, autophagy can hydrolyze its cellular contents to produce nutrients and energy to maintain necessary cellular activities. Ja Choi et al. showed that MHY1485 inhibited autophagy by inhibiting lysosomal fusion in mouse cells and inducing mTOR activity [26]. After injection of MHY1485, mTOR was activated, and the formation of autophagosomes was inhibited in sea cucumber (Apostichopus japonicus) [73]. In this study, the protein LC3II/I ratio was significantly decreased by MHY1485. Studies have shown that mTOR blocks autophagy through the recruitment and redistribution of membrane vesicles [74]. These suggested that the activation of mTOR by MHY1485 could suppress autophagy in S. constricta.



In conclusion, the domains of mTOR in S. constricta are highly conserved with those of TOR proteins in other species. The protein expression of p-mTOR, the LC3II/I ratio, and the expression of AMPKα mRNA were significantly changed during starvation and refeeding. In addition, MHY1485 can inhibit the activity of autophagy protein factor and activate the expression of glycolysis-related genes. Rapamycin can inhibit the expression of genes related to glycolysis and lipid synthesis. These results (Figure 7) indicate a conserved role of mTOR in regulating nutritional metabolisms such as glucose metabolism, lipid synthesis, and autophagy in S. constricta.
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Figure 1. (a). Domains of mTOR. The basic modular architecture research tool predicts mTOR domains. (b). Prediction of protein three-dimensional structure of mTOR AA 824–2471 using SWISS-MODEL online website. (c). Phylogenetic relationship between mTOR amino acid sequence of S. constricta and various biological homologs. Amino acid sequences come from NCBI database. Carassius auratus (XP 026118234.1), Zebrafish (NP 001070679.2), Channa argus (KAF3696586.1), Homo sapiens (NP 004949.1), Sus scrofa (XP 003127632.3), Strongylocentrotus purpuratus (XP 003127632.3), Lingula anatina (XP 013395747.1), Crassostrea gigas (XP 011432165.2), Penaeus vannamei (QHT73480.1), Penaeus chinensis (AHX84170.1), Dirofilaria immitis (MCP9257960.1). (d). Expression patterns of mTOR mRNA in different tissues from S. constricta. Bars with different letters represent significant differences between different tissues (p < 0.05). DUF, domains of unknown function; FAT, focal adhesion targeting domain; PI3Kc, phosphoinositide 3-kinase catalytic domain; FATC, C-terminal adhesion targeting domain. mTOR, mammalian rapamycin target protein. 
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Figure 2. Starvation-re-feeding affected the expression of p-mTOR, LC3II/I, and AMPKα at different time periods. (a). The expression of p-mTOR protein at different time periods. (b). The expression of LC3II/I protein at different time periods. (c). The expression of AMPKα mRNA at different time periods. p-mTOR, phosphorylated mammalian rapamycin target protein; LC3, microtubule-associated protein 1 light chain 3; AMPK, AMP-activated protein kinase; R, refeeding. Bar containing one of the same marked letters are not significant differences (p > 0.05), while those with different marked letters are significant differences (p < 0.05). 






Figure 2. Starvation-re-feeding affected the expression of p-mTOR, LC3II/I, and AMPKα at different time periods. (a). The expression of p-mTOR protein at different time periods. (b). The expression of LC3II/I protein at different time periods. (c). The expression of AMPKα mRNA at different time periods. p-mTOR, phosphorylated mammalian rapamycin target protein; LC3, microtubule-associated protein 1 light chain 3; AMPK, AMP-activated protein kinase; R, refeeding. Bar containing one of the same marked letters are not significant differences (p > 0.05), while those with different marked letters are significant differences (p < 0.05).



[image: Jmse 11 01040 g002]







[image: Jmse 11 01040 g003 550] 





Figure 3. Effects of MHY1485 and rapamycin on phosphorylation of 4E-BP1 in S. constricta at different times. (a). Treated with 40, 20, 10, 5 and 1 µg/kg MHY1485 for 12 h. (b). Treated with 40 and 10 µg/kg of the MHY1485 for 6 h. (c). Treated with 40, 20, and 10 µg/kg of the rapamycin for 12 h. (d). Treated with 10, 5, 1, 0.5 µg/kg of the rapamycin for 6 h. The data presented are means ± SEM (n = 3). * indicates that these bars are noticeably different (p < 0.05). ** indicates that these bars are noticeably different (p < 0.01) CON, control; p-4EBP1, eukaryotic initiation factor 4E-binding protein 1. 
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Figure 4. MHY1485 and rapamycin affect the mTOR signaling pathway in S. constricta. (a). Effect of MHY1485 on the expression of the mTOR mRNA. (b). Effect of MHY1485 on the expression of the phosphorylated 4E-BP1. (c). Effect of rapamycin on the expression of the mTOR mRNA. (d). Effect of rapamycin on the expression of the phosphorylated 4E-BP1. The data presented are means ± SEM (n = 4). * means these bars are markedly different (p < 0.05). CON, control; p-4EBP1, eukaryotic initiation factor 4E-binding protein 1. 
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Figure 5. Effects of MHY1485 and rapamycin on the AMPKα mRNA and LC3II/I protein in S. constricta. (a). Effect of MHY148 on the expression of the AMPKα mRNA. (b). Effect of MHY1485 on the expression of the AMPKα mRNA. (c). Effect of rapamycin on the expression of AMPKα mRNA. (d). Effect of rapamycin on the expression of LC3II/I protein. The data presented are means ± SEM (n = 4). * means these bars are markedly different (p < 0.05). CON, control; LC3, microtubule-associated protein 1 light chain 3; AMPK, AMP-activated protein kinase. 
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Figure 6. (a). The mRNA expressions of PK, GK, GLUT1, G6P, PEPCK, SCD, ACC, SREBP, sterol-regulatory element-binding protein; CS, and NADP were analyzed by quantitative real-time PCR after MHY1485 treatment. (b). The mRNA expressions of PK, GK, GLUT1, G6P, PEPCK, SCD, ACC, SREBP, CS, and NADP were analyzed by quantitative real-time PCR after rapamycin treatment. The data presented are mean ± SEM (n = 6), and * means these bars are markedly different (p < 0.05). CON, control; PK, pyruvate kinase; GK, glucokinase; GLUT1, glucose transporter 1; G6P, glucose-6-phosphate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase; SCD, stearoyl-CoA desaturase; ACC, acetyl-CoA carboxylase; CS, citrate synthase; NADP, nicotinamide adenine dinucleotide phosphate. 
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Figure 7. A model of mTOR regulating nutritional metabolism. Starvation and inhibitors can regulate downstream signaling molecules by inhibiting mTOR; refeeding and activators can regulate downstream signaling molecules by activating mTOR. The black triangular head arrows indicate activation and the horizontal head arrows indicate inhibition. mTOR, mammalian rapamycin target protein; LC3, microtubule-associated protein 1 light; AMPK, AMP-activated protein kinase; chain 3; p-4E-BP1, eukaryotic initiation factor 4E-binding protein 1; GK, glucokinase; SREBP, sterol-regulatory element-binding protein; SCD, stearoyl-CoA desaturase. 
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Table 1. Primers for real-time PCR.






Table 1. Primers for real-time PCR.





	
Title 1

	
Title

	
Title 3






	
β-actin

	
F

	
CCATCTACGAAGGTTACGCCC




	
R

	
TCGTAGTGAAGGAGTAGCCTCTTT




	
mTOR

	
F

R

	
CAGCGGTCTGGTAATGTGAAGG

TAGCAACTTAGGTGACACATACTGG




	
AMPK

	
F

	
ACCACAGGCACCTCAGTAAACA




	
R

	
AGGATGCGTGCGTGAAGTTA




	
PK

	
F

R

	
TCGTGTAATGGCAATAATCG

GTAGAAGCATCGTTCAAGTC




	
GK

	
F

R

	
GTTCGCCCGTTTATGCTTGG

CAAGTCCAGGGCGAGAAAGT




	
GLUT1

	
F

R

	
CGTTATCCTCGTCGCTTCCA

CCACCATTGCTTCTGTTGGC




	
G6P

	
F

R

	
CCCTCGTCTTGTCTGGCATT

CAGCATCCCTGTACACAGCA




	
PEPCK

	
F

R

	
GGGAGGACAAGAAGGGAGT

ATTGTATCCCATGAAAGGTCTC




	
SREBP

	
F

R

	
GCTCCTACTCTGTTATCCGATTGTG

TCCTGAGACTGGCGAGATCCTT




	
ACC

	
F

R

	
TGGATGGCAATGTTGATGA

GGCACTGATGGTAGAGAAG




	
SCD

	
F

R

	
CACCGCATCCCCGAAAAATC

AGGCGCAAATTATGGTTGCC




	
CS

	
F

R

	
CAGTTCAGTGCTGCCATA

CAAGTTACGGTAGATGATAGAC




	
NADP

	
F

R

	
ATGTTGCTAAGGATGTTACC

TTAGGAGATGGACTGTTCTT
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