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Abstract

:

Simple Summary


Insect powders, including Tenebrio molitor (TM), Musca domestica larvae (MDL) and Zophobas morio (ZM), as high-quality and renewable protein sources are commonly applied in livestock and poultry feed production. The molecular effect of insect protein on amino acid metabolism in pigs needs to be explored. We found that insect powder as a protein source in feed regulated the mTOR signal pathway and improved amino acid transportation in the intestine for growth promotion. Insect powder may be a potentially promising protein source for pig production.




Abstract


This study was conducted to evaluate the effects of dietary insect powder supplementation as a protein source on plasma amino acid profiles, intestinal amino acid transport and sensing in a piglet model. A total of 144 weanling piglets were randomly assigned to four experimental diets for two phases (Days 1–28 and Days 29–56), to assess the effects on amino acid profiles and transportation in the segments of the intestine. The groups were basal diet (control), control diet plus Tenebrio molitor (TM), control diet plus Musca domestica larvae (MDL) and control diet plus Zophobas morio (ZM). The plasma free amino acid levels were stable comparable among treatments, except that the lysine level was significantly reduced by dietary MDL and ZM supplementation in the first phase (p < 0.05). In the 1st phase, the sensitivity of intestinal segments to the regulation of the amino acid level by insect powder supplementation follows sequence: colon > ileum > jejunum, while the order switched to jejunum > colon > ileum in the 2nd phase. The relative RNA expressions of mitogen-activated protein 4 kinase 3 (MAP4K3), sodium dependent neutral amino acid transporter2 (SNAT2), the transient receptor potential cation channel subfamily V member 1 (TRPV1) and taste 1 receptor member 1/3 (T1R3) in the segments of the intestine were affected by different dietary insect powder supplementation. G protein-coupled receptor family C group 6 member A (GPRC6A) level in the jejunal and colonic mucosa was upregulated by MDL supplementation (p < 0.05). These results indicated that dietary insects improved the metabolism of the amino acid in the prophase (the 1st phase) through regulating the sensing gene and mTOR signal pathway in intestinal mucosa by targeting different receptors. The finding demonstrates that the insect powder is a potentially promising source for protein deposition.
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1. Introduction


Protein deposition relies on the use of a high-quality protein diet. A high-quality protein source must have adequate amino acid distribution and high digestibility, as well as high content protein [1]. Insects can turn low-grade biowaste into high quality proteins indicating that insects as a renewable protein rich feed ingredient is technically feasible. [2]. At present, about one million species of insects are known in the world, whereas the total species of insects may reach 80 million including the unknown ones [3]. Previous studies showed that most insects had high nutritional qualities as human food [4,5]. Insect protein appears as a potentially suitable ingredient with several characteristics that make it relevant for its use in the diet, such as its high protein level [6], good amino acid profile [7] and its characteristics in terms of secure supply with less environmental impact [8]. Moreover, insects can be reared on low-grade biowaste and can turn biowaste into high-quality proteins. However, the molecular effect of dietary insects on amino acid transportation is not well known.



Tenebrio molitor (TM), Musca domestica larvae (MDL) and Zophobas morio (ZM) belong among the most common species of insects as feedstuff in the animal food market, and they are characterized by rapid reproduction, large biomass, less investment of production and seasonal reproduction for large-scale production. These insects contain a good amino acid profile, found in the previous study [9]. Amino acids (AA) are well known to represent the units used for protein biosynthesis and are also precursors for the synthesis of functional molecules, such as peptides, hormones, neurotransmitters, purine, pyrimidine nucleotides, etc. [10,11]. Plasma AA level approximately reflects the AA composition in the form of protein in the diet [12]. Tissue AA level shows the pros and cons of the dietary AA pattern [13]. The variation of the amino acid level leads to the corresponding cellular response. By the relevant signaling system-mediation and regulation on the downstream induction factor, protein metabolism changes dynamically, resulting in the improvement of production performance macroscopically [14]. In the previous study, we found that plasma concentrations of total protein and albumin were reduced by dietary ZM whereas methionine (Met) apparent ileal digestibility (AID) was improved in the pigs [9]. Based on that context, the present study evaluated the potential value of different insect powder as a feed ingredient used for early-weaned piglets. However, the amino acid transportation in the intestine, and the potential value of different insect powder are still unclear. In this study, we hypothesize that insect powders supplementation regulates the free amino acid profiles in plasma by affecting the amino acid transporter and sensing gene expression in the intestinal mucosa of the pig model.




2. Materials and Methods


The experimental procedures for this study were approved by the Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences (2016-8A).



2.1. Animal Experiment Design


The animal experimental design was conducted according to the description in the previous study [9]. This study was based on the same experimental protocol and piglets. As in Ji et al., one hundred and forty-four piglets (Duroc × Landrace × Yorkshire, 4.74 ± 0.01 kg body weight) were randomly assigned to four groups. Each group had 36 piglets arranged in 6 replicates of 6 piglets. They were supplemented with a soybean-based diet +5% of plasma protein powder (control), a control diet +5% of the TM powder, a control diet +5% of the MDL powder or a control diet +5% of the ZM powder, respectively. The experiment was divided into two phases. In both of the first (Days 1–28) and second phase (Days 29–56), levels of the crude protein in the diets were 21% and 17%, respectively.




2.2. Sample Collection and Measurement


On Days 28 and 56 after initiation of dietary supplementation with insect powder, one piglet per replicate was chosen randomly (half of the barrows and half of the gilts in each treatment), and 5 mL blood samples from the precaval vein were withdrawn into heparinized tubes. Blood was centrifuged for 15 min at 3000× g and 4 °C. Plasma was collected and stored at −20 °C. The sampled piglets were euthanized for collecting the sample of jejunum, ileum and colon of the intestine for 2 cm. Mucosa was collected carefully from the tissue using cover glass. Samples were quick-frozen in liquid nitrogen and stored at −80 °C. The level of AA in plasma, jejunal mucosa, ileal mucosa, and colonic mucosa were calculated according to the method described by Yin et al. (2000) [15].




2.3. Real-Time PCR


Total RNA was isolated from jejunum, ileum and colon samples using a Trizol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. The extracted RNA was dissolved in diethylpyrocarbonate (DEPC)-treated water, and its concentration was assessed using an Eppendorf Biophotometer (Eppendorf AG, Hamburg, Germany) and its integrity verified by electrophoresis on a 1% agarose gel. After DNase I treatment (Takara, Otsu, Japan), 1 μg of total RNA was used as a template for cDNA synthesis using an Oligo (dT) primer (Takara, Japan). The resultant cDNA was diluted and used for evaluating gene expression.



All primers were developed previously for the amplification of mRNA sequences of pig (Sussucrofa, Table S1). Quantitative real-time PCR (qPCR) for the target genes TRPV1 (The transient receptor potential cation channel subfamily V member 1), FFAR3 (free fatty acid receptor 3), TRPM5 (transient receptor potential cation channel subfamily M member 5), mGluR (metabotropic glutamate receptors), T1R3 (taste 1 receptor member 1/3), PLCβ2 (Gβγ-mediated phospholipase C β2), GPRC6A (G protein-coupled receptor family C group 6 member A), PAT1 (proton-coupled amino acid transporter 1), PAT2, Y+LAT1 (L-type amino acid transporter 1), SNAT2 (sodium dependent neutral amino acid transporter 2), GCN2 (general control nonderepressible 2), MAP4K3 (mitogen-activated protein 4 kinase 3), PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3), S6K1 (ribosome protein subunit 6 kinase 1) and the housekeeping gene (β-actin) were performed in a 10 μL reaction volume including 1 μM of each forward and reverse primer, 2 μL of cDNA, 2 μL of DEPC-treated water and 5 μL of SYBR Premix Ex Taq (Takara Bio Inc., Tokyo, Japan). The qPCR was carried out (Lightcycler-480I I, Roche Diagnostics GmbH, Mannheim, Germany) with the following conditions: 95 °C for 30 s, 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s and elongation at 72 °C for 30 s, followed by a melting curve analysis. The relative expression of target genes was expressed as 2−ΔΔCt, where ΔΔCt = (CtTarget – Ctβ-actin) treatment – (CtTarget – Ctβ-actin) control.




2.4. Statistical Analysis


Data were expressed as the means ± SEM. Results were statistically analyzed using a one-way ANOVA (SPSS18.0, SPSS Inc., Chicago, IL, USA). The Duncan’s multiple range test was used to compare differences among the treatment groups. A p-value of less than 0.05 was taken to indicate statistical significance.





3. Results


3.1. Free Amino Acids Profiles in Plasma


As shown in Table 1, plasma Val, Tyr and Lys levels were significantly affected by dietary insect supplementation at the end of the 1st phase of the experiment (p < 0.05). The plasma Val level in pigs fed the TM diet was higher than that fed the MDL and ZM diets (p < 0.05). Compared to the control diet, MDL and ZM had higher Lys in plasma (p < 0.05). In the 2nd phase, the result showed that dietary insect powder supplementation changed the level of Cys, Ile and Lys in the plasma, whereas Cys content in the ZM group was increased significantly compared to the control group (p < 0.05).




3.2. Free Amino Acids Profiles in the Intestinal Mucosa


In the jejunal mucosa, Cys and Lys contents were changed by the diet treatment during the 28-day experiment (p < 0.05). Compared to the control group, all of the insect powder supplementations decreased the Cys level, whereas MDL reduced the Lys level (p < 0.05). In the 2nd phase, the results showed that the contents of fifteen amino acids were reduced by the supplemented insect powder, excluding Glu and Cys (p < 0.05). Compared to control group, the reduction of the amino acids regulated by the diet treatment was in line with the trend: MDL > TM > ZM (Table 2).



Amino acids profile in the ileal mucosa was shown in Table 3. The level of amino acids was affected by insect powder supplementation in the 1st phase (p < 0.05), excluding Asp, Glu, Gly and Ala, whereas Thr, Glu and Gly were the only AAs that were unaffected by the dietary insect powder in the 2nd phase. Based on the results of both phases, we found that MDL and ZM significantly increased the level of amino acids in ileal mucosa compared to the control group (p < 0.05), while no significant change was observed in the TM group.



In the colonic mucosa, the level of amino acids was changed (p < 0.05) by the dietary insect powder supplementation on the 28th day, excluding Thr and Gly. As the result in jejunal mucosa, the capability of MDL to upregulate amino acid levels was better than that of the other two groups with insect supplementation. In the 2nd phase, the levels of Ser, Met, Met, Tyr, Phe, Lys, Arg and Pro were affected by the dietary insect powder (p < 0.05). Unlike the result in the 1st phase, the three insect powders were comparable to the deposition of these amino acids in the 2nd phase (Table 4).




3.3. Amino Acid Transporter and Sensing Gene Expression in Intestinal Mucosa


In the jejunal mucosa, the relative RNA expressions of GPRC6A and MAP4K3 were affected by dietary insect powder supplementation at the 1st phase (p < 0.05). Compared to the control group, the RNA level of GPRC6A in ZM was upregulated whereas MAP4K3 in TM group was reduced (p < 0.05). In the 2nd, mGluR, T1R3, PLCβ2, PAT2 and S6K1 expressions were regulated, as well as GPRC6A and MAP4K3 (p < 0.05). Compared to the control diet, dietary TM upregulated S6K1 gene expression, and dietary MDL downregulated GPRC6A, whereas ZM reduced the expression of PLCβ2 and GPRC6A in the mucosa (p < 0.05; Table 5).



In the ileal mucosa, no significant change was observed on the expression of amino acid transporters and the sensing gene at the 1st phase. In the 2nd phase, meal treatment changed the gene expression of TRPV1, T1R3 and PLCβ2 (p < 0.05). Compared to the control diet, supplemented MDL upregulated TRPV1, T1R3 and PLCβ2 expression (p < 0.05), but not TM or ZM (Table 6).



Similar to the results in the ileal mucosa, no significant change was observed in the colonic mucosa at the 1st phase (Table 7). However, GPRC6A and SNAT2 expression were regulated by dietary insect supplementation (p < 0.05). Compared to the control diet, supplemented TM or MDL reduced the GPRC6A expression, whereas ZM upregulated the SNAT2 expression (p < 0.05).





4. Discussion


Insect is a source of protein, of which a high quantity (30–70%) is contained in the dry material. The protein from the insect is high in essential amino acids, which are deemed to have favorable conversion efficacy [16]. In the previous study, we found that the AID of Met was increased by dietary insect powder in piglets. Met is the second limiting AAs for swine, which attend in protein synthesis and sulfur metabolism. In our current study, we hypothesized that the addition of insect powder may improve the amino acid profile by regulating their transportation in the intestine using the pig model. We sought to evaluate the effects of insect powder on the amino acids transporter and sensing gene expression of swine. Base on the results, a reduction of the Lys level in the plasma were found in pigs fed the ZM powder in the whole experiment, whereas the reducing Lys level was also observed in pigs fed the MDL powder in the 28-day phase. Lysine is the first limiting AA in pig diets based on cereal-soybean meal ingredients [17]. Free lysine is known to be used efficiently for growth and protein deposition [18]. In the profile of plasma and various intestinal segments, Val and Tyr were the other two AAs regulated by dietary insects.



To further determine amino acid transportation in the intestine, the amino acid transporter and sensing gene expression was tested. The gastrointestinal tract of animals is capable of sensing and recognizing nutrients, as well as initiating digestive, absorption and metabolic cascades. Most nutrient receptors are distributed on enteroendocrine cells. These important nutrient receptors include membrane-bound solute carriers (SLCs), G-protein-coupled receptors (GPCRs) and intracellular receptors. Amino acid transporters are cell surface receptors that directly trigger nutritional signals in response to amino acid levels. Converted into a chemical signal, amino acids cause signal transduction by changing the binding transporter or the conformation with the transport protein [19]. In the segment of intestine, the activity of protein trends to vary with growth, especially for chemosensors and transporters [20,21,22]. In this study, we examined the expression of amino acid transporters PAT1, PAT2 and y+LAT1 in the GI tract. PAT2 and its paralog, PAT1/LYAAT-1, are transporters for small amino acids such as Gly, Ala and Pro [23], whereas y+LAT1 is for alkaline and neutral amino acids such as Leu, Arg, Lys, Gln and His.



Amino acids transporters, such as PATs, LATs and SNATs, have different characteristics on the transport substrate, drivers and affinity, and are responsible for different varieties of amino acids in intestinal tissues. As a member of the phosphatidylinositol 3-kinase-related kinase family, the mammalian target of rapamycin (mTOR) integrates the input from amino acids in various tissues and regulates cell growth and protein synthesis in mTOR-S6K-4W-BP1. Proton-assisted amino acid transporter (PAT), a member of the SLC36 family, transports small amino acids (glycine, alanine and proline) [24]. Sodium-coupled neutral amino acid transporter 2 (SNAT2) shares substrates (Ala and Pro) with PAT2. Encoded by the SLC38A2 gene, mRNA and protein expression of SNAT2 was elevated by the increase of essential amino acid. It was dependent on the mTOR pathway and may be an adaptive mechanism for the increasing pressure of intracellular amino acid transportation [25]. Besides, the substrate species also affects the expression of SNAT2. The inhibitory effect of the substrate on SNAT2 is positively correlated with the substrate and SNAT2 transport Km [26]. mTORC1 and GCN2 control the sensing signaling pathway in which AAs are transported into or out of the membrane, respectively [25]. In the current study, we found that mRNA expression of SNAT2 was activated without change on GCN2 in the colon by supplemented ZM. ZM supplementation provides a change of the amino acid content and variety, as it may regulate the mRNA expression of SNAT2 through the mTOR signal pathway, resulting in AA transportation into the membrane. The determination of signaling molecules, and the mRNA and protein levels associated with the aforementioned nutrient-sensing signaling pathways in the colonic mucosa has revealed that the addition of insect powder to fodder enhanced the expression of genes related to amino acid transport and sensing, as well as the mTOR signaling pathway in colonic mucosa, indicating that the insect powder could facilitate nutrient utilization and protein metabolism.



As a chemical signal, AAs activate intracellular adenylate cyclase (AC) to produce cAMP and protein kinase A (PKA) to close the K+ channel. The reaction leads to depolarization of the cell membrane, extracellular Ca2+ influx causing an increase in intracellular free Ca2+ concentration and triggering the release of neurotransmitters [27]. Besides, extracellular signals can also bind to G-protein coupled receptors (GPCRs), and activate phospholipase C (PLC). It can hydrolyze 4,5-diphosphophosphatidylinositol (PIP2), resulting in the IP3-gated calcium channel opened on the calculus membrane, and the release of Ca2+ in turn activates TRPM5 to promote membrane depolarization.



Binding with glutamate, the metabotropic glutamate receptor (mGluR) is a member of GPCRs. GPRC6a is a protein that recognizes Arg and Lys in the gastrovascular cavity, with the highest expression in the jejunum and colon [28]. It has been hypothesized that GPRC6a requires calcium ions for amino acid sensing [29]. MAP4K3, belonging to the Ste20-related kinase family, is required for amino acids to activate S6K and induces phosphorylation of the mTOR-regulated inhibitor [1]. It is a highly conserved serine/threonine kinase that participates in interconnections between multiple signaling pathways, including the IMD, EGFR, TORC1 and JNK signaling pathways [7]. Previous studies have shown that mTORC1 can be regulated by amino acid concentrations via MAP4K3 activity [1]. In the current study, the change in gene expression of GPRC6a, MAP4K3, mGluR, PLCβ2 and S6K1 regulated by different insect powder supplementation indicated that the protein sources from an insect might regulate the amino acids file through activating GPCRs rather than SLCs in the jejunum.



The picture was different in ileal mucosa. Even the insect supplementation brought tremendous changes in the amino acids file, TRPV1 and T1R3 were the remaining sensors whose mRNA expressions were upregulated in the MDL treatment. T1R1/T1R3 recognizes aliphatic amino acids and is especially sensitive to Gln and Asp [30]. Phe, Trp and Lys were also found to upregulate the expression of T1R1/T1R3 in mouse STC-1 cells [31]. TRPV1 and T1R1/T1R3 are important amino acid sensing receptors. T1R1/T1R3 is a receptor that directly senses energy levels and amino acid concentrations. Previous studies have indicated that the knockout of genes encoding T1R1/T1R3 could directly affect the amino acid-dependent mTORC signaling process [32]. Glutamate, glucose and some artificial sweeteners are capable of activating T1R1/T1R3, which in turn activates PLCβ2 via Gg to produce DAG and IP3 [33]. IP3 triggers the release of intracellular Ca2+ by binding to IP3R3, which in turn induces Na+ influx by activating the TRPM5 channel, eventually leading to membrane depolarization and neurotransmitter release [34]. The desensitization of TRPV1 implicated various signaling pathways such as calmodulin and calcineurin, and the decrease of PIP2 [35]. Together, the change on gene expression of TRPV1 and T1R3 indicated that the dietary Musca domestica larvae powder might affect AA transportation through the T1R3-TRPV1-PIP2 signal pathway in the ileum.




5. Conclusions


Our findings showed that the use of insect powder as a protein source in feed improved amino acid transportation in the intestine through regulating the sensing gene and mTOR signal pathway in intestinal mucosa by targeting different receptors, which indicates that insect powder is a potentially promising protein source benefiting of utilization.
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Abbreviations




	AA
	Amino acid



	ADG
	Average daily gain



	Ala
	Alanine



	Arg
	Argnine



	Asp
	Aspartic acid



	BW
	Body weight



	DEPC
	Diethylpyrocarbonate



	EAAI
	Essential AA index



	FFAR3
	Free fatty acid receptor 3



	F:G
	Feed:gain



	GCN2
	General control nonderepressible 2



	Glu
	Glutamic acid



	Gly
	Glycine



	GPRC6A
	G protein coupled receptor family C group 6 member A



	His
	Histidine



	Ile
	Isoleucine



	Leu
	Leucine



	Lys
	Lysine



	MAP4K3
	Mitogen activated protein 4 kinase 3



	Met,
	Methionine;



	MDL
	Musca domestica larvae



	FFAR3
	Free fatty acid receptor 3



	mGluR
	Metabotropic glutamate receptors



	NRC
	National Research Council



	PAT1
	Proton coupled amino acid transporter 1



	PAT2
	Proton coupled amino acid transporter 2



	Phe
	Phenylalanine



	PIK3C3
	Phosphatidylinositol 3 kinase catalytic subunit type 3



	PLCβ2, Gβγ
	Mediated phospholipase C β2



	Pro
	Proline



	Y+LAT1
	L type amino acid transporter 1



	S6K1
	Ribosome protein subunit 6 kinase 1



	Ser
	Serine



	SNAT2
	Sodium dependent neutral amino acid transporter 2



	T1R3
	Taste 1 receptor member 3



	Thr
	Threonine



	TM
	Tenebrio molitor



	TRPM5
	Transient receptor potential cation channel subfamily M member 5



	TRPV1
	The transient receptor potential cation channel subfamily V member 1



	Tyr
	Tyrosine



	Val
	Valine



	ZM
	Zophobas morio







References


	



Findlay, G.M.; Yan, L.; Procter, J.; Mieulet, V.; Lamb, R.F. A MAP4 kinase related to Ste20 is a nutrient-sensitive regulator of mTOR signalling. Biochem. J. 2007, 403, 13–20. [Google Scholar] [CrossRef]

	



Bukkens, S.G.F. The nutritional value of edible insects. Ecol. Food Nutr. 1997, 36, 287–319. [Google Scholar] [CrossRef]

	



Erwin, T.L. Chapter 14: The Biodiversity Question: How Many Species of Terrestrial Arthropods Are There? In Forest Canopies; Elsevier: Amsterdam, The Netherlands, 2004; pp. 259–269. [Google Scholar]

	



Banjo, A.D.; Lawal, O.A.; Songonuga, E.A. The nutritional value of fourteen species of edible insects in southwestern Nigeria. Afr. J. Biotechnol. 2006, 5, 298–301. [Google Scholar]

	



Elorduy, J.R.; Pino, J.M.; Correa, S.C. Insectos comestibles del Estado de México y determinación de su valor nutritivo. An. Inst. Biol. Ser. Zool. 1998, 69, 65–104. [Google Scholar]

	



Yi, L.; Lakemond, C.M.; Sagis, L.; Eisner-Schadler, V.; van Huis, A.; van Boekel, M.A. Extraction and characterisation of protein fractions from five insect species. Food Chem. 2013, 141, 3341–3348. [Google Scholar] [CrossRef] [PubMed]

	



Renault, D.; Bouchereau, A.; Delettre, Y.; Hervant, F.; Vernon, P. Changes in free amino acids in Alphitobius diaperinus (Coleoptera: Tenebrionidae) during thermal and food stress. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2006, 143, 279–285. [Google Scholar] [CrossRef]

	



Van Huis, A. Potential of Insects as Food and Feed in Assuring Food Security. Annu. Rev. Èntomol. 2013, 58, 563–583. [Google Scholar] [CrossRef]

	



Ji, Y.J.; Liu, H.N.; Kong, X.F.; Blachier, F.; Geng, M.M.; Liu, Y.Y.; Yin, Y.L. Use of insect powder as a source of dietary protein in early-weaned piglets. J. Anim. Sci. 2016, 94, 111–116. [Google Scholar] [CrossRef]

	



Reeds, P.; Hutchens, T. Protein Requirements: From Nitrogen Balance to Functional Impact. J. Nutr. 1994, 124, 1754S–1764S. [Google Scholar] [CrossRef]

	



Wu, G.Y.; Morris, J.S. Arginine metabolism: Nitric oxide and beyond. Biochem. J. 1998, 336, 1–17. [Google Scholar] [CrossRef]

	



Metzler-Zebeli, B.U.; Lang, I.S.; Görs, S.; Brüssow, K.P.; Hennig, U.; Nürnberg, G.; Rehfeldt, C.; Otten, W.; Metges, C.C. High-protein–low-carbohydrate diet during pregnancy alters maternal plasma amino acid concentration and placental amino acid extraction but not fetal plasma amino acids in pigs. Br. J. Nutr. 2012, 108, 2176–2189. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, R.P. Amino acids and proteins. In Fish Nutrition; Academic Press: Cambridge, MA, USA, 2003; pp. 143–179. [Google Scholar]

	



Gallinetti, J.; Harputlugil, E.; Mitchell, J.R. Amino acid sensing in dietary-restriction-mediated longevity: Roles of signal-transducing kinases GCN2 and TOR. Biochem. J. 2013, 449, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Y.L.; McEvoy, J.; Schulze, H.; McCracken, K. Studies on cannulation method and alternative indigestible markers and the effects of food enzyme supplementation in barley-based diets on ileal and overall apparent digestibility in growing pigs. Anim. Sci. 2000, 70, 63–72. [Google Scholar] [CrossRef]

	



Veldkamp, T.; Van Duinkerken, G.; Van Huis, A.; Lakemond, C.; Ottevanger, E.; Bosch, G.; Van Boekel, T. Insects as a Sustainable Feed Ingredient in Pig and Poultry Diets: A Feasibility Study; Wageningen UR Livestock Research: Wageningen, The Netherlands, 2012. [Google Scholar]

	



National Research Council. Nutrient Requirements of Swine; The National Academies Press: Washington, DC, USA, 2012. [Google Scholar]

	



Noblet, J.; Henry, Y.; Dubois, S. Effect of Protein and Lysine Levels in the Diet on Body Gain Composition and Energy Utilization in Growing Pigs. J. Anim. Sci. 1987, 65, 717–726. [Google Scholar] [CrossRef]

	



Wilson, G.F.; Russell, C.A. Real-Time Assessment of Mental Workload Using Psychophysiological Measures and Artificial Neural Networks. Hum. Factors 2003, 45, 635–644. [Google Scholar] [CrossRef]

	



Mace, O.J.; Schindler, M.; Patel, S. The regulation of K- and L-cell activity by GLUT2 and the calcium-sensing receptor CasR in rat small intestine. J. Physiol. 2012, 590, 2917–2936. [Google Scholar] [CrossRef]

	



Geng, M.M.; Li, T.J.; Kong, X.F.; Song, X.Y.; Chu, W.Y.; Huang, R.L.; Yin, J.L.; Wu, G.Y. Reduced expression of intestinal N-acetylglutamate synthase in suckling piglets: A novel molecular mechanism for arginine as a nutritionally essential amino acid for neonates. Amino Acids 2010, 40, 1513–1522. [Google Scholar] [CrossRef]

	



Yao, K.; Guan, S.; Li, T.J.; Huang, R.L.; Wu, G.Y.; Ruan, Z.; Yin, Y.L. Dietary l-arginine supplementation enhances intestinal development and expression of vascular endothelial growth factor in weanling piglets. Br. J. Nutr. 2011, 105, 703–709. [Google Scholar] [CrossRef]

	



Rubio-Aliaga, I.; Boll, M.; Weisenhorn, D.M.V.; Foltz, M.; Kottra, G.; Daniel, H. The Proton/Amino Acid Cotransporter PAT2 Is Expressed in Neurons with a Different Subcellular Localization than Its Paralog PAT1. J. Biol. Chem. 2004, 279, 2754–2760. [Google Scholar] [CrossRef]

	



Boll, M.; Daniel, H.; Gasnier, B. The SLC36 family: Proton-coupled transporters for the absorption of selected amino acids from extracellular and intracellular proteolysis. Pflügers Archiv 2004, 447, 776–779. [Google Scholar] [CrossRef]

	



Drummond, M.J.; Glynn, E.L.; Fry, C.S.; Timmerman, K.L.; Volpi, E.; Rasmussen, B.B. An increase in essential amino acid availability upregulates amino acid transporter expression in human skeletal muscle. Am. J. Physiol. Endoc. Metab. 2010, 298, E1011–E1018. [Google Scholar] [CrossRef] [PubMed]

	



Hyde, R.; Cwiklinski, E.L.; Macaulay, K.; Taylor, P.M.; Hundal, H.S. Distinct Sensor Pathways in the Hierarchical Control of SNAT2, a Putative Amino Acid Transceptor, by Amino Acid Availability. J. Biol. Chem. 2007, 282, 19788–19798. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.C.; Wu, S.V.; Joseph, R.; Reeve, J.; Rozengurt, E. Bitter stimuli induce Ca2+ signaling and CCK release in enteroendocrine STC-1 cells: Role of L-type voltage-sensitive Ca2+ channels. Am. J. Physiol. Cell Physiol. 2006, 291, C726–C739. [Google Scholar] [CrossRef] [PubMed]

	



Clemmensen, C.; Smajilovic, S.; Wellendorph, P.; Bräuner-Osborne, H. The GPCR, class C, group 6, subtype A (GPRC6A) receptor: From cloning to physiological function. Br. J. Pharmacol. 2014, 171, 1129–1141. [Google Scholar] [CrossRef] [PubMed]

	



Oya, M.; Kitaguchi, T.; Pais, R.; Reimann, F.; Gribble, F.; Tsuboi, T. The G Protein-coupled Receptor Family C Group 6 Subtype A (GPRC6A) Receptor Is Involved in Amino Acid-induced Glucagon-like Peptide-1 Secretion from GLUTag Cells. J. Biol. Chem. 2013, 288, 4513–4521. [Google Scholar] [CrossRef] [PubMed]

	



Mace, O.; Tehan, B.; Marshall, F. Pharmacology and physiology of gastrointestinal enteroendocrine cells. Pharmacol. Res. Perspect. 2015, 3, e155. [Google Scholar] [CrossRef] [PubMed]

	



Daly, K.; Al-Rammahi, M.; Moran, A.; Marcello, M.; Ninomiya, Y.; Shirazi-Beechey, S.P. Sensing of amino acids by the gut-expressed taste receptor T1R1-T1R3 stimulates CCK secretion. Am. J. Physiol. Gastrl. L 2013, 304, G271–G282. [Google Scholar] [CrossRef] [PubMed]

	



Wauson, E.M.; Zaganjor, E.; Lee, A.Y.; Guerra, M.L.; Ghosh, A.B.; Bookout, A.L.; Chambers, C.P.; Jivan, A.; McGlynn, K.; Hutchison, M.R. The G protein-coupled taste receptor T1R1/T1R3 regulates mTORC1 and autophagy. Mol. Cell 2012, 47, 851–862. [Google Scholar] [CrossRef]

	



Wauson, E.M.; Lorente-Rodríguez, A.; Cobb, M.H. Minireview: Nutrient sensing by G protein-coupled receptors. Mol. Endocrinol. Baltim. Md. 2013, 27, 1188–1197. [Google Scholar] [CrossRef]

	



Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.; Grosse, J.; Reimann, F.; Gribble, F.M. Short-Chain Fatty Acids Stimulate Glucagon-Like Peptide-1 Secretion via the G-Protein–Coupled Receptor FFAR2. Diabetes 2012, 61, 364–371. [Google Scholar] [CrossRef]

	



Rohacs, T.; Thyagarajan, B.; Lukacs, V. Phospholipase C Mediated Modulation of TRPV1 Channels. Mol. Neurobiol. 2008, 37, 153–163. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. The effect of different insects protein on plasma free amino acids profiles in weanling pigs (nmol mL−1).






Table 1. The effect of different insects protein on plasma free amino acids profiles in weanling pigs (nmol mL−1).





	
Items

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
Asp

	
0.10

	
0.11

	
0.11

	
0.12

	
0.01

	
0.740




	
Thr

	
0.56

	
0.50

	
0.58

	
0.42

	
0.05

	
0.211




	
Ser

	
0.19

	
0.22

	
0.19

	
0.22

	
0.02

	
0.548




	
Glu

	
0.60

	
0.76

	
0.74

	
0.72

	
0.07

	
0.377




	
Gly

	
1.46

	
1.52

	
1.45

	
1.58

	
0.15

	
0.929




	
Ala

	
1.06

	
1.20

	
1.12

	
0.85

	
0.12

	
0.251




	
Cys

	
0.04

	
0.05

	
0.05

	
0.04

	
0.01

	
0.674




	
Val

	
0.32 a,b

	
0.35 a

	
0.28 b

	
0.28 b

	
0.02

	
0.042




	
Met

	
0.08

	
0.08

	
0.08

	
0.07

	
0.01

	
0.659




	
Ile

	
0.14

	
0.15

	
0.15

	
0.14

	
0.01

	
0.743




	
Leu

	
0.29

	
0.28

	
0.26

	
0.24

	
0.02

	
0.404




	
Tyr

	
0.10 a,b

	
0.06 b

	
0.14 a

	
0.14 a

	
0.02

	
0.037




	
Phe

	
0.10

	
0.10

	
0.11

	
0.10

	
0.01

	
0.757




	
Lys

	
0.27 a

	
0.23 a,b

	
0.19 b

	
0.18 b

	
0.02

	
0.047




	
His

	
0.32

	
0.37

	
0.33

	
0.36

	
0.02

	
0.854




	
Arg

	
0.24

	
0.23

	
0.23

	
0.19

	
0.02

	
0.256




	
Pro

	
0.31

	
0.32

	
0.37

	
0.32

	
0.02

	
0.189




	
Day 56




	
Asp

	
0.08

	
0.06

	
0.07

	
0.07

	
0.01

	
0.565




	
Thr

	
0.25

	
0.29

	
0.20

	
0.36

	
0.05

	
0.456




	
Ser

	
0.15

	
0.15

	
0.13

	
0.16

	
0.02

	
0.834




	
Glu

	
0.67

	
0.56

	
0.57

	
0.66

	
0.06

	
0.256




	
Gly

	
1.05

	
1.13

	
1.15

	
1.10

	
0.12

	
0.934




	
Ala

	
0.71

	
0.79

	
0.61

	
0.82

	
0.08

	
0.327




	
Cys

	
0.03 a

	
0.04 a,b

	
0.05 a,b

	
0.06 b

	
0.01

	
0.040




	
Val

	
0.23

	
0.19

	
0.24

	
0.20

	
0.02

	
0.536




	
Met

	
0.03

	
0.04

	
0.03

	
0.04

	
0.01

	
0.643




	
Ile

	
0.10 a,b

	
0.08 a,b

	
0.11 a

	
0.08 b

	
0.01

	
0.043




	
Leu

	
0.19

	
0.16

	
0.20

	
0.15

	
0.02

	
0.197




	
Tyr

	
0.07

	
0.08

	
0.08

	
0.07

	
0.01

	
0.842




	
Phe

	
0.10

	
0.10

	
0.11

	
0.10

	
0.01

	
0.923




	
Lys

	
0.19 a,b

	
0.18 a,b

	
0.24 a

	
0.12 b

	
0.02

	
0.005




	
His

	
0.09

	
0.11

	
0.09

	
0.10

	
0.01

	
0.266




	
Arg

	
0.13

	
0.12

	
0.13

	
0.09

	
0.02

	
0.156




	
Pro

	
0.23

	
0.27

	
0.21

	
0.23

	
0.02

	
0.278








1 Control, a corn-soybean basal diet; TM, control diet +5% Tenebrio molitor powder; MDL, control diet +5% Musca domestica larvae powder; ZM, control diet +5% Zophobas morio powder. a,b Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 2. The effect of different insects protein on free amino acids profiles in jejunal mucosa of weanling pigs (µmol g−1).
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Items

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
Asp

	
2.06

	
2.09

	
2.24

	
2.20

	
0.06

	
0.789




	
Thr

	
1.01

	
0.93

	
0.73

	
0.95

	
0.05

	
0.421




	
Ser

	
2.62

	
1.84

	
1.55

	
2.36

	
0.18

	
0.170




	
Glu

	
8.04

	
7.72

	
7.39

	
7.40

	
0.19

	
0.661




	
Gly

	
7.56

	
6.09

	
5.64

	
6.31

	
0.36

	
0.302




	
Ala

	
4.14

	
3.21

	
3.23

	
3.69

	
0.20

	
0.299




	
Cys

	
0.27 a

	
0.18 b

	
0.17 b

	
0.19 b

	
0.01

	
<0.001




	
Val

	
1.18 a

	
0.96 b,c

	
0.78 c

	
1.15 a,b

	
0.05

	
0.002




	
Met

	
0.58

	
0.46

	
0.44

	
0.59

	
0.03

	
0.222




	
Ile

	
0.66

	
0.50

	
0.46

	
0.66

	
0.04

	
0.113




	
Leu

	
1.59

	
1.28

	
1.15

	
1.63

	
0.09

	
0.169




	
Tyr

	
0.59 a

	
0.47 a,b

	
0.35 b

	
0.57 a

	
0.03

	
0.019




	
Phe

	
1.25

	
1.17

	
1.11

	
1.44

	
0.05

	
0.223




	
Lys

	
1.95 a

	
1.50 b,c

	
1.10 c

	
1.72 a,b

	
0.09

	
0.001




	
His

	
0.60

	
0.43

	
0.38

	
0.58

	
0.04

	
0.069




	
Arg

	
1.46

	
1.07

	
0.92

	
1.45

	
0.10

	
0.146




	
Pro

	
1.89

	
1.26

	
1.11

	
1.78

	
0.13

	
0.080




	
Day 56




	
Asp

	
2.59 a

	
1.90 b

	
2.03 b

	
2.31 a,b

	
0.09

	
0.038




	
Thr

	
1.11 a

	
0.81 b

	
0.80 b

	
0.91 a,b

	
0.04

	
0.027




	
Ser

	
2.80 a

	
1.75 c

	
1.65 c

	
2.40 b

	
0.12

	
<0.001




	
Glu

	
8.07

	
7.09

	
7.06

	
7.97

	
0.18

	
0.051




	
Gly

	
6.98 a

	
5.00 b

	
4.85 b

	
6.68 a

	
0.26

	
<0.001




	
Ala

	
3.81 a

	
2.89 b

	
2.72 b

	
3.84 a

	
0.16

	
0.002




	
Cys

	
0.20

	
0.13

	
0.15

	
0.19

	
0.01

	
0.296




	
Val

	
1.37 a

	
0.88 c

	
0.88 c

	
1.16 b

	
0.05

	
<0.001




	
Met

	
0.68 a

	
0.51 b,c

	
0.45 c

	
0.58 b

	
0.02

	
<0.001




	
Ile

	
0.74 a

	
0.52 c

	
0.52 c

	
0.64 b

	
0.03

	
<0.001




	
Leu

	
1.86 a

	
1.33 c

	
1.28 c

	
1.62 b

	
0.07

	
<0.001




	
Tyr

	
0.75 a

	
0.44 c

	
0.38 c

	
0.56 b

	
0.04

	
<0.001




	
Phe

	
1.52 a

	
1.42 a,b

	
1.25 b

	
1.49 a

	
0.04

	
0.026




	
Lys

	
2.15 a

	
1.41 c

	
1.37 c

	
1.75 b

	
0.08

	
<0.001




	
His

	
0.63 a

	
0.43 b

	
0.39 b

	
0.56 a

	
0.03

	
<0.001




	
Arg

	
1.70 a

	
1.10 c

	
1.04 c

	
1.44 b

	
0.07

	
<0.001




	
Pro

	
2.05 a

	
1.28 b

	
1.14 b

	
1.82 a

	
0.10

	
<0.001








1 Control, a corn-soybean basal diet; TM, control diet +5% Tenebrio molitor powder; MDL, control diet +5% Musca domestica larvae powder; ZM, control diet +5% Zophobas morio powder. a,b,c Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 3. The effect of different protein from insects on free amino acids profiles in ileal mucosa of weanling pigs (µmol g−1).






Table 3. The effect of different protein from insects on free amino acids profiles in ileal mucosa of weanling pigs (µmol g−1).





	
Items

	
Treatment 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
Asp

	
2.70

	
2.49

	
2.74

	
3.05

	
0.12

	
0.448




	
Thr

	
1.21 b

	
1.29 b

	
1.93 b

	
2.91 a

	
0.23

	
0.017




	
Ser

	
2.21 b,c

	
2.00 c

	
2.72 a,b

	
2.96 a

	
0.14

	
0.009




	
Glu

	
11.38

	
10.99

	
12.04

	
11.57

	
0.29

	
0.704




	
Gly

	
9.31

	
8.77

	
8.92

	
8.78

	
0.37

	
0.961




	
Ala

	
3.56

	
3.22

	
4.32

	
4.28

	
0.19

	
0.088




	
Val

	
1.11 b

	
1.07 b

	
1.40 a

	
1.57 a

	
0.07

	
0.005




	
Met

	
0.50 b

	
0.51 b

	
0.68 a

	
0.80 a

	
0.04

	
0.002




	
Ile

	
0.58 b

	
0.54 b

	
0.73 a

	
0.84 a

	
0.04

	
0.002




	
Leu

	
1.50 c

	
1.40 c

	
1.86 b

	
2.21 a

	
0.10

	
0.001




	
Tyr

	
0.62 c

	
0.60 c

	
0.77 b

	
0.89 a

	
0.04

	
0.002




	
Phe

	
1.07 b

	
0.97 b

	
1.19 b

	
1.52 a

	
0.07

	
0.005




	
Lys

	
1.58 b,c

	
1.34 c

	
1.81 b

	
2.20 a

	
0.11

	
0.002




	
His

	
0.53 b,c

	
0.49 c

	
0.63 a,b

	
0.67 a

	
0.03

	
0.020




	
Arg

	
1.30 b,c

	
1.15 c

	
1.55 a,b

	
1.81 a

	
0.09

	
0.009




	
Pro

	
1.41 a,b

	
1.10 b

	
1.59 a

	
1.67 a

	
0.09

	
0.043




	
Day 56




	
Asp

	
2.48 b,c

	
2.24 c

	
2. 80 a,b

	
2.90 a

	
0.08

	
0.003




	
Thr

	
1.82

	
1.81

	
2.38

	
2.57

	
0.15

	
0.186




	
Ser

	
2.25 c

	
2.52 c

	
3.07 b

	
3.70 a

	
0.15

	
<0.001




	
Glu

	
10.79

	
10.97

	
11.06

	
11.69

	
0.16

	
0.227




	
Gly

	
8.16

	
9.15

	
8.81

	
9.72

	
0.22

	
0.062




	
Ala

	
3.23 b

	
3.75 b

	
3.88 b

	
4.97 a

	
0.19

	
0.003




	
Val

	
1.29 c

	
1.33 b,c

	
1.59 a,b

	
1.86 a

	
0.07

	
0.001




	
Met

	
0.57 c

	
0.60 c

	
0.72 b

	
0.84 a

	
0.03

	
<0.001




	
Ile

	
0.67 b

	
0.68 b

	
0.82 a,b

	
0.95 a

	
0.04

	
0.004




	
Leu

	
1.60 b

	
1.66 b

	
1.98 b

	
2.40 a

	
0.10

	
0.003




	
Tyr

	
0.68 c

	
0.72 b,c

	
0.86 a,b

	
1.01 a

	
0.04

	
0.001




	
Phe

	
1.04 b

	
1.16 b

	
1.21 b

	
1.50 a

	
0.06

	
0.011




	
Lys

	
1.70 c

	
1.80 c

	
2.16 b

	
2.52 a

	
0.09

	
<0.001




	
His

	
0.54 b

	
0.57 b

	
0.68 a

	
0.73 a

	
0.02

	
<0.001




	
Arg

	
1.39 c

	
1.48 c

	
1.77 b

	
2.07 a

	
0.08

	
<0.001




	
Pro

	
1.32 b

	
1.35 b

	
1.97 a

	
1.79 a

	
0.08

	
0.001








1 Control, a corn-soybean basal diet; TM, control diet +5% Tenebrio molitor powder; MDL, control diet +5% Musca domestica larvae powder; ZM, control diet +5% Zophobas morio powder. a,b,c Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 4. The effect of different protein from insects on free amino acids profiles in colonic mucosa of weanling pigs (µmol g−1).
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Items

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
Asp

	
1.08 b

	
1.50 a,b

	
1.98 a

	
1.72 a

	
0.11

	
0.016




	
Thr

	
0.65

	
1.04

	
1.86

	
1.13

	
0.16

	
0.096




	
Ser

	
0.98 b

	
1.68 a

	
2.06 a

	
1.76 a

	
0.13

	
0.004




	
Glu

	
5.07 b

	
6.17 a,b

	
7.59 a

	
6.21 a,b

	
0.30

	
0.030




	
Gly

	
3.54

	
4.83

	
6.31

	
5.00

	
0.39

	
0.142




	
Ala

	
1.75 c

	
2.44 b,c

	
3.29 a

	
2.56 a,b

	
0.17

	
0.012




	
Val

	
0.66 c

	
0.99 b

	
1.30 a

	
0.90 b,c

	
0.07

	
0.004




	
Met

	
0.27 c

	
0.44 b

	
0.57 a

	
0.51 a,b

	
0.03

	
0.001




	
Ile

	
0.33 c

	
0.50 b

	
0.70 a

	
0.56 b

	
0.04

	
0.002




	
Leu

	
0.87 c

	
1.31 b

	
1.88 a

	
1.47 b

	
0.11

	
0.002




	
Tyr

	
0.28 c

	
0.49 a,b

	
0.61 a

	
0.42 b

	
0.04

	
0.004




	
Phe

	
0.68 c

	
1.01 b

	
1.46 a

	
1.25 a,b

	
0.09

	
0.002




	
Lys

	
0.60 c

	
1.06 b

	
1.34 a,b

	
1.48 a

	
0.10

	
0.001




	
His

	
0.27 c

	
0.37 b

	
0.40 b

	
0.47 a

	
0.02

	
0.001




	
Arg

	
0.48 b

	
0.87 a

	
1.14 a

	
1.04 a

	
0.08

	
0.003




	
Pro

	
0.50 c

	
0.76 b

	
0.91 b

	
1.42 a

	
0.09

	
<0.001




	
Day 56




	
Asp

	
0.90

	
0.91

	
1.06

	
0.89

	
0.04

	
0.263




	
Thr

	
0.86

	
0.93

	
0.65

	
0.66

	
0.07

	
0.344




	
Ser

	
0.92 b

	
1.27 a

	
1.01 b

	
1.16 a,b

	
0.05

	
0.024




	
Glu

	
4.58

	
4.52

	
4.83

	
4.29

	
0.13

	
0.577




	
Gly

	
2.54

	
3.13

	
2.68

	
2.64

	
0.11

	
0.248




	
Ala

	
1.60

	
1.90

	
1.66

	
1.74

	
0.06

	
0.395




	
Val

	
0.65

	
0.76

	
0.61

	
0.61

	
0.02

	
0.078




	
Met

	
0.25 b

	
0.33 a

	
0.37 a

	
0.37 a

	
0.02

	
0.004




	
Ile

	
0.32

	
0.39

	
0.41

	
0.40

	
0.02

	
0.052




	
Leu

	
0.89

	
1.10

	
1.11

	
1.07

	
0.04

	
0.108




	
Tyr

	
0.27 b

	
0.39 a

	
0.25 b

	
0.26 b

	
0.02

	
0.002




	
Phe

	
0.72 c

	
0.88 b

	
1.15 a

	
1.05 a

	
0.05

	
<0.001




	
Lys

	
0.63 b

	
0.93 a

	
0.88 a

	
0.92 a

	
0.04

	
0.009




	
His

	
0.26

	
0.32

	
0.30

	
0.28

	
0.01

	
0.146




	
Arg

	
0.48 b

	
0.69 a

	
0.63 a,b

	
0.68 a

	
0.03

	
0.029




	
Pro

	
0.51 b

	
0.68 a,b

	
0.80 a

	
0.88 a

	
0.05

	
0.007








1 Control, a corn-soybean basal diet; TM, control diet +5% Tenebrio molitor powder; MDL, control diet +5% Musca domestica larvae powder; ZM, control diet +5% Zophobas morio powder. a,b,c Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 5. mRNA expression level of the amino acid transporter and sensing gene in the jejunal mucosa.
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Items 2

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
TRPV1

	
1.00

	
0.73

	
0.87

	
0.80

	
0.08

	
0.703




	
FFAR3

	
1.00

	
1.20

	
0.54

	
0.76

	
0.16

	
0.591




	
TRPM5

	
1.00

	
2.45

	
3.07

	
5.70

	
0.83

	
0.395




	
mGluR

	
1.00

	
1.64

	
0.30

	
1.99

	
0.24

	
0.102




	
T1R1

	
1.00

	
1.78

	
1.16

	
1.22

	
0.22

	
0.559




	
T1R3

	
1.00

	
2.91

	
3.00

	
1.21

	
0.51

	
0.394




	
PLCβ2

	
1.00

	
1.10

	
0.73

	
1.00

	
0.15

	
0.908




	
GPRC6A

	
1.00 b

	
0.95 b

	
0.79 b

	
2.71 a

	
0.25

	
0.032




	
PAT1

	
1.00

	
1.71

	
1.06

	
1.97

	
0.20

	
0.320




	
PAT2

	
1.00

	
1.14

	
1.64

	
2.27

	
0.26

	
0.426




	
y+LAT1

	
1.00

	
0.77

	
0.90

	
0.88

	
0.03

	
0.195




	
SNAT2

	
1.00

	
1.08

	
2.38

	
0.45

	
0.31

	
0.320




	
GCN2

	
1.00

	
1.14

	
1.09

	
1.22

	
0.11

	
0.954




	
MAP4K3

	
1.00 a

	
0.34 b

	
1.15 a

	
0.83 a,b

	
0.12

	
0.043




	
PIK3C3

	
1.00

	
0.85

	
1.52

	
1.21

	
0.13

	
0.364




	
S6K1

	
1.00

	
1.05

	
1.16

	
1.79

	
0.13

	
0.195




	
Day 56




	
TRPV1

	
1.00

	
0.91

	
0.51

	
0.50

	
0.12

	
0.333




	
FFAR3

	
1.00

	
0.87

	
0.60

	
0.58

	
0.11

	
0.464




	
TRPM5

	
1.00

	
2.88

	
1.40

	
0.80

	
0.45

	
0.376




	
mGluR

	
1.00 a,b

	
1.49 a

	
0.52 b

	
0.27 b

	
0.18

	
0.049




	
T1R1

	
1.00

	
1.41

	
1.05

	
0.74

	
0.12

	
0.263




	
T1R3

	
1.00

	
0.39

	
0.36

	
0.44

	
0.11

	
0.092




	
PLCβ2

	
1.00 a

	
0.61 a,b

	
0.65 a,b

	
0.33 c

	
0.07

	
0.001




	
GPRC6A

	
1.00 a

	
1.09 a

	
0.40 b

	
0.35 b

	
0.11

	
0.015




	
PAT1

	
1.00

	
0.90

	
0.75

	
0.87

	
0.09

	
0.842




	
PAT2

	
1.00 a,b

	
1.63 a

	
0.39 b

	
0.36 b

	
0.17

	
0.013




	
y+LAT1

	
1.00

	
0.85

	
0.78

	
1.09

	
0.11

	
0.784




	
SNAT2

	
1.00

	
1.62

	
2.20

	
1.26

	
0.22

	
0.257




	
GCN2

	
1.00

	
2.07

	
1.19

	
0.62

	
0.21

	
0.090




	
MAP4K3

	
1.00

	
1.60

	
0.45

	
0.71

	
0.16

	
0.058




	
PIK3C3

	
1.00

	
2.19

	
0.72

	
0.79

	
0.24

	
0.104




	
S6K1

	
1.00 b

	
2.03 a

	
1.22 b

	
0.59 b

	
0.16

	
0.006








1 Control, a corn-soybean basal diet; TM, control diet +5% Tenebrio molitor powder; MDL, control diet +5% Musca domestica larvae powder; ZM, control diet +5% Zophobas morio powder. 2 TRPV1, The transient receptor potential cation channel subfamily V member 1; FFAR3, free fatty acid receptor 3; TRPM5, transient receptor potential cation channel subfamily M member 5; mGluR, metabotropic glutamate receptors; T1R1, taste 1 receptor member 1; PLCβ2, Gβγ-mediated phospholipase C β2; GPRC6A, G protein-coupled receptor family C group 6 member A; PAT1, proton-coupled amino acid transporter 1; PAT2, proton-coupled amino acid transporter 2; Y+LAT1, L-type amino acid transporter 1; SNAT2, sodium dependent neutral amino acid transporter 2; GCN2, general control nonderepressible 2; MAP4K3, mitogen-activated protein 4 kinase 3; PIK3C3, phosphatidylinositol 3-kinase catalytic subunit type 3; S6K1, ribosome protein subunit 6 kinase 1. a,b,c Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 6. The mRNA expression level of the amino acid transporter and sensing gene in the ileal mucosa.
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Items 2

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
TRPV1

	
1.00

	
0.74

	
0.74

	
0.93

	
0.10

	
0.774




	
FFAR3

	
1.00

	
2.30

	
1.46

	
2.49

	
0.29

	
0.244




	
TRPM5

	
1.00

	
0.74

	
0.75

	
1.45

	
0.12

	
0.167




	
mGluR

	
1.00

	
1.44

	
1.11

	
1.66

	
0.14

	
0.452




	
T1R3

	
1.00

	
0.72

	
1.12

	
1.10

	
0.11

	
0.581




	
PLCβ2

	
1.00

	
0.78

	
0.83

	
0.61

	
0.08

	
0.505




	
GPRC6A

	
1.00

	
1.33

	
0.99

	
1.14

	
0.09

	
0.547




	
PAT1

	
1.00

	
3.27

	
3.47

	
1.94

	
0.42

	
0.102




	
PAT2

	
1.00

	
2.31

	
3.10

	
0.66

	
0.35

	
0.067




	
Y+LAT1

	
1.00

	
1.55

	
2.71

	
2.43

	
0.32

	
0.270




	
SNAT2

	
1.00

	
1.66

	
1.22

	
1.02

	
0.13

	
0.146




	
GCN2

	
1.00

	
0.78

	
0.70

	
0.57

	
0.11

	
0.705




	
MAP4K3

	
1.00

	
0.93

	
1.01

	
0.98

	
0.12

	
0.997




	
PIK3C3

	
1.00

	
0.64

	
0.78

	
0.77

	
0.08

	
0.418




	
S6K1

	
1.00

	
0.63

	
1.24

	
0.75

	
0.12

	
0.365




	
Day 56




	
TRPV1

	
1.00 b

	
1.50 b

	
3.40 a

	
1.24 b

	
0.34

	
0.023




	
FFAR3

	
1.00

	
0.92

	
1.60

	
1.87

	
0.17

	
0.126




	
TRPM5

	
1.00

	
1.13

	
0.72

	
1.12

	
0.15

	
0.777




	
mGluR

	
1.00

	
1.03

	
1.09

	
0.74

	
0.09

	
0.541




	
T1R3

	
1.00 b

	
0.89 b

	
2.26 a

	
0.61 b

	
0.23

	
0.027




	
PLCβ2

	
1.00 a,b

	
0.55 b

	
1.34 a

	
0.50 b

	
0.12

	
0.014




	
GPRC6A

	
1.00

	
0.69

	
1.08

	
0.96

	
0.13

	
0.803




	
PAT1

	
1.00

	
2.85

	
1.21

	
2.02

	
0.28

	
0.131




	
PAT2

	
1.00

	
2.43

	
1.15

	
0.81

	
0.34

	
0.299




	
Y+LAT1

	
1.00

	
0.99

	
1.86

	
1.05

	
0.23

	
0.473




	
SNAT2

	
1.00

	
0.88

	
0.61

	
0.84

	
0.11

	
0.728




	
GCN2

	
1.00

	
0.80

	
1.13

	
0.62

	
0.12

	
0.435




	
MAP4K3

	
1.00

	
1.29

	
1.06

	
0.92

	
0.10

	
0.610




	
PIK3C3

	
1.00

	
0.86

	
1.43

	
0.89

	
0.10

	
0.174




	
S6K1

	
1.00

	
0.63

	
0.48

	
0.41

	
0.10

	
0.235








1 Control, a corn-soybean basal diet; TM, control diet + 5% Tenebrio molitor powder; MDL, control diet + 5% Musca domestica larvae powder; ZM, control diet + 5% Zophobas morio powder. 2 TRPV1, The transient receptor potential cation channel subfamily V member 1; FFAR3, free fatty acid receptor 3; TRPM5, transient receptor potential cation channel subfamily M member 5; mGluR, metabotropic glutamate receptors; T1R1, taste 1 receptor member 1; PLCβ2, Gβγ-mediated phospholipase C β2; GPRC6A, G protein-coupled receptor family C group 6 member A; PAT1, proton-coupled amino acid transporter 1; PAT2, proton-coupled amino acid transporter 2; Y+LAT1, L-type amino acid transporter 1; SNAT2, sodium dependent neutral amino acid transporter 2; GCN2, general control nonderepressible 2; MAP4K3, mitogen-activated protein 4 kinase 3; PIK3C3, phosphatidylinositol 3-kinase catalytic subunit type 3; S6K1, ribosome protein subunit 6 kinase 1. a,b Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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Table 7. The mRNA expression level of the amino acid transporter and sensing gene in the colonic mucosa.
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Items 2

	
Treatments 1

	
SEM

	
p-Value




	
Control

	
TM

	
MDL

	
ZM






	
Day 28




	
mGluR

	
1.00

	
2.60

	
2.31

	
2.21

	
0.48

	
0.759




	
PLCβ2

	
1.00

	
0.76

	
1.04

	
0.85

	
0.08

	
0.633




	
GPRC6A

	
1.00

	
4.29

	
0.42

	
4.79

	
1.08

	
0.479




	
PAT1

	
1.00

	
1.28

	
1.72

	
1.73

	
0.17

	
0.487




	
PAT2

	
1.00

	
1.49

	
1.59

	
2.35

	
0.28

	
0.549




	
SNAT2

	
1.00

	
1.61

	
0.48

	
2.89

	
0.39

	
0.322




	
GCN2

	
1.00

	
1.37

	
0.75

	
0.89

	
0.11

	
0.160




	
MAP4K3

	
1.00

	
1.54

	
1.15

	
1.56

	
0.25

	
0.854




	
PIK3C3

	
1.00

	
1.69

	
0.99

	
1.27

	
0.15

	
0.246




	
S6K1

	
1.00

	
1.06

	
0.74

	
1.12

	
0.07

	
0.362




	
Day 56




	
mGluR

	
1.00

	
0.48

	
0.67

	
0.58

	
0.10

	
0.465




	
PLCβ2

	
1.00

	
0.51

	
0.56

	
0.54

	
0.08

	
0.056




	
GPRC6A

	
1.00 a

	
0.29 b

	
0.19b

	
0.46 a,b

	
0.11

	
0.022




	
PAT1

	
1.00

	
0.87

	
0.71

	
0.93

	
0.06

	
0.349




	
PAT2

	
1.00

	
0.42

	
0.52

	
0.18

	
0.14

	
0.250




	
SNAT2

	
1.00 b

	
0.70 b

	
0.98 b

	
2.07 a

	
0.17

	
0.045




	
GCN2

	
1.00

	
0.92

	
0.66

	
0.60

	
0.10

	
0.490




	
MAP4K3

	
1.00

	
0.98

	
0.75

	
0.90

	
0.10

	
0.838




	
PIK3C3

	
1.00

	
1.21

	
1.28

	
1.13

	
0.11

	
0.835




	
S6K1

	
1.00

	
1.13

	
0.75

	
0.91

	
0.08

	
0.398








1 Control, a corn-soybean basal diet; TM, control diet + 5% Tenebrio molitor powder; MDL, control diet + 5% Musca domestica larvae powder; ZM, control diet + 5% Zophobas morio powder. 2 TRPV1, The transient receptor potential cation channel subfamily V member 1; FFAR3, free fatty acid receptor 3; TRPM5, transient receptor potential cation channel subfamily M member 5; mGluR, metabotropic glutamate receptors; T1R1, taste 1 receptor member 1; PLCβ2, Gβγ-mediated phospholipase C β2; GPRC6A, G protein-coupled receptor family C group 6 member A; PAT1, proton-coupled amino acid transporter 1; PAT2, proton-coupled amino acid transporter 2; Y+LAT1, L-type amino acid transporter 1; SNAT2, sodium dependent neutral amino acid transporter 2; GCN2, general control nonderepressible 2; MAP4K3, mitogen-activated protein 4 kinase 3; PIK3C3, phosphatidylinositol 3-kinase catalytic subunit type 3; S6K1, ribosome protein subunit 6 kinase 1. a,b Within a row, means sharing different superscript letters differ significantly (p < 0.05).
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