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Glu induced mTORC1 activation in the intestinal epithelium. Glu activates 

mTORC1 through the IR/IRS/PI3K/Akt signaling pathway and promotes intestinal 

stem cell expansion. The expression of EAAT3, T1R1/T1R3, mGluR2/3, GATOR2, 

GATOR1, RagA, and v-ATPase did not change after extracellular Glu stimulation. 
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1 ABSTRACT

2 Glutamate (Glu) is a critical nutritional regulator of intestinal epithelial homeostasis. 

3 In addition, intestinal stem cells (ISCs) at crypt bases are known to play important 

4 roles in maintaining the renewal and homeostasis of the intestinal epithelium, and the 

5 aspects of communication between Glu and ISCs are still unknown. Here, we identify 

6 Glu and mammalian target of rapamycin complex 1 (mTORC1) as essential regulators 

7 of ISC expansion. The results showed that extracellular Glu promoted ISC expansion, 

8 indicated by increased intestinal organoid forming efficiency and budding efficiency 

9 as well as cell proliferation marker Ki67 immunofluorescence and differentiation 

10 marker Keratin 20 (KRT20) expression. Moreover, the insulin receptor (IR) mediating 

11 phosphorylation of the insulin receptor substrate (IRS) and downstream signaling 

12 phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway was involved in 

13 this response in ISCs. As expected, Glu-induced mTORC1 signaling activation was 

14 observed in the intestinal porcine enterocyte cell line (IPEC-J2), and Glu activated the 

15 PI3K/Akt/mTORC1 pathway. Accordingly, PI3K inhibition partially suppressed 

16 Glu-induced mTORC1 activation. In addition, Glu increased the phosphorylation 

17 levels of IR and IRS, and inhibiting IR downregulated the IRS/PI3K/Akt pathway. 

18 Collectively, our findings first indicate that extracellular Glu activates mTORC1 via 

19 the IR/IRS/PI3K/Akt pathway and stimulates ISC expansion, providing a new 

20 perspective for regulating the growth and health of the intestinal epithelium.

21
22 KEYWORDS: mTORC1, IR/IRS/PI3K/Akt, glutamate, intestinal stem cells, 
23 organoid
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24 INTRODUCTION

25 Glutamate (Glu) is one of the most abundant amino acids in dietary proteins 

26 (approximately 15-45%)1 and is notably the main contributor to intestinal energy 

27 consumption, which involves protein synthesis and oxidative energy supply.2 

28 Furthermore, as a functional amino acid, Glu extensively participates in intraluminal 

29 nutrient metabolic regulation3 and plays crucial roles in intestinal epithelial 

30 proliferation,4-5 intestinal integrity,6 animal growth performance,7 intestinal 

31 development and whole-body homeostasis in mammals.8-9 Therefore, Glu nutrition is 

32 garnering increasing attention.10

33 Intestinal stem cells (ISCs), located at the base of the crypt, are responsible for 

34 intestinal epithelial self-renewal and intestinal epithelial homeostasis throughout an 

35 organisms lifespan.11 The signaling pathways involved in the regulation of ISC 

36 activity include Wnt, bone morphogenetic protein (BMP), Notch, mammalian target 

37 of rapamycin complex 1 (mTORC1) and epidermal growth factor (EGF),12-14 and a 

38 specific microenvironment (stem cell niche) is required for ISCs to maintain their 

39 stemness and function properly.11 Therefore, culturing ISCs in vitro is challenging. 

40 ISCs generated from crypts developed into organoids in vitro by simulating the niche 

41 of ISCs in vivo.15 The ex vivo organoid models in humans and mice have been well 

42 established and widely used in fundamental research.16-17 Furthermore, porcine 

43 intestinal organoid cultivation has also been reported recently in our laboratory, and 

44 the culture system is different from those of mice and humans.18 However, the 

45 nutritional manipulation of porcine ISC expansion in vitro has yet to be illuminated. 

46 Moreover, little is known about Glu nutrition and ISCs and the underlying 

47 mechanism.
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48 In early research, mTORC1 has been demonstrated to regulate cell growth and 

49 metabolism in response to changes in amino acid levels. Of course, mTORC1 is also 

50 associated with growth factors, energy and other nutrients.19 Furthermore, previous 

51 studies have suggested that the pathway upstream of mTORC1 is complex.20 Growth 

52 factors, such as insulin and insulin-like growth factor (IGF), initiate downstream 

53 signaling through the phosphorylation of insulin receptor substrate (IRS) to activate 

54 the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/tuberous sclerosis 

55 complex (TSC) pathway and induce mTORC1 activation.21

56 However, recent studies have suggested that amino acids, particularly arginine and 

57 leucine, sense intracellular signals and transmit these signals to mTORC1 through 

58 specific receptors in the cytoplasm or lysosomal membranes in HEK293T cells.22-25 

59 Interestingly, different amino acids have distinct sensors,22, 24 and mTORC1 is 

60 activated in different manners in the presence of the same amino acid.23-24 Moreover, 

61 GAP activity toward Rags 2/1 (GATOR2/1) and RagA GTPase is required for 

62 arginine- and leucine-induced mTORC1 activation.22, 24 Therefore, the mechanism of 

63 Glu sensing in intestinal epithelial cells and the mechanism by which communication 

64 with mTORC1 governs stem cell activity has provoked our attention.

65 In our previous studies, Glu deficiency and inhibition of its major transporter 

66 (excitatory amino acid transporter 3 (EAAT3)) were shown to markedly suppress 

67 mTORC1 activity.4-5 Here, we show that porcine intestinal organoids, grown from the 

68 expansion of intestinal crypts, are a suitable ex vivo model to study intestinal cell 

69 physiology and function. In this study, we determined the effect of Glu on ISC 

70 expansion and mTORC1 activation and further investigated the underlying 

71 mechanism of Glu signaling cascades in porcine intestinal organoids and IPEC-J2 

72 cells. We demonstrated that Glu activated mTORC1 signaling via the 
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73 IR/IRS/PI3K/Akt signaling pathway. In addition, Glu promoted ISC expansion, 

74 providing new insights into the Glu nutritional regulation of intestinal growth and 

75 health.
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76 MATERIALS AND METHODS

77 Porcine crypt isolation and culture

78 Porcine intestinal crypts were isolated and cultured as described previously.18 Briefly, 

79 the jejuna of 7-day-old piglets (Landrace × Yorkshire) was opened longitudinally, 

80 washed with ice-cold Dulbecco’s phosphate-buffered saline (DPBS) and cut into 3-5 

81 mm pieces; the segment was almost immediately soaked in 30 mM 

82 ethylenediaminetetraacetic acid disodium salt (EDTA, Sigma-Aldrich, St. Louis, MO, 

83 USA) in an ice bath for 30 min. Then, the supernatant was discarded, and fresh DPBS 

84 was added; the solution was changed every 5 min until high-purity crypts were 

85 acquired.

86 Collected crypts were embedded in Matrigel (BD Biosciences, San Jose, CA，USA), 

87 seeded in a 48-well plate (Corning, Corning, NY, USA) and incubated at 37℃ for 20 

88 min. Then, complete culture medium was added, which included nearly 90% WRN 

89 (Wnt3a, noggin, and R-spondin 1) conditioned medium, 10% fetal bovine serum 

90 (FBS), 100 U/mL penicillin-100 μg/mL streptomycin, 1× N2 supplement (Invitrogen, 

91 Carlsbad, CA, USA), 1 mM N-acetylcysteine (Sigma-Aldrich), 10 mM nicotinamide 

92 (Sigma-Aldrich), 50 ng/mL recombinant murine EGF (PeproTech, Rocky Hill, NJ, 

93 USA), 10 µM Y27632 (Stemgent, Cambridge, MA, USA), 1× B27 supplement 

94 (Invitrogen), 0.5 µM LY2157299 (Selleck, Houston, TX, USA), 10 µM SB202190 

95 (Sigma-Aldrich), and 10 µM CHIR99021 (Stemgent). The crypts were cultured to 

96 obtain organoids. The organoid forming efficiency was the ratio of the organoid 

97 number to the number of crypts seeded, and the organoid budding efficiency was a 

98 ratio of the budding organoid number to the total organoid number.

99 All animal procedures were performed in accordance with the Guidelines for the Care 

100 and Use of Laboratory Animals of South China Agricultural University (Guangzhou, 
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101 China), and experiments were approved by the Animal Ethics Committee of South 

102 China Agricultural University.

103 Automated capillary Western blotting (WES)

104 WES, a new automatic protein expression quantitative analysis system for ultramicro 

105 samples, was introduced to detect the expression of proteins in intestinal organoids. 

106 All operations were performed strictly according to the user guide. In brief, after 

107 lysing the organoids in RIPA lysis buffer, the protein lysates were diluted, mixed with 

108 5× fluorescence masters and a biotinylated ladder, boiled for 5 min, and stored on ice. 

109 The lysates and other reagents were dispensed onto the assay plate. The plate was 

110 loaded into the instrument, and the WES assay protocol was configured to run 

111 automatically. The data were analyzed by Compass software 3.1 (Protein Simple, San 

112 Jose, CA, USA). The results were confirmed by 3 independent experiments with 3 

113 samples per group.

114 Cells and cell culture

115 IPEC-J2 cells, an intestinal porcine enterocyte cell line, were derived from the jejuna 

116 of newborn piglets and cultured in high-glucose Dulbecco's Modified Eagle’s 

117 Medium (DMEM, Thermo Fisher Scientific, 12800-017, Waltham, MA, USA) 

118 supplemented with 10% FBS, Gibco, 10099-141, Waltham, MA, USA) and 1% 

119 penicillin/streptomycin (Gibco, 10378016). Cultures were maintained in a humidified 

120 incubator at 37°C in 5% CO2. The medium was replaced every other day. All 

121 experiments were performed on cells at passages 8-12.

122 Cell treatment 

123 At the beginning of the treatment, IPEC-J2 cells were cultured in DMEM without 

124 FBS for 15 h and then in an amino acid-starved Hank's balanced salt solution (HBSS, 

125 Gibco, 24020117) and vitamin mixture (Sigma-Aldrich, St. Louis, MO, USA) for 4 h. 
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126 IPEC-J2 cells were incubated with 5 mM glutamate (Sigma-Aldrich) for different 

127 amounts of time (0, 10, 20, 30, 60, and 120 min) to establish the optimal treatment 

128 time. Next, the cells were divided into the control, Glu treatment, inhibitor treatment, 

129 and Glu + inhibitor treatment groups. The PI3K inhibitors wortmannin and LY294002 

130 (Selleck Chemicals, Houston, TX, USA) or the IR inhibitors GSK1838705A and 

131 linsitinib (Selleck Chemicals) were used in this study. All experiments were repeated 

132 three times.

133 Western blotting

134 IPEC-J2 cells were collected for Western blotting analysis as previously described.26 

135 Briefly, proteins were isolated from the cells, separated by 10% sodium dodecyl 

136 sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 

137 polyvinylidene difluoride (PVDF) membranes (Millipore, Burlington, MA, USA). 

138 After blocking with 5% skim milk for 1 h, the membranes were incubated with 

139 primary antibodies (1:1000 dilution) overnight at 4°C and then with secondary 

140 antibodies (1:5000 dilution) for 2 h. The proteins were visualized using a Beyo ECL 

141 Plus chemiluminescence detection kit (Beyotime Institute of Biotechnology, 

142 Shanghai, China) on a FluorChem M imaging system (Protein Simple, San Jose, CA, 

143 USA). ImageJ software (version 1.8.0 112, National Institute of Health, Bethesda, 

144 MD, USA) was used to analyze the band densities, and the results were confirmed by 

145 3 independent experiments with 3 samples per group.

146 The following antibodies were used in this study: anti-mTOR (#2972), 

147 anti-phospho-mTOR (Ser2448, #5536), anti-S6K1 (#9202), anti-phospho-S6K1 

148 (Thr389, #9205), anti-S6 (#2708), anti-phospho-S6 (Ser235/236, #9234), anti-TSC2 

149 (#4308), anti-Akt (#9272), anti-phospho-Akt (Thr308, #13038), anti-PI3K (#4257), 

150 anti-phospho-PI3K (Tyr458, #4228), anti-IRS-1 (#3407), anti-phospho-IRS-1 
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151 (Ser636, #2388), Mios (#13557), NPRL2 (#37344), and RagA (#4357) from Cell 

152 Signaling Technology (Beverly, MA, USA); p-IR (Tyr1150/1151, sc-81500) and IR 

153 (sc-57342) from Santa Cruz Biotechnology; ATP6V1B2 (ab-73404) from Abcam; 

154 and anti-β-actin (AP0060), anti-rabbit IgG (BS13278) and anti-goat IgG (BS30503) 

155 antibodies from Bioworld Technology (Louis Park, MN, USA).

156 Real-time PCR

157 The cells were collected for real-time PCR as previously described.27 mRNA 

158 abundance (n = 6) was determined by real-time PCR using a Stratagene Mx3005P 

159 qPCR system (Agilent Technologies, Santa Clara, CA, USA) and SYBR Green 

160 Real-Time PCR Master Mix (Toyobo, Osaka Prefecture, Japan). The specific primer 

161 pairs used are detailed in Table S1. Melting curve analysis was conducted to confirm 

162 the specificity of each product, and product sizes were verified using ethidium 

163 bromide-stained 1.5% agarose gels in Tris acetate-EDTA buffer. Quantitative data 

164 were obtained using the 2-ΔΔCt method. The experiments were performed in triplicate.

165 Immunofluorescence confocal microscopy

166 Organoids and cells were seeded in 48-well culture plates (Corning, #3599, New 

167 York, NY, USA) and treated as previously described.27 Then, the organoids and cells 

168 were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.3% Triton 

169 X-100 for 15 min and blocked in a protein solution (Dako, Santa Clara, CA, USA) for 

170 20 min. The primary antibodies (1:200 dilution) listed above were incubated with the 

171 organoids and cells overnight at 4℃. Cy3-conjugated secondary antibody (1:500 

172 dilution in antibody diluent; Jackson, Jackson, USA) staining was performed at room 

173 temperature for 2 h. Nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI, 

174 1:1000 dilution in PBS; Sigma-Aldrich) for 10 min at room temperature. Fluorescence 
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175 signals were observed with a Nikon A1R HD25 confocal microscope (NIS-Elements, 

176 Nikon, Melville, NY, USA). Three independent experiments were performed.

177 Statistical analysis

178 Data are presented as the mean ± SEM. The data were analyzed using SPSS software 

179 version 20.0 (SPSS Inc., Chicago, IL, USA). Variance analysis was performed with 

180 Student’s t-test or one-way analysis of variance followed by a least significant 

181 difference test. Differences between groups were considered statistically significant at 

182 P < 0.05.
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183 RESULTS

184 Glu promotes the ex vivo expansion of porcine intestinal stem cells

185 To determine the effects of Glu on porcine ISC expansion, the porcine intestinal 

186 organoid culture medium was supplemented with 2 or 5 mM Glu. The organoid 

187 forming efficiency and budding efficiency were determined on days 4 and 6, 

188 respectively. As shown in Figure 1A, crypts were viable and developed into intestinal 

189 organoids with typical crypt-villus structures; moreover, the 5 mM Glu group showed 

190 a better growth pattern than the other groups. The supplementation of either 2 mM or 

191 5 mM Glu increased (P<0.05) the intestinal organoid forming efficiencies and 

192 budding efficiencies compared with those in the control group (Figure 1B, 1C). In 

193 addition, the organoid budding efficiency of the 5 mM Glu group was greater 

194 (P<0.05) than that of the 2 mM Glu group (Figure 1C). Therefore, 5 mM Glu was 

195 chosen in the following experiments. Furthermore, the 5 mM Glu group exhibited 

196 enhanced ISC activity compared with that in the control group as determined by cell 

197 proliferation marker Ki67 staining (Figure 1D) and assessment of the differentiation 

198 marker Keratin 20 (KRT20) (Figure 1E, 1F). Taken together, these results indicated 

199 that Glu is an essential nutrient that enhances the ex vivo expansion of porcine ISCs.

200 Glu activates mTORC1 and IR/IRS/PI3K/Akt signaling in porcine organoids

201 To investigate the possible involvement of the mTORC1 and IR/IRS/PI3K/Akt 

202 signaling pathways in the ISC expansion response to Glu, organoids from the control 

203 and 5 mM Glu groups were harvested at day 6, and the levels of proteins related to 

204 these signaling pathways were determined by WES. The results in Figure 2 show that 

205 the protein levels of p-mTOR (Ser2448) and its downstream and upstream proteins 

206 p-S6K1 (Thr389), p-S6 (Ser235/236), p-IR (Tyr1150/1151), p-IRS (Ser636), p-PI3K 

207 (Tyr458) and p-Akt (Thr308) were significantly increased (P<0.05) in the 5 mM Glu 
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208 organoids, whereas the TSC2 level was obviously decreased (P<0.05). Furthermore, 

209 the organoids were subjected to immunofluorescence staining with p-mTOR 

210 (Ser2448), p-S6K1 (Thr389), p-S6 (Ser235/236), p-PI3K (Tyr458), p-Akt (Thr308) 

211 and TSC2 antibodies. The expression patterns of these proteins between groups were 

212 consistent with the WES results. These data suggest that the mTORC1 and 

213 IR/IRS/PI3K/Akt signaling pathways are involved in the ISC expansion response to 

214 Glu. To further elucidate the underlying mechanisms, we adopted IPEC-J2 for the 

215 following experiments.

216 Glu activates the mTORC1 pathway

217 To explore the mTORC1 pathway response to the Glu treatment time, IPEC-J2 cells 

218 were treated with 5 mM Glu for different amounts of time (0, 10, 20, 30, 60, and 120 

219 min). The cells were then collected for protein extraction and determination of the 

220 levels of key proteins in the mTORC1 pathway. Compared with those in the control 

221 group, the protein levels of p-mTOR (Ser2448), p-S6K1 (Thr389) and p-S6 

222 (Ser235/236) peaked at 60 min after Glu treatment (Figure 3B, 3C, P<0.05). 

223 Collectively, Glu activated the mTORC1 signaling pathway. Therefore, IPEC-J2 cells 

224 were treated with 5 mM Glu for 60 min in the following experiments.

225 Glu activates the PI3K/Akt pathway

226 To illustrate the intensive mechanism by which mTORC1 senses Glu, the levels of 

227 protein upstream of mTORC1, including p-PI3K (Tyr458), PI3K, p-Akt (Thr308), 

228 Akt, and TSC2, were analyzed. The p-PI3K (Tyr458) and p-Akt (Thr308) levels 

229 (Figure 4A, 4B) were significantly increased, and the TSC2 level (Figure 4A, 4B) was 

230 significantly decreased (P<0.05). In addition, the cell immunofluorescence staining 

231 results (Figure 4C-4H) of p-PI3K (Tyr458), p-Akt (Thr308), TSC2, p-mTOR 

232 (Ser2448), p-S6K1 (Thr389) and p-S6 (Ser235/236) were in agreement with those of 
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233 the Western blotting assay, indicating that PI3K/Akt/TSC2 signaling was associated 

234 with the Glu-induced activation of mTORC1.

235 Glu-induced mTORC1 activation is reduced by the PI3K inhibitor

236 To confirm that Glu activates mTORC1 through the PI3K/Akt signaling pathway, 

237 IPEC-J2 cells were serum- and amino acid-starved and then divided into control, Glu 

238 treatment, wortmannin treatment, wortmannin + Glu treatment, LY294002 treatment, 

239 and LY294002 + Glu treatment groups. Western blotting (Figure 4A, 4B) and 

240 immunofluorescence staining (Figure 4C-4H) showed that the p-PI3K (Tyr458), 

241 p-Akt (Thr308), p-mTOR (Ser2448), p-S6K1 (Thr389), and p-S6 (Ser235/236) levels 

242 were decreased in the wortmannin + Glu and LY294002 + Glu groups compared with 

243 those in the Glu group, and the TSC2 expression level was accordingly increased 

244 (P<0.05). Furthermore, a greater inhibitory effect was observed upon treatment with 

245 50 µM LY294002 compared to that achieved with 500 nM wortmannin under Glu 

246 treatment conditions (P<0.05). However, the PI3K inhibitor (wortmannin and 

247 LY294002) + Glu group still activated the PI3K/Akt/mTORC1 pathway compared 

248 with that observed in the inhibitor (wortmannin and LY294002) group (P<0.05). In 

249 summary, these results suggested that PI3K inhibition partially reduced the levels of 

250 Glu-induced mTORC1 activation.

251 Glu induces mTORC1 activation through the IR/IRS pathway

252 The PI3K/Akt pathway was shown to function upstream of mTORC1 signaling in 

253 Glu-induced mTORC1 activation, and we wanted to further clarify whether IR/IRS 

254 signaling is involved in this process. First, we evaluated the phosphorylation of IR 

255 and IRS. As shown in Figure 6A-B, Glu significantly increased the p-IR 

256 (Tyr1150/1151) and p-IRS (Ser636) expression levels (P<0.05). We next used two 

257 different IR inhibitors, GSK1838705A and linsitinib, to analyze the phosphorylation 
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258 of IR, IRS, PI3K, and Akt. p-IR (Tyr1150/1151), p-IRS (Ser636), p-PI3K (Tyr458), 

259 and p-Akt (Thr308) (Figure 6C, 6D) were significantly decreased in the 

260 GSK1838705A + Glu and linsitinib + Glu groups compared with those in the Glu 

261 group (P<0.05), indicating that GSK1838705A and linsitinib decreased Glu-induced 

262 IR/IRS/PI3K/Akt signaling activation. Additionally, the Glu group also activated 

263 IR/IRS/PI3K/Akt signaling compared with that observed in the inhibitor 

264 (GSK1838705A and linsitinib) alone group (P<0.05).

265 A Glu transporter, Glu receptors and GATOR2/GATOR1/Rag GTPase signaling 

266 are not linked to Glu-induced mTORC1 activation

267 To determine whether a Glu transporter and receptors are involved in Glu-induced 

268 mTORC1 activation, we determined the mRNA abundance of the Glu transporter 

269 EAAT3, and taste receptor type 1-member (T1R) 1/3 (T1R1/3) and metabotropic 

270 glutamate receptor 2/3 (mGluR2/3), possible Glu-sensing receptors, were also 

271 observed. However, the mRNA abundances of those genes did not change (Figure 

272 7A). GAP activity toward Rags 2/1 (GATOR2/1) and RagA GTPase are required for 

273 arginine- and leucine-induced mTORC1 activation. Therefore, we also determined the 

274 levels of Mios (GATOR2), NPRL2 (GATOR1), RagA, and ATP6V1B2 (v-ATPase) 

275 expression. Unexpectedly, the levels of these proteins also did not change (Figure 7B 

276 and C).
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277 DISCUSSION

278 ISCs are critical for maintaining intestinal epithelial homeostasis (a high-turnover 

279 tissue).28-29 Moreover, multiple reports have also demonstrated crucial roles of Glu in 

280 intestinal epithelial homeostasis.9-10 Organoids with organotypic properties provide an 

281 ideal platform for simulating the natural environment in vivo.30 The current study used 

282 ex vivo porcine jejunal organoids to assess the role of Glu in the regulation of ISC 

283 activity, as Glu was previously shown to accelerate ISC division and promote gut 

284 growth via the mGluR in Drosophila, it also indicates that other regulatory pathways 

285 exsit.8 We found that extracellular Glu also promoted porcine ISC expansion through 

286 IR. The insulin signaling pathway is indispensable for ISC proliferation,31 and 

287 continuously activated IR accelerates ISC expansion, indicating that IR signaling can 

288 regulate ISC activity in agreement with metabolic adaptation to nutrition.32 Increasing 

289 evidence suggests that IR activation is essential for feeding-induced ISC division and 

290 gut growth response.33 Additionally, mTORC1 also mediates ISC function,34 and as 

291 expected, our results further showed that Glu activated mTORC1 signaling in ISCs 

292 and stimulated the IR/IRS/PI3K/Akt pathway. There is evidence that the downstream 

293 mediators of insulin signaling include IRS, PI3Kinase, Akt, TSC2, and mTORC1.35 

294 Therefore, we used IPEC-J2 to confirm the relationship between the IR/IRS/PI3K/Akt 

295 pathway and mTORC1 signaling.

296 mTORC1 is a crucial regulator of many basic physiological metabolic processes, 

297 including anabolic and catabolic processes, and its dysregulation is involved in the 

298 progression of diseases.20 mTORC1 is sensitive to changes in amino acid 

299 availability.36 Unlike leucine and arginine, which have long been reported to be 

300 important for mTORC1 activation,22, 24 the mechanisms of other amino acids in 

301 mTORC1 activation remain unknown. To investigate the conditions of Glu-induced 
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302 mTORC1 activation, we screened for the optimal treatment time using the intestinal 

303 porcine enterocyte cell line IPEC-J2. In this study, we showed that Glu effectively 

304 increased mTORC1 activity within 60 min, while both arginine and leucine activated 

305 mTORC1 within only 10 min by amino acid restimulation.22, 24 Additionally, 

306 glutamine also activated mTORC1 within 60 min.37 One possible explanation for the 

307 discrepant results is that different amino acids affect mTORC1 activity to varying 

308 degrees depending on different experimental conditions.

309 PI3K is an intracellular phosphatidylinositol kinase that can be activated by a series of 

310 growth factors. Activated PI3K accelerates the phosphorylation of Akt, and PI3K/Akt 

311 signaling pathways regulate mTORC1 signaling through the TSC complex, which is a 

312 negative regulator.38 Our results are consistent with this observation. The 

313 phosphorylation of PI3K and Akt was upregulated sequentially, and the TSC2 

314 complex was downregulated by Glu treatment. Furthermore, we showed that the 

315 phosphorylation of PI3K, Akt, mTOR, S6K1, and S6 was reduced after treatment with 

316 the PI3K inhibitors wortmannin and LY294002 under Glu supplementation. These 

317 results further confirmed that Glu activates mTORC1 via the PI3K/Akt signaling 

318 pathway.

319 Further studies were conducted to elucidate the elements upstream of PI3K. The 

320 binding of a ligand to IR, a transmembrane heterotetrameric tyrosine kinase receptor, 

321 facilitates the autophosphorylation of IR tyrosine residues. Activation of the receptor 

322 leads to the recruitment of IRS-1, which activates the PI3K/Akt pathway.39 The 

323 phosphorylation of regulators upstream of PI3K, including IR and IRS, was also 

324 markedly upregulated. Moreover, we used the specific IR inhibitors GSK1838705A 

325 and linsitinib to confirm the results, and we showed that the inhibitors partially 

326 eliminated the effect of Glu-induced IR/IRS/PI3K/Akt pathway activation. Therefore, 
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327 our study demonstrated that the IR/IRS/PI3K/Akt pathway is involved in mTORC1 

328 activation after Glu stimulation. EAAT3 is considered the most important Glu 

329 transporter in the intestine and promotes glutamate transport into cells.5 In addition, 

330 EAAT3 inhibition suppresses intestinal growth.40 We hypothesized that EAAT3 

331 might be a transceptor of glutamate to activate mTORC1, but EAAT3 expression was 

332 not altered under Glu treatment in the current study. G protein-coupled receptors 

333 (GPCRs) such as T1R 1/3 can act as amino acid sensors to transmit signals to 

334 mTORC1.41-42 We determined the levels of the GPCRs T1R 1/3 and mGluR 2/3, 

335 which were not changed under Glu treatment. 

336 The sensing of amino acids and then activation of mTORC1 are complicated.43 

337 Cytoplasmic arginine, leucine and S-adenosylmethionine are sensed by CASTOR1,22 

338 Sestrin2,24, 44 and SAMTOR,45 respectively; amino acid sensing signaling through the 

339 GATOR2 and GATOR1 proteins is sequential,46 and the signal converges to the Rag 

340 GTPases. However, glutamine activates mTORC1 through Arf GTPase.37 Member 9 

341 of the solute carrier family 38 (SLC38A9) serves as a transceptor to sense lysosomal 

342 arginine level changes, directly transmitting changes in the amino acid level to Rag 

343 GTPases.47 As mentioned earlier, amino acids in the cytoplasm can initiate mTORC1 

344 activation by GATOR2/GATOR1 signaling. GATOR2 is the key hub of amino acid 

345 sensing, where amino acid signals converge upstream of Rag GTPases to regulate 

346 mTORC1 activity.44 Unfortunately, our results showed that Glu did not change the 

347 expression of Mios (a core component of GATOR2), NPRL2 (a core component of 

348 GATOR1), or RagA. In addition, v-ATPase is an evolutionally conserved proton 

349 pump that senses amino acid levels,48 and its expression is also invariable. Therefore, 

350 the GATOR2/GATOR1/Rags pathway was not required for Glu-induced mTORC1 
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351 activation. In addition, we can conclude that other mechanisms of intracellular Glu 

352 sensing and signal transmission exist.

353 In summary, our study elucidated the effects of Glu and nutrient-sensing signaling 

354 pathways on ISCs and demonstrated that the IR/IRS/PI3K/Akt pathway is involved in 

355 mTORC1 activation after Glu stimulation. Moreover, Glu was shown to further 

356 promote ISC expansion (Figure 8). These findings are potentially applicable in the 

357 study of intestinal development and health.
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Figure 1. Glu was necessary for the expansion of intestinal stem cells ex vivo. 

A-C. Glu stimulated organoid expansion. A. Organoid growth pattern, budding of 

organoids are indicated by white triangles. Scale bar: 100 μm. B. Forming efficiency 

of organoid. C. Budding efficiency of organoid. D. Representative 

immunofluorescence images of control or 5 mM Glu-treated organoids labeled with 

DAPI (blue) and a Ki67 antibody (red). Scale bar: 100 μm. E, F. The protein 

expression of KRT20 was analyzed in the intestinal organoid by WES. β-actin was 

used as a loading control. The results are representative of three independent 
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experiments and are reported as the mean ± SEM. * indicates P<0.05. In the bar 

charts, different superscript small letters indicate significant differences (P < 0.05), 

while the same letters represent no significant difference (P > 0.05). 
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Figure 2. Glu activated mTORC1 and IR/IRS/PI3K/Akt signaling in intestinal 

stem cells. A-D. The protein expression of p-IR, IR, p-IRS1, IRS1, p-PI3K, PI3K, 

p-Akt, Akt, TSC2, p-mTOR, mTOR, p-S6K1, S6K1, p-S6, and S6 was analyzed in 

the intestinal organoid by WES. The results are representative of three independent 

experiments and are reported as the mean ± SEM. * indicates P<0.05, and ** 

indicates P < 0.01. E-J. Representative immunofluorescence images of control or 5 

mM Glu-treated organoids labeled with DAPI (blue) and target protein antibodies 

(red). Scale bar: 100 μm.
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Figure 3. Glu induced mTORC1 activation. A. Experimental procedure. IPEC-J2 

cells were serum-starved for 15 h, amino acid-starved for 4 h and then treated with 5 

mM Glu for different amounts of time. B. The levels of p-mTOR, p-S6K1, and p-S6 

were analyzed by Western blotting. C. Quantification was performed by measuring 

the intensity of each band by densitometry using ImageJ software. The results are 

representative of three independent experiments and are reported as the mean ± SEM. 

In the bar charts, different superscript small letters indicate significant differences (P 

< 0.05), while the same letters represent no significant difference (P > 0.05)
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Figure 4. Glu activated the PI3K/Akt pathway. A. IPEC-J2 cells were 

serum-starved for 15 h, amino acid-starved for 4 h and then treated with 0 or 5 mM 
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Glu for 60 min. Western blotting analysis showed the effect of 5 mM Glu on the 

levels of the following PI3K/Akt signaling proteins: p-PI3K, PI3K, p-Akt, Akt, and 

TSC2. The phosphorylation of mTOR, S6K1, and S6 was analyzed. B. Quantification 

was performed by measuring the intensity of each band by densitometry using ImageJ 

software. The results are representative of three independent experiments and are 

reported as the mean ± SEM. ** indicates P < 0.01. C-H. Representative 

immunofluorescence images of 0 or 5 mM Glu-treated cells labeled with DAPI (blue) 

and target protein antibodies (red). Scale bar: 100 μm.
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Figure 5. PI3K inhibition partially reduced Glu-induced PI3K/Akt/mTORC1 

pathway activation. After starvation, the control (0.1% DMSO), Glu, wortmannin, 

LY294002, wortmannin + Glu, and LY294002 + Glu groups were treated with HBSS, 
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5 mM Glu, 500 nM wortmannin, 50 µM LY294002, 500 nM wortmannin + 5 mM 

Glu, and 50 µM LY294002 + 5 mM Glu, respectively, for 60 min. A. Western 

blotting was used to analyze the levels of p-PI3K, PI3K, p-Akt, Akt, TSC2, p-mTOR, 

mTOR, p-S6K1, S6K1, p-S6, and S6. B. Quantification was performed by measuring 

the intensity of each band by densitometry using ImageJ software. The results are 

representative of three independent experiments and are reported as the mean ± SEM. 

In the bar charts, different superscript small letters indicate significant differences (P 

< 0.05), while the same letters represent no significant difference (P > 0.05). C-H. 

Immunofluorescence staining was used to examine changes in p-PI3K, p-Akt, TSC2, 

p-mTOR, p-S6K1, and p-S6 expression under the treatment of Glu, wortmannin or 

LY294002. Control: 0 mM Glu (0.1% DMSO), Glu: 5 mM Glu, wortmannin: 500 nM 

wortmannin, LY294002: 50 µM LY294002, wortmannin + Glu: 500 nM wortmannin 

+ 5 mM Glu, and LY294002 + Glu: 50 µM LY294002 + 5 mM Glu. Scale bar: 100 

μm.
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Figure 6. The insulin receptor is involved in Glu-induced mTORC1 activation. 

A. IPEC-J2 cells were serum-starved for 15 h, amino acid-starved for 4 h and then 

treated with 0 or 5 mM Glu for 60 min. Western blotting analysis showing the effect 

of 5 mM Glu on the levels of the following IR/IRS signaling proteins: p-IR, IR, 

p-IRS1, IRS1. B. Quantification was performed by measuring the intensity of each 

band by densitometry using ImageJ software. C-D. Insulin receptor inhibitors 

depressed IR/IRS/PI3K/Akt signaling. After starvation, the control, Glu, 

GSK1838705A, GSK1838705A + Glu, linsitinib, and linsitinib + Glu groups were 

treated with HBSS, 5 mM Glu, 50 μM GSK1838705A, 50 μM GSK1838705A + 5 

mM Glu, 50 μM linsitinib, and 50 μM linsitinib + 5 mM Glu, respectively, for 60 min. 

C. Western blotting was used to analyze the expression levels of p-IR, IR, p-IRS1, 

IRS1, p-PI3K, PI3K, p-Akt, and Akt. D. Quantification was performed by measuring 

the intensity of each band by densitometry using ImageJ software. The results are 

representative of three independent experiments and are reported as the mean ± SEM. 

** indicates P< 0.01 between groups. In the bar charts, different superscript small 
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letters indicate significant differences (P < 0.05), while the same letters represent no 

significant difference (P > 0.05). Control: 0 mM Glu (0.1% DMSO), Glu: 5 mM Glu, 

GSK1838705A: 50 μM GSK1838705A, linsitinib: 50 μM linsitinib, GSK1838705A + 

Glu: 50 μM GSK1838705A + 5 mM Glu, and linsitinib + Glu: 50 μM linsitinib + 5 

mM Glu.
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Figure 7. A Glu transporter, Glu receptors and GATOR2/GATOR1/Rag GTPase 

signaling were not changed during Glu-induced mTORC1 activation. A. IPEC-J2 

cells were serum-starved for 15 h, amino acid-starved for 4 h and then treated with 0 

or 5 mM Glu for 60 min. The cells were collected to determine the mRNA abundance 

of the genes of interest using a real-time polymerase chain reaction. B. Western 

blotting was used to analyze the levels of Mios (GATOR2), NPRL2 (GATOR1), 

RagA, and ATP6V1B2 (v-ATPase). β-actin was used as a loading control. C. 

Quantification was performed by measuring the intensity of each band by 

densitometry using ImageJ software. The results are representative of three 

independent experiments and are reported as the mean ± SEM. Representative results 

of three independent experiments are shown. The bars indicate the means ± SEM.
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Figure 8. Glu induced mTORC1 activation in the intestinal epithelium. Glu 

activates mTORC1 through the IR/IRS/PI3K/Akt signaling pathway and promotes 

intestinal stem cell expansion. The expression of EAAT3, T1R1/T1R3, mGluR2/3, 

GATOR2, GATOR1, RagA, and v-ATPase did not change after extracellular Glu 

stimulation.
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