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Abstract 18 

In the present study, we show that short-term (4 h) fasting significantly decreased the 19 

levels of protein synthesis-related factors such as the plasma insulin concentration, 20 

skeletal muscle pAkt and pS6 levels in 2-week-old chickens (P < 0.05). An intravenous 21 

injection of insulin significantly elevated the contents of pAkt and p-S6 in the skeletal 22 

muscle (P < 0.05). These findings suggest that the decreasing the plasma insulin causes 23 

the downregulation of the Akt/S6 pathway in chicken skeletal muscle under short-term 24 

fasting conditions. However, protein synthesis was not significantly affected by short-25 

term fasting. In addition, no significant change was observed in the levels of proteolysis-26 

related factors such as plasma Nτ-methylhistidine, phosphorylated forkhead box class O 27 

(pFOXO-1), and muscle ring finger-1 during 4-h fasting, indicating that short term fasting 28 

does not induce skeletal muscle proteolysis in chickens. Interestingly, atrogin-1 29 

expression significantly increased after 2-h fasting (P < 0.05), and insulin injection 30 

significantly reversed the fasting-induced atrogin-1 expression in chicken skeletal muscle 31 

(P < 0.05). Collectively, these findings suggest that short-term fasting downregulates the 32 

insulin-stimulated Akt/S6 pathway but does not significantly affect protein synthesis and 33 

proteolysis in chicken skeletal muscle, and that atrogin-1 expression is upregulated in a 34 

FOXO-1-independent manners. 35 

 36 
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1. INTRODUCTION 38 

Insulin and insulin like growth factor-1 (IGF-1) are well known to play crucial roles in 39 

the stimulation of protein synthesis and inhibition of proteolysis through Akt 40 

phosphorylation in skeletal muscles [1-3]. The phosphorylated Akt (pAkt) activates its 41 

downstream mTOR/S6K1 signaling pathway and then finally induces the 42 

phosphorylation of ribosomal protein S6 (S6), which could be used as a marker of 43 

translational efficiency in mammalian muscle fibers [4]. In addition, pAkt directly 44 

phosphorylates and inactivates forkhead box class O (FOXO) which is a transcription 45 

factor of proteolysis-related genes such as atrogin-1 and muscle ring-finger protein 1 46 

(MuRF-1) [5,6]. Therefore, Akt is an insulin/IGF-1-mediated key factor of intracellular 47 

signaling in both protein synthesis and proteolysis. 48 

Lines of evidence suggest that atrogin-1 and MuRF-1 play important roles in the 49 

ubiquitin-proteasome system, which has been identified as a major proteolytic system in 50 

mammalian skeletal muscles [2,5,7]. Atrogin-1 and MuRF-1 are muscle-specific E3 51 

ubiquitin ligases, and they induce the breakdown of major myofibril proteins such as the 52 

myosin heavy and light chains [8-10]. In addition, atrogin-1 is known to be involved in 53 

the breakdown of protein synthesis-related proteins such as MyoD and eIF3-f [10,11]. 54 

These findings indicate that atrogin-1 plays an important role not only in the promotion 55 

of proteolysis, but also in the inhibition of protein synthesis in skeletal muscles [8,11]. 56 

Feeding conditions are known to affect the balance of protein synthesis and proteolysis 57 

in chicken skeletal muscle. For example, it was reported that the concentration of plasma 58 

Nτ-methylhistidine, a marker of muscle proteolysis [12,13], increased after long-term (24 59 

h) fasting in chicken [14,15]. In addition, the mRNA levels of atrogin-1 and MuRF-1 60 

increased in long-term fasted chickens [14-19]. Conversely, short-term (0.5-2 h) 61 

refeeding after long-term fasting is reported to upregulate the phosphorylation of Akt and 62 



S6 and downregulate atrogin-1 expression [14,20]. However, little is known about the 63 

changes of protein metabolism-related factors in the skeletal muscle of chicken after 64 

short-term fasting. Recent study in piglets showed that bolus feeding (over 15 min at 4 h 65 

intervals) enhanced protein synthesis and promotes greater protein deposition when 66 

compared to continuous feeding [21,22]. Therefore, to clarify how short-term fasting 67 

affect protein metabolism and its regulation mechanisms in chicken skeletal muscle will 68 

contribute to the benefit of poultry industry. 69 

In the present study, we demonstrate the effects of short-term fasting on the expression 70 

levels of protein metabolism-related factors in chicken skeletal muscle. Our results 71 

suggest that short-term fasting downregulates the insulin-stimulated Akt/S6 pathway but 72 

does not significantly affect protein synthesis and proteolysis in chicken skeletal muscle, 73 

and that atrogin-1 expression is regulated independent of the Akt/FOXO1 signaling 74 

pathway under fasting condition. 75 

 76 

2. Materials and Methods 77 

2.1 Animals and feed 78 

This animal procedure was approved by the Institutional Animal Care and Use Committee 79 

and carried out according to the Kobe University Animal Experimental Regulation. 80 

Day-old male broiler (Ross308) chicks were purchased from a local hatchery (Ishii 81 

Poultry Farming Cooperative Association, Tokushima, Japan). They were given free 82 

access to water and a commercial chicken starter diet (23.5% crude protein and 3,050 83 

kcal/kg, Nippon Formula Feed Mfg. Co. Ltd., Kanagawa, Japan).  84 

 85 

2.2 Sampling and preparation 86 

2.2.1 Short-term fasting 87 



Male broiler chicks, 14-d-old, were each weighed and allocated to three cages based on 88 

the body weight (six birds in each cage). After 0, 2 or 4 h of fasting, body weights were 89 

measured, and chicks were euthanized by decapitation. The blood was collected from the 90 

carotid artery. The plasma was separated immediately by centrifugation at 3,000 × g for 91 

10 min at 4°C. As previous reports [14,15], the plasma insulin concentration was 92 

measured using a commercial kit (Rat Insulin ELISA KIT (TMB), Shibayagi, Gunma, 93 

Japan) according to the procedure provided by the supplier. We confirmed that the data 94 

obtained using this Rat insulin kit was strongly correlated (r = 0.71) to those obtained 95 

using the commercial Chicken insulin ELISA kit (MyBiosource, San Diego, CA, USA). 96 

and The plasma Nτ-methylhistidine concentration was measured using HPLC [15,23]. 97 

The pectoralis major muscle was also excised and immediately frozen in liquid nitrogen 98 

and stored at -80°C until real-time PCR and western blot analysis. 99 

2.2.2 Measurement of protein synthesis 100 

Protein synthesis was measured using puromycin as described in previous study [24]. 101 

Briefly, male broiler chicks, 13-d-old, were divided to two groups based on body weight 102 

(five birds in each group). On the next day, one group was maintained as ad libitum 103 

feeding condition and the other group was deprived of food for 3.75 h. The body weights 104 

were measured, and the chicks were intravenously injected with puromycin (20 nmol/g 105 

body). At exactly 15 min after the injection, the chicks were euthanized by decapitation 106 

and the pectoralis major muscle was excised for western blot analysis. 107 

2.2.3 Insulin injection 108 

Male broiler chicks, 14-d-old, were each weighed and allocated to two cages based on 109 

body weight (five birds in each cage). Both groups were deprived of food for 3.75 h. The 110 

body weights were measured, and the food-deprived chicks were intravenously injected 111 

with porcine insulin (0 or 35 µg/kg body). The chicks were euthanized by decapitation 112 

--



15, 30 or 60 min after the injection and the pectoralis major muscle was excised for further 113 

analysis.  114 

 115 

2.3 Real-time PCR analysis 116 

Total RNA was extracted from the muscle using Sepazol-RNA I (Nacalai Tesque, Inc., 117 

Kyoto, Japan). First-strand cDNA was synthesized from total RNA using ReverTra Ace® 118 

qPCR RT Kit (Toyobo Co. Ltd, Osaka, Japan). mRNA levels were quantified for each 119 

primer (Table 1) in an Applied Biosystems 7300 Real-Time PCR System (Applied 120 

Biosystems, Foster City, CA, USA), and SYBR Premix Ex Taq II (Tli RNaseH Plus; 121 

Takara Bio Inc., Otsu, Japan) according to the supplier’s recommendations. Expression 122 

levels of the target genes were normalized to those of the ribosomal protein S17 (RPS17). 123 

 124 

2.4 Western blot analysis 125 

Frozen muscles samples were ultrasonicated in a lysis buffer as described in a previous 126 

report [20]. Homogenates were centrifuged at 17,900 × g for 15 min at 4°C, and 127 

supernatants were stored at -80°C. Protein concentrations were determined by the Lowry 128 

method [25]. Muscle lysates were subjected to sodium dodecyl sulfate-polyacrylamide 129 

gel electrophoresis (SDS-PAGE) and Western blotting using the HorizeBlot (ATTO Co., 130 

Tokyo, Japan) according to the supplier’s recommendations. Bands were measured by 131 

Chemi-Lumi one Super (Nacalai Tesque, Inc., Kyoto, Japan), visualized with the 132 

Lumicube (Liponics Inc., Tokyo, Japan), and quantified using CS Analyzer (ATTO Co., 133 

Tokyo, Japan). Anti-Akt (#9272), anti-p-Akt (S473) (#9271), anti-S6 (#2217), anti-p-S6 134 

(S240/244) (#5364), anti-FOXO1 (#9454), anti-p-FOXO1 (S256) (#9461), anti-β-actin 135 

(#4967), and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (#7074) were 136 

purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-puromycin 137 



(MABE343) and HRP-conjugated anit-mouse IgG (sc-2005) were purchased from EMD 138 

Millipore (Temecula, CA, USA) and Santa Cruz Biotechnology (Dallas, TX, USA), 139 

respectively. Anti-β-actin was used as a loading control. 140 

 141 

2.5 Statistical analysis 142 

Dunnett’s test or Student’s t-test was performed to analyze the difference among the 143 

groups. All statistical analyses were performed using Excel 2013 (Microsoft, USA) with 144 

Statcel 3 add-in software (OMS, Tokyo, Japan). 145 

 146 

3. Results and Discussion 147 

Previous studies in chickens have shown that short-term (4 and 6 h) fasting significantly 148 

decreased the plasma insulin concentration [26,27]. In this study, 2-h fasting significantly 149 

decreased the plasma insulin concentrations (Fig. 1A). The contents of pAkt and pS6 150 

significantly decreased after 2- and 4-h fasting, respectively (Fig. 1E and 1F). In contrast, 151 

expression levels of IGF, IGF-1 receptor, and insulin receptor did not significantly change 152 

in the skeletal muscle throughout the experimental period (Fig. 1B, C, and D). These 153 

results suggest that short-term fasting downregulates the plasma insulin-stimulated 154 

Akt/S6 pathway in chicken skeletal muscle. 155 

We next measured the protein synthesis in the skeletal muscles of short-term fasted 156 

chickens (Fig 2), because short-term fasting downregulated the insulin/Akt/S6 pathway, 157 

a major pathway for protein synthesis. However, no significant change was observed in 158 

the protein synthesis of chicken skeletal muscle after 4 h-fasting, although that decreased 159 

to approximately 87% in 4 h-fasted chickens. Furthermore, we have investigated the 160 

levels of proteolysis-related factors in the skeletal muscle of short-term fasted chickens. 161 

Atrogin-1 mRNA levels were significantly increased by short-term fasting in chicken 162 



skeletal muscle (Fig. 3C), in consistent with results of previous studies in long-term 163 

fasting chickens [14,15,19]. In addition, FOXO1 phosphorylation was significantly 164 

decreased after 4 h-fasting (Fig. 3B). However, no significant change was observed in 165 

plasma Nτ-methylhistidine concentrations, mRNA levels of FOXO1 and MuRF-1, and 166 

pFOXO1 content (Fig. 3A, B, D, and E). Thus, the results of present study provide a first 167 

evidence that a minimum of 4 h of fasting does not significantly impair protein synthesis 168 

and does not enhance proteolysis in chicken skeletal muscle. Recent study in pigs showed 169 

that bolus feeding promotes greater protein deposition, compared to continuous feeding 170 

[21,22]. Therefore, the present results also raise the possibility that 4 h-interval feeding 171 

is a useful program to improve growth performance of poultry.  172 

No significant change was observed in the levels of FOXO1 mRNA and pFOXO1 protein 173 

in chicken muscle during the experimental period (Fig. 3A and B). However, total FOXO1 174 

protein content was tended to be increased after 4 h-fasting when analyzed using the 175 

Student’s t-test (P = 0.058), and FOXO1 phosphorylation significantly decreased after 4 176 

h-fasting (Fig. 3B). Although the reason why total FOXO1 protein content increased in 177 

the muscle after 4 h-fasting remains unclear, it is possible that degradation of FOXO1 178 

protein might be decreased by fasting. Previous in vitro studies reported that FOXO1 was 179 

degraded by the murine double minute 2 (MDM2) via an ubiquitin-proteasome system 180 

[28] and Akt phosphorylated MDM2, increased its stability, and induced its nuclear 181 

translocation [29,30]. It is therefore possibly that short-term fasting may inhibit FOXO1 182 

degradation in chicken skeletal muscle. 183 

As short-term fasting affects expression levels of protein synthesis-related factors and 184 

atrogin-1 (Fig. 1 and 3C), we hypothesized that insulin injection could recover the 185 

changes in the levels of them. In the preliminary studies, an intravenous injection of 186 

insulin at 3.5 µg/kg body weight did not affects the phosphorylation of Akt in the skeletal 187 



muscles (data not shown). Therefore, we injected insulin at 35 µg/kg body weight and 188 

observed that insulin significantly increased pAkt and pS6 levels 15 and 30 (Fig. 4) min 189 

after the injection, similar to a previous study in long-term fasted chickens [20]. These 190 

findings suggest that insulin plays a major role in the activation of the protein synthesis 191 

pathway in chicken skeletal muscle under feeding conditions. 192 

Atrogin-1 mRNA level significantly decreased 60 min after insulin injection (Fig. 5B), 193 

whereas p-FOXO1 contents significantly increased 30 and 60 min after insulin injection 194 

(Fig. 5A). As shown in Fig 3B and C, short-term fasting significantly increased atrogin-195 

1 expression but not pFOXO1 content and FOXO1 phosphorylation after 2 h-fasting. A 196 

previous study in chickens reported that 24-h fasting did not significantly changed 197 

FOXO1 phosphorylation although atrogin-1 expression increased in chicken 198 

gastrocnemius muscle, whereas refeeding significantly elevated FOXO1 phosphorylation 199 

and decreased atrogin-1 expression [14]. These findings suggest that the elevation of 200 

plasma insulin reduces the fasting-induced increase of atrogin-1 expression via the 201 

Akt/FOXO1 pathway in chicken muscle, whereas atrogin-1 expression induced by the 202 

decrease in plasma insulin occurs via a different process. 203 

Previous in vitro studies using C2C12 myotubes have demonstrated that mTOR inhibitor 204 

rapamycin blocked the IGF-1-induced inhibition of atrogin-1 expression independently 205 

of FOXO [31], suggesting that atrogin-1 expression is regulated via not only Akt/FOXO 206 

but also Akt/mTOR pathway. In addition, a transcription factor Smad3 is reported to 207 

induce atrogin-1 but not MuRF-1 expression and inhibit mTOR signaling in transient 208 

transgenic mouse skeletal muscles [32]. The present study showed that short-term fasting 209 

downregulated Akt/S6 pathway (Fig. 1C and D) and upregulated atrogin-1 expression 210 

without changing p-FOXO1 content and FOXO1 phosphorylation (Fig. 3B and C) in 211 

chicken skeletal muscle. Therefore, it is possible that Akt/mTOR and/or Smad is required 212 



for the increase in atrogin-1 expression during short-term fasting in chickens. Further 213 

studies are required to elucidate the Akt/FOXO1-independent mechanism underlying 214 

atrogin-1 expression in chicken skeletal muscle. 215 

 216 

4. Conclusion 217 

The present data demonstrated that the insulin/Akt/S6 signaling pathway, a major 218 

pathway for protein synthesis, is sharply downregulated in chicken skeletal muscle in 219 

response to a short-term fasting. However, the protein synthesis was not significantly 220 

decreased in the skeletal muscle of short-term fasted chickens. In addition, the skeletal 221 

muscle proteolysis does not appear to be increased by short-term fasting. Interestingly, 222 

short-term fasting upregulated atrogin-1 expression without affecting pFOXO1 level in 223 

chicken skeletal muscle, whereas the decrease in atrogin-1 expression accompanied the 224 

increase in pFOXO1 content after insulin injection. Collectively, these findings provide 225 

the evidence that insulin is a critical regulator of the Akt/S6 pathway in chicken skeletal 226 

muscle under feeding conditions, and suggest that atrogin-1 transcription might be 227 

regulated by different pathway in response to feeding states. 228 

 229 

Acknowledgement 230 

This work was supported by JSPS KAKENHI Grant Number 15K18770. 231 

 232 

References 233 

[1] Glass DJ. Skeletal muscle hypertrophy and atrophy signaling pathways. Int J 234 

Biochem Cell Biol 2005;37:1974-84. 235 

[2] Sandri M. Signaling in muscle atrophy and hypertrophy. Physiology 2008;23:160-70. 236 

[3] Tesseraud S, Métayer S, Duchêne S, Bigot K, Grizard J, Dupont J. Regulation of 237 



protein metabolism by insulin: value of different approaches and animal models. 238 

Domest Anim Endocrinol 2007;33:123-42. 239 

[4] Goodman CA, Kotecki JA, Jacobs BL, Hornberger TA. Muscle fiber type-dependent 240 

differences in the regulation of protein synthesis. PLos ONE 2012;7:e37890 241 

[5] Gumucio JP, Mendias CL. Atrogin-1, MurF-1, and sarcopenia. Endocrine 242 

2013;43:12-21. 243 

[6] Sanchez AMJ, Candau RB, Bernardi H. FoxO transcription factors: their roles in the 244 

maintenance of skeletal muscle homeostasis. Cell Mol Life Sci 2014;71:1657-71. 245 

[7] Lecker SH, Solomon V, Mitch WE, Goldberg AL. Muscle protein breakdown and the 246 

critical role of the ubiquitin-proteasome pathway in normal and disease state. J Nutr 247 

1999;129:227S-37S 248 

[8] Glass DJ. Signaling pathways perturbing muscle mass. Curr Opin Clin Nutr Metab 249 

Care 2010;13:225-9. 250 

[9] Lokireddy S, McFarlane C, Ge X, Zhang H, Sze SK, Sharma M, Kambadur R. 251 

Myostatin induces degradation of sarcomeric proteins through a Smad3 signaling 252 

mechanism during skeletal muscle wasting. Mol Endocrinol 2011;25:1936-49.  253 

[10] Sandri M. Protein breakdown in muscle wasting: Role of autophagy-lysosome and 254 

ubiquitin-proteasome. Int J Biochem Cell Biol 2013;45:2121-9. 255 

[11] Attaix D, Baracos VE. MAFbx/Atrogin-1 expression is a poor index of muscle 256 

proteolysis. Curr Opin Clin Nutr Metab Care 2010;13:223-4. 257 

[12] Long CL, Harverberg LN, Young VR, Kinney JM, Munro HN, Geiger JW. 258 

Metabolism of 3-Methylhistidine in man. Metabolism 1975;24:929-35. 259 

[13] Young VR, Alexis SD, Baliga BS, Munro HN, Muecke W. Metabolism of 260 

administered 3-methylhistidine. Lack of muscle transfer ribonucleic acid charging 261 

and quantitative excretion as 3-methylhistidine and its N-acetyl derivative. J Biol 262 



Chem 1972;247:3592-600. 263 

[14] Nakashima K, Yakabe Y, Yamazaki M, Abe H. Effects of fasting and refeeding on 264 

expression of atrogin-1 and Akt/FOXO signaling pathway in skeletal muscle of 265 

chicks. Biosci Biotech Biochem 2006.;70:2775-8. 266 

[15] Saneyasu T, Kimura S, Inui M, Yoshimoto Y, Honda K, Kamisoyama H. Differences 267 

in the expression of genes involved in skeletal muscle proteolysis between broiler 268 

and layer chicks during food deprivation. Comp Biochem Physiol B Biochem Mol 269 

Biol 2015;186:36-42 270 

[16] Li QH, Li JX, Lan H, Wang N, Hu XX, Chen L, Li N. Effects of fasting and refeeding 271 

on expression of MAFbx and MuRF1 in chick skeletal muscle. Sci China Life Sci 272 

2011;54:904-7. 273 

[17] Nakashima K, Ishida A. Response of atrogin-1/MAFbx expression in various skeletal 274 

muscles to fasting in broiler chickens. J Poult Sci 2015;52:217-20. 275 

[18] Nakashima K, Ishida A. Effects of fasting and refeeding on expression of atrogin-276 

1/MAFbx in cardiac muscle of broiler chickens. J Poult Sci 2015;52:318-22. 277 

[19] Ohtsuka A, Kawatomi N, Nakashima K, Araki T, Hayashi K. Gene expression of 278 

muscle-specific ubiquitin ligase, atrogin-1/MAFbx, positively correlates with 279 

skeletal muscle proteolysis in food-deprived broiler chickens. J Poult Sci 2011;48:92-280 

6. 281 

[20] Duchêne S, Metayer S, Audouin E, Bigot K, Dupont J, Tesseraud S. Refeeding and 282 

insulin activate the Akt/p70S6 kinase pathway without affecting IRS1 tyrosine 283 

phosphorylation in chicken muscle. Domest Anim Endocrinol 2008;3:1-13. 284 

[21] Davis TA, Fiorotto ML, Suryawan A. Bolus versus continuous feeding to optimize 285 

anabolism in neonates. Curr Opin Clin Nutr Metab Care 2015:18:102-8 286 

[22] El-Kadi SW, Suryawan A, Gazzaneo MC, Srivastava N, Orellana RA, Nguyen HV, 287 



Lobley GE, Davis TA. Anabolic signaling and protein deposition are enhanced by 288 

intermittent compared with continuous feeding in skeletal muscle of neonates. Am J 289 

Physiol Endocrinol Metab 2012:302:E674-86 290 

[23] Yamaoka I, Mikura M, Nishimura M, Doi M, Kawano Y, Nakayama M. Enhancement 291 

of myofibrillar proteolysis following infusion of amino acid mixture correlates 292 

positively with elevation of core body temperature in rats. J Nutr Sci Vitaminol 293 

(Tokyo) 2008;54:467-74. 294 

[24] Goodman CA, Mabrey DM, Frey JW, Miu MH, Schmidt EK, Pierre P, Hornberger 295 

TA. Novel insights into the regulation of skeletal muscle protein synthesis as revealed 296 

by a new nonradioactive in vivo technique. FASEB J 2011: 25:1028-1039. 297 

[25] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the folin 298 

phenol reagent. J Biol Chem 1951;193:265-75. 299 

[26] Krestel-Rickert DH, Baile CA, Buonomo FC. Changes in insulin, glucose and GH 300 

concentrations in fed chickens. Physiol Behav 1986;37:361-63. 301 

[27] Christensen K, McMurtry JP, Thaxton YV, Thaxton JP, Corzo A, McDaniel C, Scanes 302 

CG. Metabolic and hormonal responses of growing modern meat-type chickens to 303 

fasting. Br Poult Sci 2013;54:199-205. 304 

[28] Fu W, Ma Q, Chen L, Li P, Zhang M, Ramamoorthy S, Nawaz Z, Shimojima T, Wang 305 

H, Yang Y, Shen Z, Zhang Y, Zhang X, Nicosia SV, Zhang Y, Pledger JW, Chen J, 306 

Bai W. MDM2 acts downstream of p53 as an E3 ligase to promote FOXO 307 

ubiquitination and degradation. J Biol Chem 2009:284:13987-4000. 308 

[29] Feng J, Tamaskovic R, Yang Z, Brazil DP, Merlo A, Hess D, Hemmings BA. 309 

Stabilization of Mdm2 via decreased ubiquitination is mediated by protein kinase 310 

B/Akt-dependent phosphorylation. J Biol Chem 2004:279:35510-7. 311 

[30] Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, Hung MC. HER-2/neu induces p53 312 



ubiquitination via Akt-mediated MDM2 phosphorylation. Nat Cell Biol 2001:3:973-313 

82 314 

[31] Latres E, Amini AR, Amini AA, Griffiths J, Martin FJ, Wei Y, Lin HC, Yancopoulos 315 

GD, Glass DJ. Insulin-like growth factor-1 (IGF-1) inversely regulates atrophy-316 

induced genes via the phosphatidylinositol 3-kinase/Akt/mammalian target of 317 

rapamycin (PI3K/Akt/mTOR) pathway. J Biol Chem 2005;280:2737-44. 318 

[32] Goodman CA, McNally RM, Hoffmann FM, Hornberger TA. Smad3 induces 319 

atrogin-1, inhibits mTOR and protein synthesis, and promotes muscle atrophy in vivo. 320 

Mol Endocrinol 2013:27:1946-57 321 

[33] Saneyasu T, Inui M, Kimura S, Yoshimoto Y, Tsuchii N, Shindo H, Honda K, 322 

Kamisoyama H. The IGF-1/Akt/S6 signaling pathway is age-dependently 323 

downregulated in chicken breast muscle. J Poult Sci 2016;53:213-9. 324 

 325 

 326 



Table 1. Primer sequences used for real-time PCR analysis 327 

Gene name Forward primer Reverse primer Accession number 

Atrogin-1 5’-cac ctt ggg aga agc ctt caa-3’ 5’-ccg gga gtc cag gat agc a-3’ NM_001030956 

FOXO1 5’-tct ggt cag gag gga aat gg-3’ 5’-gct tgc agg cca ctt tga g-3’ NM_204328 

IGF-1 5’-gct gcc ggc cca gaa-3’ 5’-acg aac tga aga gca tca acc a-3’ NM_001004384 

IGF-1 receptor 5’-gga gaa ttt cat ggg tct gat tg-3’ 5’-cat ggg aat ggc gaa tct tc-3’ NM_205032 

Insulin receptor 5’-cgg aac tgc atg gtt gca-3’ 5’-gat atc tct ggt cat gcc gaa gt-3’ XM_001233398 

MuRF-1 5’-tgg aga aga ttg agc aag gct at-3’ 5’-gcg agg tgc tca aga ctg act-3’ XM_424369 

RPS17 5’-gcg ggt gat cat cga gaa gt-3’ 5’-gcg ctt gtt ggt gtg aag t-3’ NM_204217 

FOXO, forkhead box class O; IGF-1, insulin-like growth factor-1; MuRF-1, muscle ring-finger protein 1; RPS17, ribosomal protein S17. 328 

The primers of atrogin-1, FOXO1, IGF-1, MuRF-1, and RPS17 were used in previous study [33] 329 

 330 



Legends 331 

Figure 1. Effects of short term fasting on levels of protein synthesis-related factors 332 

in chicken skeletal muscles. Data are expressed as mean ± SEM of six birds in each 333 

group. The Dunnett’s test was used to analyze differences. *, significant with respect to 0 334 

h group (P < 0.05). 335 

 336 

Figure 2. Effects of short term fasting on protein synthesis in chicken skeletal 337 

muscles. Data are expressed as mean ± SEM of five birds in each group. The Student’s t-338 

test was used to analyze differences. 339 

 340 

Figure 3. Effects of short term fasting on levels of proteolysis-related factors in 341 

chicken skeletal muscles. Data are expressed as mean ± SEM of six birds in each group. 342 

The Dunnett’s test was used to analyze differences. *, significant with respect to 0 h group 343 

(P < 0.05). 344 

 345 

Figure 4. Effects of insulin injection on phosphorylated Akt and S6 contents in 346 

chicken skeletal muscles. Fourteen-d-old chicks were intravenously injected with 0 or 347 

35 µg/kg body of porcine insulin after 3.75 h of food deprivation. The pectoralis major 348 

muscle of the chicks were excised 15 or 30 min after injection. Data are expressed as 349 

mean ± SEM of five birds in each group. Student’s t-test was used to analyze differences. 350 

*, significant with respect to saline injection group (P < 0.05).  351 

 352 

Figure 5. Effects of insulin injection on phosphorylated FOXO1 contents and 353 

atrogin-1 expression in chicken skeletal muscles. Fourteen-d-old chicks were 354 

intravenously injected with 0 or 35 µg/kg body of porcine insulin after 3.75 h of food 355 



deprivation. The pectoralis major muscle of the chicks were excised 15, 30, or 60 min 356 

after injection. Data are expressed as mean ± SEM of five birds in each group. Student’s 357 

t-test was used to analyze differences. *, significant with respect to saline injection group 358 

(P < 0.05)359 
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Figure 2 
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  Figure 3 

A FOXOlmRNA C Atrogin-1 mRNA 
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Figure 4 
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