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Autophagy, an intracellular bulk protein degradation system in skeletal muscle, is increased under catabolic

conditions resulting in muscle atrophy. This study aimed to investigate the effects of insulin, insulin-like growth

factor (IGF)-I, and amino acids on autophagy (LC3-II content and expression of autophagy-related genes) in chick

myotubes. Chick myotubes were incubated with insulin (1 μg/ml), IGF-I (100 ng/ml), and amino acids for 3 h. The

LC3-II content, an index of autophagosome formation, and mRNA expression of LC3B and GABARAPL1 were

significantly decreased by insulin. The LC3-II content, but not mRNA expression of autophagy-related genes, was

also significantly decreased by IGF-I. The LC3-II content and LC3B mRNA level were also significantly decreased

by amino acids. The mRNA expression of atrogin-1/MAFbx, a muscle-specific ubiquitin ligase, was also signifi-

cantly decreased by insulin, IGF-I, and amino acids in chick myotubes. These results indicated that insulin, IGF-I,

and amino acids regulate autophagy as well as the ubiquitin‒proteasome proteolytic pathway in chick myotubes.
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Introduction

In skeletal muscle, protein mass is determined by the

balance between the rate of protein synthesis and that of

protein degradation. Similar to other tissues, protein deg-

radation in skeletal muscle is controlled by autophagy and

the ubiquitin‒proteasome proteolytic pathway (Masiero et

al., 2009). These proteolytic pathways are increased under

several catabolic conditions that result in muscle atrophy

(Sandri, 2010, 2013).

Macroautophagy, hereafter referred to as autophagy, is a

lysosomal protein degradation pathway in the cell and a bulk

degradative process involving protein aggregates and or-

ganelles. During autophagy, cytosolic materials, such as

protein and organelles, are enclosed by the autophagosome.

The autophagosome fuses with the lysosome, which provides

lysosomal hydrolases, to form an autolysosome (Mizushima,

2007; Tooze and Yoshimori, 2010). Autophagy provides

amino acids, which can be used for protein synthesis, energy

production, and gluconeogenesis in physiological and nutri-

tional conditions (Kuma and Mizushima, 2010). In addition,

autophagy is essential to maintain skeletal muscle mass un-

der catabolic conditions (Masiero et al., 2009; Seiliez et al.,

2010). However, the regulation of autophagy in chicken

skeletal muscle is largely unknown.

Muscle proteolysis under catabolic conditions is primarily

due to the activation of the ubiquitin‒proteasome proteolytic

pathway (Lecker et al., 2004), whereby proteins destined to

be degraded are linked to a chain of ubiquitin molecules that

target these proteins for rapid breakdown by the proteasome

(Glickman and Ciechanover, 2002). Evidence suggests that

atrogin-1, an E3 ubiquitin ligase that is also referred to as

MAFbx (muscle atrophy F-box), plays a pivotal role in

muscle atrophy (Gomes et al., 2001). Its expression is in-

creased in catabolic conditions that result in muscle atrophy

(Gomes et al., 2001). The factors and mechanisms regulat-

ing the ubiquitin‒proteasome proteolytic pathway in chicken

skeletal muscle remain poorly understood.

Insulin, insulin-like growth factor (IGF) -I, and amino

acids regulate protein synthesis and protein degradation in

skeletal muscle (Prod’homme et al., 2004; Liu et al., 2006).

They play an important role in growth and maintain anabolic

effects in animals. Insulin and IGF-I inhibit overall protein

breakdown, the degradation of myofibrillar proteins (Sacheck

et al., 2004), and the expression of muscle-specific ubiquitin

ligases (atrogin-1/MAFbx and MuRF1) (Sacheck et al.,

2004; Tesseraud et al., 2007; Dupont et al., 2008; Saneyasu

et al., 2017; Nakashima et al., 2017). Furthermore, insulin

and IGF-I inhibit autophagy in skeletal muscle and muscle
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cells (Seiliez et al., 2010; Naito et al., 2013; Suryawan and

Davis, 2014). Amino acids inhibit protein degradation by

suppressing the ubiquitin‒proteasome pathway (the expres-

sion of atrogin-1/MAFbx and MuRF1) in skeletal muscles

(Tesseraud et al., 2007; Suryawan and Davis, 2014). How-

ever, the mechanism of protein degradation inhibition by

amino acids in chicken skeletal muscle is not well under-

stood. Although autophagy is regulated by amino acids in

mammalian muscle (Naito et al., 2013; Suryawan and Davis,

2014), this effect has not been reported in chicken skeletal

muscle. Thus, although the regulatory effects of insulin,

IGF-I, and amino acids on autophagy in skeletal muscle are

well known, such effects in chicken skeletal muscle are

largely unknown. The present study investigated the effects

of insulin, IGF-I, and amino acids on the autophagy‒lyso-

some proteolytic pathway in chick myotubes.

This study demonstrated that insulin, IGF-I, and amino

acids suppress autophagy at the post-translational (LC3-II

content, an index of autophagosome formation) and tran-

scriptional levels (expression of autophagy-related genes) as

well as the ubiquitin‒proteasome proteolytic pathway (ex-

pression of atrogin-1/MAFbx) in chick myotubes.

Materials and Methods

Cell Culture

Myoblasts were isolated from the thigh muscles of 13-day-

old chick embryos (Nakashima et al., 2017). Briefly, the

muscle tissue obtained from the embryo was digested with

dispase (Gibco, Waltham, MA USA), and the cell suspension

was transferred to an uncoated culture dish to allow fibro-

blast attachment. Cells were counted and then plated onto

gelatin-coated 6-well plates (Iwaki SciTech, Yoshida-cho,

Shizuoka, Japan). Chick myoblasts were cultured in M-199

medium containing 15% calf serum and 2.5% chicken em-

bryo extract and were grown at 37℃ in a humidified atmos-

phere of 5% CO2 in air for 7 days. On day 7, the cells had

formed myotubes and were incubated for 3 h in serum-free

M-199 medium containing insulin (1 μg/ml, from porcine

pancreas: Sigma-Aldrich, St. Louis, MO, USA) or IGF-I

(100 ng/ml, R
3
-IGF-I: Sigma-Aldrich). To assess the effects

of amino acids on myotubes, they were incubated for 3 h with

amino acid-free minimum essential medium (0× amino

acids in MEM) containing Earle’s balanced salt solution and

MEM vitamin solution (Gibco) or complete MEM (1×

amino acids in MEM) containing Earle’s balanced salt solu-

tion, MEM vitamin solution (Gibco), glutamine (0.292 g/l),

MEM amino acids solution (Gibco), and non-essential amino

acids solution (Gibco).

All experimental procedures were conducted in accord-

ance with the guidelines of the Animal Care and Use Com-

mittee of the NARO Institute of Livestock and Grassland

Science.

Real-time Polymerase Chain Reaction (PCR)

Total RNA was extracted from chick myotubes using

TRIzol reagent (Invitrogen, USA) according to the manufac-

turer’s directions. Complementary DNA was synthesized

from total RNA using a random primer (TaKaRa, Shiga,

Japan) and ReverTra Ace (TOYOBO, Tokyo, Japan). The

sequences of the primers were as follows: atrogin-1/MAFbx,

forward: 5′-CCAACAACCCAGAGACCTGT-3′and reverse:

5′-GGAGCTTCACACGAACATGA-3′; microtubule-asso-

ciated protein 1 light chain 3B (LC3B), forward: 5′-TCC-

GAGATCAGCATCCAACT-3′and reverse: 5′-CACCAT-

GCTGTGTCCGTTC-3′; GABA(A) receptor-associated pro-

tein like 1 (GABARAPL1), forward: 5′-CCGACAGAGT-

CCCCGTAATT-3′and reverse: 5′-ATGGTAGCACTTGT-

GGGAGG-3′; autophagy-related 12 (ATG12), forward: 5′-

CGGAAAGGACCCCAGAGAG-3′and reverse: 5′-CTTG-

ATGAAGTCGCACAGGC-3′; cathepsin B, forward: 5′-

CAAGCTCAACACCACTGGAA-3′and reverse: 5′-TCA-

AAGGTATCCGGCAAATC-3′; glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), forward: 5′-CCTCTCTGGCAA-

AGTCCAAG-3′and reverse: 5′-CATCTGCCCATTTGAT-

GTTG-3′; 18S rRNA, forward: 5′-AAACGGCTACCACA-

TCCAAG -3′and reverse: 5′-CCTCCAATGGATCCTCG-

TTA-3′. The mRNA levels were measured by real-time PCR

analysis using a LightCycler
®
instrument (Roche Diagnos-

tics, Basel, Switzerland) and the QuantiTect SYBR Green

PCR system (Qiagen, Hilden, Germany). The level of GAPDH

or 18S rRNA was measured as an internal control.

Western Blotting

Cells were washed twice with ice-cold phosphate-

buffered saline (PBS) and lysed in RIPA lysis buffer system

(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The

lysate was centrifuged at 14,000 rpm for 5min at 4℃, and the

supernatant was collected. Total protein concentration was

estimated by bicinchoninic acid assay using a commercial kit

(Pierce, Waltham, MA, USA) with bovine serum albumin as

a standard.

Western blot analysis was conducted as previously de-

scribed (Shimamoto et al., 2016). In brief, equal amounts of

protein were separated using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and then transferred to a

nitrocellulose membrane. The membranes were blocked

with 5% skim milk in Tris-buffered saline containing 0.1%

(v/v) Tween-20 for 1 h at room temperature. Subsequently,

the blocked membranes were incubated with primary anti-

body overnight at 4℃. After incubation with primary anti-

body, the membrane was incubated with a horseradish

peroxidase-conjugated secondary antibody (GE Healthcare,

Chicago, IL, USA) for 1 h at room temperature. The bands

were visualized using Western Blotting Detection Reagent

(GE Healthcare, UK) and LAS-3000 mini (Fujifilm, Tokyo,

Japan). Relative band intensity was quantified using ImageJ

software (National Institutes of Health, USA). Antibodies

against LC3B (#2775) and actin (A2066) were purchased

from Cell Signaling Technology (USA) and Sigma-Aldrich

(USA), respectively.

Statistical Analysis

Data were analyzed using the Student’s t-test. A P value

of＜0.05 was considered to be statistically significant. Data

were expressed as means±standard deviation (SD).
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Results and Discussion

This study investigated the effects of insulin, IGF-I, and

amino acids on autophagy in chick myotubes. Insulin, IGF-

I, and amino acids increase protein synthesis and decrease

protein degradation in skeletal muscle (Liu et al., 2006).

However, the role of insulin, IGF-I, and amino acids on the

skeletal muscle proteolytic systems (autophagy‒lysosome

and ubiquitin‒proteasome proteolytic pathways) is poorly

understood in chicken skeletal muscle.

The effect of insulin on the LC3-II content, an index of

autophagosome formation, is shown in Fig. 1A. The LC3-II

content was significantly decreased in chick myotubes

incubated with insulin (1 μg/ml) for 3 h, indicating that in-

sulin suppresses autophagy in chick skeletal muscle cells.

We also examined the effect of insulin on the mRNA ex-

pression of autophagy-related genes (LC3B, GABARAPL1,

ATG12, and cathepsin B) and atrogin-1/MAFbx in chick

myotubes (Fig. 1B). The mRNA expression of LC3B and

GABARAPL1, but not ATG12 and cathepsin B was sig-

nificantly decreased by insulin, indicating that insulin sup-

presses autophagy at the transcriptional level in chick myo-

tubes. Atrogin-1/MAFbx mRNA expression was signifi-

cantly decreased by insulin, indicating that insulin suppresses

autophagy and ubiquitin‒proteasome proteolytic pathways in

chick myotubes. Autophagy plays an important role under

catabolic conditions, wherein protein aggregates and organ-

elles are degraded via the formation of autophagosomes,

which fuse with lysosomes (Mizushima, 2007; Tooze and

Yoshimori, 2010). During autophagosome formation, LC3

is lipidated, converting LC3-I to LC3-II (lipidation) (Kabeya

et al., 2000). Therefore, the LC3-II content is an index of

the autophagy. Measuring the conversion of LC3-I to LC3-

II by western blotting is considered a reliable assay to de-

termine autophagosome formation (Mizushima et al., 2010;

Naito et al., 2013).

Atrogin-1/MAFbx, a muscle-specific ubiquitin ligase, is

highly expressed in skeletal muscles undergoing atrophy, and

its expression is related to the rate of muscle protein deg-

radation and thus, muscle size. Atrogin-1/MAFbx plays a

critical role in muscle proteolysis, and the level of atrogin-

1/MAFbx gene expression is a reliable index of muscle

proteolysis (Ohtsuka et al., 2011).

The effect of IGF-I on the LC3-II content is shown in Fig.

2A. The LC3-II content was significantly decreased in chick

myotubes incubated with IGF-I (100 ng/ml) for 3 h, indi-

cating that IGF-I suppresses autophagy in chick skeletal

muscle cells. We examined the effect of IGF-I on the mRNA

expression of the above-mentioned autophagy-related genes

and atrogin-1/MAFbx in chick myotubes (Fig. 2B). The

mRNA expression of LC3B, GABARAPL1, ATG12, and

cathepsin B was not affected by IGF-I, indicating that IGF-I

had no effect on autophagy at the transcriptional level in

chick myotube within 3 h of incubation. However, atrogin-

1/MAFbx mRNA expression was significantly decreased by

IGF-I, indicating that IGF-I suppresses autophagy as well as

the ubiquitin‒proteasome proteolytic pathways in chick myo-

tubes.

Insulin and IGF-I are anabolic factors in skeletal muscle

and also regulate autophagy in skeletal muscle (Seiliez et al.,

2010; Naito et al., 2013; Suryawan and Davis, 2014). Al-

though insulin and IGF-I have a regulatory effect on auto-

phagy in skeletal muscle, their effects in chicken skeletal

muscle have not been reported. In the present study, insulin

inhibited autophagy at the transcriptional and post-trans-

lational levels in chick myotubes. In contrast, IGF-I in-

hibited autophagy at the post-translational level but not at the

transcriptional level in chick myotubes. These results

suggested that IGF-I, but not insulin, regulates autophagy at

the post-translational rather than the transcriptional level in

chicken skeletal muscle.

Although it is well known that insulin and IGF-I have a

regulatory effect on the expression of atrogin-1/MAFbx in

mammalian skeletal muscle, their effects in chicken muscle
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Fig. 1. Effects of insulin on the LC3-II content (A) and

mRNA expression of atrogin-1/MAFbx and autophagy-

related genes (LC3B, GABARAPL1, ATG12, and ca-

thepsin B) (B) in chick myotube cultures. Cells were in-

cubated for 3 h in serum-free M-199 medium with insulin (1

μg/ml). Data are expressed as the mean±SD (n＝5-6).

Values are significantly different at *P＜0.05; **P＜0.01.



cells are largely unknown. We previously reported that IGF-

I suppresses the expression of atrogin-1/MAFbx in chick

myotubes (Nakashima et al., 2017). In the present study,

insulin suppressed the mRNA expression of atrogin-1/

MAFbx in chick myotubes. Together, these findings indi-

cate that insulin and IGF-I regulate the expression of atrogin-

1/MAFbx in chicken skeletal muscle. Insulin reportedly sup-

presses atrogin-1/MAFbx expression in quail QT6 fibroblasts

(Tesseraud et al., 2007) and chicken skeletal muscle (Dupont

et al., 2008; Saneyasu et al., 2017). The results of the pre-

sent study support these previous findings and extend them

by demonstrating that insulin and IGF-I also regulate the

mRNA expression of atrogin-1/MAFbx in chick skeletal

muscle cells. The present study demonstrated that insulin

and IGF-I regulate the ubiquitin‒proteasome proteolytic

pathway as well as autophagy in chicken skeletal muscle.

The effect of amino acids on the LC3-II content is shown

in Fig. 3A. LC3-II content was significantly decreased in

chick myotubes incubated with amino acids for 3 h, indi-

cating that amino acids suppress autophagy in chick skeletal

muscle cells. In addition, we examined the effects of amino

acids on the expression of the afore-mentioned autophagy-

related genes and atrogin-1/MAFbx in chick myotubes (Fig.

3B). The mRNA expression of LC3B, but not GABARAPL1,

ATG12, and cathepsin B was significantly decreased by

amino acids, indicating that amino acids suppress autophagy

at the transcriptional level in chick myotubes. Atrogin-1/

MAFbx mRNA expression was significantly decreased by

amino acids, indicating that amino acids suppress the

ubiquitin‒proteasome proteolytic pathways in chick myo-

tubes. Amino acids have been reported to downregulate the

expression of the autophagy-related genes GABARAPL1,

LC3B, and ATG4B, but not ATG12L, of and atrogin-1/

MAFbx in rainbow trout myoblasts (Seiliez et al., 2012).
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Fig. 3. Effects of amino acids on the LC3-II content (A)

and mRNA expression of atrogin-1/MAFbx and auto-

phagy-related genes (LC3B, GABARAPL1, ATG12, and

cathepsin B) (B) in chick myotube cultures. Cells were

incubated for 3 h in 0× or 1× amino acids in serum-free

MEM. Data are expressed as the mean±SD (n＝5-6).

Values are significantly different at *P＜0.05; **P＜0.01.

Fig. 2. Effects of IGF-I on the LC3-II content (A) and

mRNA expression of atrogin-1/MAFbx and autophagy-

related genes (LC3B, GABARAPL1, ATG12, and ca-

thepsin B) (B) in chick myotube cultures. Cells were in-

cubated for 3 h in serum-free M-199 medium with IGF-I

(100 ng/ml). Data are expressed as the mean±SD (n＝6).

Values are significantly different at **P＜0.01.



This result is consistent with that of the present study. In the

present study, amino acids inhibited autophagy at the post-

translational and transcriptional levels in chicken skeletal

muscle.

Autophagy, an intracellular bulk protein degradation sys-

tem, is increased under different catabolic conditions. LC3

lipidation (post-translational lipid modification of LC3

protein) is widely used as an index of autophagy (Mizushima

et al., 2010; Naito et al., 2013). Recently, several studies

have demonstrated that autophagy is involved in the

transcriptional regulation of autophagy-related genes in the

skeletal muscle (Mammucari et al., 2007; Zhao et al., 2007;

Seiliez et al., 2010, 2012). The expression of autophagy-

related genes is regulated by forkhead box O (FOXO) tran-

scription factors such as FOXO1 and FOXO3a in skeletal

muscle (Mammucari et al., 2007; Zhao et al., 2007). There-

fore, expression induction (Mammucari et al., 2007; Zhao et

al., 2007; Seiliez et al., 2010, 2012) and lipidation of the

LC3 protein at the post-translational level (Kabeya et al.,

2000) are essential for autophagy. The transcription factors

FOXO1 and FOXO3a have been reported to regulate the

expression of autophagy-related genes, such as LC3B,

GABARAPL1, Vps34, ULk2, and ATG12 in skeletal muscle

(Mammucari et al., 2007; Zhao et al., 2007). Furthermore,

atrogin-1/MAFbx, a muscle-specific ubiquitin ligase, is

highly expressed in skeletal muscles undergoing atrophy, and

its expression is related to the rate of muscle protein

degradation and, thus, muscle size. FOXO1 and FOXO3a

also activate the transcription of atrogin-1/MAFbx in skeletal

muscle (Sandri et al., 2004). Furthermore, FOXO transcrip-

tion factors stimulate protein degradation and autophagy in

skeletal muscle (Mammucari et al., 2007; Zhao et al., 2007).

The FOXO transcription factors may be important in regu-

lating the expression of autophagy-related genes and muscle-

specific ubiquitin ligases (atrogin-1/MAFbx and MuRF1, E3

ligase in the ubiquitin‒proteasome proteolytic pathway) in

skeletal muscle.

We demonstrated for the first time that insulin, IGF-I, and

amino acids suppress autophagy at the transcriptional and

post-translational levels in primary chicken muscle cultures.

Our findings indicate that LC3, at the transcriptional and

post-translational levels, is a useful marker of autophagy in

chicken skeletal muscles. With this marker, other factors

such as hormones and nutrients that influence autophagy can

be determined, allowing the regulation of avian muscle

growth in poultry production.

Because this study was conducted using cultured chicken

cells, which do not directly represent in vivo conditions,

further investigations with the administration of insulin, IGF-

I, and amino acids in vivo will be necessary. The present

study showed that insulin, IGF-I, and amino acids suppress

the autophagy‒lysosome proteolytic pathway as well as the

ubiquitin‒proteasome proteolytic pathway in chick myo-

tubes.
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