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The IGF-1/Akt/S6 Signaling Pathway is Age-Dependently

Downregulated in the Chicken Breast Muscle
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The skeletal muscle mass is known to be controlled by the balance between protein synthesis and degradation.

The fractional rate of protein synthesis has been reported to decrease age-dependently from 1 to 4 weeks of age in the

chicken breast muscle (pectoralis major muscle). On the other hand, age-dependent change of the fractional protein

degradation rate was reported to be less in the skeletal muscle of chickens. These findings suggest that protein syn-

thesis is age-dependently downregulated in chicken muscle. We herein investigated the age-dependent changes in

protein synthesis or proteolysis-related factors in the breast muscle of 7, 14, 28, and 49-day old broiler chickens.

IGF-1 mRNA level, phosphorylation rate of Akt, and phospho-S6 content were coordinately decreased in an age-

dependent manner, suggesting that IGF-1-stimulated protein synthesis is downregulated with age in chicken breast

muscle. In contrast, atrogin-1, one of the proteolysis-related factors, gradually increased with age at mRNA levels.

However, plasma N
τ
-methylhistidine concentration, an indicator of skeletal muscle proteolysis, did not coordinately

change with atrogin-1 mRNA levels. Taken together, our results suggest that the IGF-1/Akt/S6 signaling pathway is

age-dependently downregulated in the chicken breast muscle.
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Introduction

The skeletal muscle mass is controlled by the balance

between protein synthesis and degradation. When the rate of

protein synthesis exceeds that of protein degradation, skeletal

muscle mass increases. Insulin and insulin like growth

factor-1 (IGF-1) are important positive regulators in protein

synthesis (Glass, 2005; Tesseraud et al., 2007; Sandri, 2008;

Schiaffino et al., 2013). They induce phosphorylation of

ribosomal protein S6 (S6), which is a critical event in protein

translation (Shah et al., 2000), through phosphorylation of

Akt. In contrast, myostatin is known to inhibit the IGF-

1/Akt signaling pathway (Gumucio and Mendias, 2013).

The degradation of skeletal muscle protein is regulated by

a cascade of proteolytic events. Apoptotic caspase-3 and

Ca
2+
-dependent calpains are involved especially in an initial

step of myofibrillar proteolysis (Baltoli and Richard, 2005;

Goll et al., 1992; Du et al., 2004), and the resulting partially-

degraded myofibrillar protein is further broken down by the

ubiquitin-proteasome system (Glass, 2005; Sandri, 2013;

Schiaffino et al., 2013). This system contributes to approxi-

mately 90% of proteolysis in a cell (Neel et al., 2013), and is

upregulated by myostatin through forkhead box class O

(FOXO)-induced transcription of ubiquitin ligases, such as

atrogin-1 and muscle ring-finger protein 1 (MuRF-1) (Glass,

2005; Gumucio and Mendias, 2013; Lokireddy et al., 2011;

Sanchez et al., 2014; Sandri, 2008, 2013; Sandri et al.,

2004; Schiaffino et al., 2013). As a result of myofibrillar

protein degradation, N
τ
-methylhistidine, which is neither

broken down nor reused for protein synthesis after pro-

teolysis (Young et al., 1972; Long et al., 1975), is released.

Broiler chickens have been genetically selected to improve

the performance of meat production, and genetic selection

has led to high growth rate, feed efficiency, and meat

(especially breast muscle) yield (Arthur and Albers, 2003).

Although the important selection traits change according to

production and market trends, growth rate has consistently

been the prime selection trait because of its large impact on

total meat production cost (Arthur and Albers, 2003).

However, growth rate was reported to decrease with age in

chickens (Kang et al., 1985; Reiprich et al., 1995), sug-

gesting that the regulation of protein turnover changes with
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age in chicken skeletal muscle. For example, fractional rates

of protein synthesis have been shown to decrease in chicken

breast muscle during the period of 1-4 weeks of age, but the

fractional protein degradation rate changed little to none

during the same period (Kang et al., 1985; Tesseraud et al.,

1996). These findings suggest that the protein synthetic sys-

tem is age-dependently downregulated, whereas the proteo-

lytic system changes little with age. Thus, fully understand-

ing the molecular mechanisms that underlie the age-

dependent change in the regulation of protein synthesis and

degradation in the chicken skeletal muscle will provide a new

strategy for improving broiler performance.

In an effort to understand this change in protein synthesis

and degradation, we investigated the mRNA and protein

levels of protein metabolism-related factors in the breast

muscle of 7 to 49 day-old broiler chickens. Our results

showed that IGF-1 mRNA levels, phosphorylation rate of

Akt, and phospho-S6 protein contents were coordinately de-

creased with age, suggesting that the IGF-1/Akt/S6 signaling

pathway is age-dependently downregulated in the chicken

breast muscle.

Materials and Methods

Animals and Sampling

Day-old male broiler (chunky) chicks were purchased

from a local hatchery (Ishii Poultry Farming Cooperative

Association, Tokushima, Japan). During the experimental

period, they were given free access to water and a com-

mercial chicken starter diet (23.5% crude protein and 3,050

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

Japan). At 7, 14, 28, and 49 days of age, six chickens were

randomly selected, and their body weights were measured.

The chickens were then sacrificed by decapitation, and their

blood was collected. Ethylenediaminetetraacetic acid was

used as an anticoagulant. Plasma was separated immediately

by centrifugation at 3,000×g for 10min at 4℃, then frozen

using liquid nitrogen and stored at−80℃ for analysis. The

left breast muscle (pectoralis major muscle) was dissected,

immediately frozen in liquid nitrogen, and then stored at

−80℃ for real-time PCR and western blot analysis. The

right breast muscles were also excised and weighed. This

animal experiment was approved by the Institutional Animal

Care and Use Committee and carried out according to the

Kobe University Animal Experimental Regulation.

Plasma Insulin and N
τ
-methylhistidine

Plasma insulin concentration was measured using a

commercial kit (Rat Insulin ELISA KIT (TMB), Shibayagi,

Gunma, Japan). To determine plasma N
τ
-methylhistidine

concentration, 200 μL plasma samples were mixed with 68

μL of 20% sulfosalicylic acid and centrifuged at 8,000×g for

5min at 4℃. The supernatants were freeze-dried and dis-

solved in 100 μL of 50mmol/L SDS/acetonitrile/phosphoric

acid (610:390:3). N
τ
-methylhistidine levels were measured

by high-performance liquid chromatography as previously

described (Yamaoka et al., 2008)

Real-time PCR Analysis

The expression pattern of calpain isozymes is largely dif-

ferent between mammals and chickens (Baltoli and Richard,

2005; Lee et al., 2007; Sorimachi et al., 1995). For exam-

ple, m-calpain, a major isozyme in mammalian skeletal mus-

cle, is transcribed from the gene but not translated to protein

in chickens (Lee et al., 2007). Mu/m-calpain, which has no

counterpart in mammals, is a major isozyme in all chicken

tissues (Lee et al., 2007). We therefore investigated the

mRNA levels of μ/m-calpain.

Total RNA was extracted from the muscles using Sepazol-

RNA I (Nacalai Tesque, Inc., Kyoto, Japan). First-strand

cDNA was synthesized from 5 μg of DNase I (Ambion Inc.,

Austin, TX, USA)-treated total RNA using ReverTra Ace
®

qPCR RT Kit (Toyobo Co. Ltd, Osaka, Japan). mRNA

levels were quantified using each primer (Table 1), Applied

Biosystems 7300 Real-Time PCR System (Applied Bio-

systems, Foster City, CA, USA), and THUNDERBIRD
TM

SYBR qPCR
®
Mix (Toyobo Co. Ltd, Osaka, Japan) accord-

ing to the supplier’s recommendations. The expression

levels of target genes were normalized to those of ribosomal

protein S17 (RPS17).

Western Blot Analysis

Western blot analysis was performed as previously

described (Ibuki et al., 2014; Saneyasu et al., 2015). Anti-p-

S6 (S235/236) (#2211), anti-Akt (#9272), anti-p-Akt (S473)

(#9271), and horseradish peroxidase-conjugated anti-rabbit

IgG (#7074) were purchased from Cell Signaling Tech-

nology (Beverly, MA, USA). As a loading control, anti-
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Table 1. Primer sequences used for real-time PCR analysis

Gene name Forward primer Reverse primer Product size (bp) Accession number

Atrogin-1 5′-cac ctt ggg aga agc ctt caa-3′ 5′-ccg gga gtc cag gat agc a-3′ 58 NM_001030956

Caspase 3 5′-gga aca cgc cag gaa act tg-3′ 5′-tct gcc act ctg cga ttt aca-3′ 64 AF083029

FOXO1 5′-tct ggt cag gag gga aat gg-3′ 5′-gct tgc agg cca ctt tga g-3′ 60 NM_204328

FOXO3 5′-ggg aag agc tcc tgg at-3′ 5′-ggg cgc ctt gcc aac t-3′ 57 XM_001234495

IGF-1 5′-gct gcc ggc cca gaa-3′ 5′-acg aac tga aga gca tca acc a-3′ 56 NM_001004384

MuRF-1 5′-tgg aga ttg agc aag gct at-3′ 5′-gcg agg tgc tca aga ctg act-3′ 64 XM_424369

Myostatin 5′-atg cag atc gcg gtt gat c-3′ 5′-gcg ttc tct gtg ggc tga ct-3′ 59 NM_001001461

μ/m-Calpain 5′-cac aca agg agg ccg act tc-3′ 5′-tcc gct gtg tct gac tgc tt-3′ 61 NM_205303

RPS17 5′-gcg ggt gat cat cga gaa gt-3′ 5′-gcg ctt gtt ggt gtg aag t-3′ 61 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.



vinculin (V4139) was purchased from Sigma-Aldrich Co.

LLC (St. Louis, MO, USA). After the detection of bands,

membranes were rinsed with Restore
TM

Plus Western Blot

Stripping Buffer (Thermo Fisher Scientific Inc., Rockford,

IL, USA), and used for reprobing with proper antibodies.

Statistical Analysis

Data were analyzed using the Tukey-Kramer method. All

statistical analyses were performed using the commercial

package (StatView version 5, SAS Institute, Cary, NC, USA,

1998).

Results

The results of body weight, breast muscle weight, and

plasma concentrations of insulin and N
τ
-methylhistidine are

shown in Table 2. Body and breast muscle weight signifi-

cantly increased with age. The concentrations of plasma N
τ
-

methylhistidine were significantly higher at 49 days of age

than at 28 days of age. In contrast, no significant change was

observed in plasma insulin concentration during the experi-

mental period.

Figure 1 shows the changes of mRNA and protein levels

involved in protein synthesis in the chicken breast muscle.

The IGF-1 mRNA level was markedly decreased from 7 to

14 days old. Also, phosphorylation of Akt and protein con-

tents of phosphorylated S6 (p-S6) were age-dependently de-

creased. In contrast, no significant change was observed in

the myostatin mRNA level (Fig. 2).

Figures 3 and 4 show the effects of age on expression of

genes involved in skeletal muscle proteolysis. The mRNA

level of FOXO1 was significantly higher at 49 days old than

at 14 days old. Atrogin-1 expression was also increased at

49 days of age, compared to 28 days of age. In contrast, no

significant changes were observed in the mRNA levels of

caspase-3, μ/m-calpain, FOXO3, or MuRF-1.

Discussion

Previous studies have shown that the fractional rate of

protein synthesis decreases with age in skeletal muscle in

both mammals (Davis et al., 1989, 2009) and chickens

(Kang et al., 1985; Maeda et al., 1984; Tesseraud et al.,

1996). For example, Kang et al. (1985) reported that the

fractional synthesis rate in the breast muscle decreased by

more than 50% between 1- and 2-week old chickens, and

then continued to slowly decrease. In addition, IGF-1 pro-

teins and phosphorylation of Akt were previously reported to

be higher in the pectoralis major muscle in 7-day old broiler

chickens than in 43-day old broiler chickens (Vaudin et al.,

2006). These finding suggest that muscle protein synthesis is

downregulated with age, especially from 1 to 2 weeks of age.

However, there have been no report on the age-dependent

change in the IGF-1 induced protein synthetic pathway. In

the present study, we found that the mRNA levels of IGF-1

markedly decreased from 7 to 14 days of age in the breast

muscle of chickens (Fig. 1). In addition, Akt phosphoryla-

tion and the p-S6 content decreased with corresponding

decreased IGF-1 mRNA levels (Fig. 1). Thus, our results

provide the first evidence that the skeletal muscle IGF-

1/Akt/S6 signaling pathway is age-dependently downregu-

lated in the breast muscle of commercial broiler chickens.

In addition to its production in the skeletal muscle, IGF-1

is known to be produced in the liver and secreted to the

bloodstream in chickens. Therefore, it is possible that

plasma IGF-1 influences phosphorylation of Akt and S6 in

this study. However, there is evidence that plasma IGF-1

concentration increases with growth in chickens (Goddard et

al., 1988; McGuinness et al., 1990; Radecki et al., 1997), in

contrast to the age-dependent decreasing phosphorylation of

Akt and S6 in our study (Fig. 1). All these findings suggest

that plasma IGF-1 cannot cause age-dependent downregula-

tion of the Akt/S6 signaling pathway.

The Akt/S6 signaling pathway was also activated by in-

sulin in chicken skeletal muscle (Tesseraud et al., 2007).

However, we observed no significant change in the plasma

insulin concentration (Table 2), in contrast to the values of p-

Akt/Akt and p-S6/vinculin in the breast muscle (Fig. 1).

Therefore, insulin might not be the cause of the age-

dependent downregulation of protein synthesis in the chicken

breast muscle.

Myostatin negatively regulates protein synthesis through

the inhibition of Akt phosphorylation and positively reg-

ulates proteolysis through the promotion of atrogin-1 tran-

scription in mammalian skeletal muscle (Glass, 2005;

Gumucio and Mendias, 2013; Lokireddy et al., 2011; Sandri,

2008; Schiaffino et al., 2013). However, in our study, myo-

statin expression did not significantly change during the

experimental period (Fig. 2), even though the phosphoryla-
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Table 2. Changes in body weight, breast muscle weight, and plasma concentrations of insulin and N
τ
-

methylhistidine in chickens

Days of age

7 14 28 49

Body weight (g) 150 .8±6 .8
a

521 .7±21 .6
b

1862 .5±34 .3
c

4124 .0±77 .4
d

Right breast muscle (g) 6 .2±0 .4
a

36 .9±1 .9
b

185 .9±3 .2
c

503 .5±20 .1
d

Plasma insulin (ng/ml) 1 . 90±0 .37 1 .47±0 .38 1 .34±0 .21 0 .87±0 .19

Plasma N
τ
-methylhistidine (nmol/ml) 22 .55±2 .27

ab
19 .08±1 .96

ab
15 .74±1 .55

a
28 .36±4 .26

b

Values are means±SEM of six chickens in each group. Data were analyzed by the Tukey-Kramer method. Groups with

different letters were significantly different (P＜0.05).



tion of Akt and the mRNA levels of atrogin-1 significantly

changed with age (Fig. 1 and 4). Therefore, it seems likely

that myostatin is not involved in the age-dependent down-

regulation of protein synthesis in chickens. We previously

showed that myostatin expression was significantly sup-

pressed by fasting in chickens, whereas atrogin-1 expression

was significantly induced (Saneyasu et al., 2015). Similar

results were reported concerning myostatin (Guernec et al.,

2004) and atrogin-1 (Ohtsuka et al., 2011) in broiler chick-

ens. It is therefore possible that myostatin is not involved in

the upregulation of atrogin-1 expression in the chicken skel-

etal muscle.

Atrogin-1 is one of the key regulators related to skeletal

muscle proteolysis (Glass, 2005; Schiaffino et al., 2013). A

recent study revealed that atrogin-1 interacts with myosin

heavy chain (MyHC) and myosin light chain (MyLC)

(Lokireddy et al., 2011). In our study, the mRNA levels of

atrogin-1 were gradually increased with age (Fig. 4). Simi-

lar to this result, Suryawan and Davis (2014) found that

atrogin-1 protein contents in porcine skeletal muscle were

significantly higher at 26 days of age than at 5 days of age.

However, we found that plasma N
τ
-methylhistidine concen-

tration was not increased age-dependently (Table 2). In

addition, the mRNA levels of other proteolysis-related fac-

tors such as protease (caspase 3 and μ/m-calpain), ubiquitin

ligase MuRF-1, and transcription factor FOXO3 did not

show significant changes throughout the experimental period

(Fig. 3 and 4). These results are in agreement with the pre-

vious studies (Kang et al., 1985; Tesseraud et al., 1996): the

fractional rate of protein degradation changed little during

the period of 1 to 6 weeks of age in the chicken breast

muscle. Although the FOXO1 mRNA level was signifi-

cantly lower at 14 days of age than 49 days of age, this did

not show an age-dependent manner. Thus, it is possible that

the age-dependent increase of atrogin-1 expression was not

sufficient to upregulate proteolysis in the chicken breast

muscle.

Transcription of atrogin-1 and MuRF-1 are both promoted

by FOXOs (Sanchez et al., 2014; Sandri, 2008; Sandri et al.,

2004; Schiaffino et al., 2013). However, we found that the

mRNA levels of atrogin-1 and MuRF-1 showed different

changes (Fig. 4). Similar results were reported in the mam-

malian study: the abundance of atrogin-1 but not MuRF-1
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Fig. 1. Changes in the IGF-1 mRNA level, phosphory-

lation of Akt, and protein content of phosphorylated S6

in the chicken breast muscle. Values are means±SEM of

six chickens in each group. Data were analyzed by the

Tukey-Kramer method was performed. Groups with differ-

ent letters were significantly different (P＜0.05).

Fig. 2. Change in the myostatin mRNA level in the

chicken breast muscle. Values are means±SEM of six

chickens in each group. Data were analyzed by the Tukey-

Kramer method was performed.
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Fig. 3. Changes in the mRNA levels of caspase-3 and μ/m-calpain

in the chicken breast muscle. Values are means±SEM of six chickens

in each group. Data were analyzed by the Tukey-Kramer method was

performed.

Fig. 4. Changes in the mRNA levels of FOXO1, FOXO3, atrogin-1,

and MuRF-1 in the chicken breast muscle. Values are means±SEM

of six chickens in each group. Data were analyzed by the Tukey-

Kramer method was performed. Groups with different letters were sig-

nificantly different (P＜0.05).



was significantly changed with age in porcine skeletal mus-

cle (Suryawan and Davis, 2014). Although the reason why

mRNA levels of atrogin-1 and MuRF-1 changed differently

remains unclear, several studies reported that the transcrip-

tional control of atrogin-1 and MuRF-1 was different in some

cases (Foletta et al., 2011; Frost et al., 2007; Yoshida et al.,

2010; Mourkioti et al., 2006; Cai et al., 2004; Carson and

Baltgalvis, 2010). For example, interleukin-6 (Yoshida et

al., 2010) and angiotensin II (Carson and Baltgalvis, 2010)

increase the mRNA level of atorgin-1 but not MuRF-1. Fur-

ther studies are needed to clarify the difference in the

transcription regulation between atrogin-1 and MuRF-1 in

chickens.

In summary, we investigated the gene expression and

protein levels of protein metabolism-related factors in the

breast muscle of chickens. The coordinately age-dependent

decreases were observed in the mRNA and protein levels of

the IGF-1/Akt/S6 signaling pathway. These results suggest

that the IGF-1/Akt/S6 signaling pathway is age-dependently

downregulated in chicken breast muscle.
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