Original Paper
Ann Nutr Metab 2006;50:476–481
DOI: 10.1159/000095354

Received: November 24, 2005
Accepted: May 8, 2006
Published online: August 24, 2006

Actions of Short-Term Fasting on Human
Skeletal Muscle Myogenic and Atrogenic
Gene Expression
A.E. Larsen a R.J. Tunstall a K.A. Carey a G. Nicholas b R. Kambadur b
T.C. Crowe a D. Cameron-Smith a
a
b

School of Exercise and Nutrition Sciences, Deakin University, Burwood, Australia, and
Functional Muscle Genomics, AgResearch, Ruakura Research Centre, Hamilton, New Zealand

© Free Author
Copy - for personal use only
ANY DISTRIBUTION OF THIS
ARTICLE WITHOUT WRITTEN
CONSENT FROM S. KARGER
AG, BASEL IS A VIOLATION
OF THE COPYRIGHT.
Written permission to distribute the PDF will be granted
against payment of a permission fee, which is based
on the number of accesses
required. Please contact
permission@karger.ch

Key Words
Myostatin  Atrogin-1  myoD  Myogenin  Atrophy  mRNA

marked alteration of the genes regulating both muscle-specific protein synthesis or atrophy. Greater periods of fasting
may be required to initiate coordinated inhibition of myogenic and atrogenic gene expression.

Abstract
Background: Skeletal muscle mass is governed by multiple
IGF-1-sensitive positive regulators of muscle-specific protein
synthesis (myogenic regulatory factors which includes myoD,
myogenin and Myf5) and negative regulators, including the
atrogenic proteins myostatin, atrogin-1 and muscle ring finger 1 (MuRF-1). The coordinated control of these myogenic
and atrogenic factors in human skeletal muscle following
short-term fasting is currently unknown. Method: Healthy
adults (n = 6, age 27.6 years) undertook a 40-hour fast. Skeletal muscle biopsy (vastus lateralis) and venous blood samples were taken 3, 15 and 40 h into the fast after an initial
standard high-carbohydrate meal. Gene expression of the
myogenic regulator factors (myoD, myogenin and Myf5) and
the atrogenic factors (myostatin, atrogin-1 and MuRF-1) were
determined by real-time PCR analysis. Plasma myostatin and
IGF-1 were determined by ELISA. Results: There were no significant alterations in either the positive or negative regulators of muscle mass at either 15 or 40 h, when compared to
gene expression measured 3 h after a meal. Similarly, plasma
myostatin and IGF-1 were also unaltered at these times. Conclusions: Unlike previous observations in catabolic and cachexic diseased states, short-term fasting (40 h) fails to elicit

Copyright © 2006 S. Karger AG, Basel

© 2006 S. Karger AG, Basel
0250–6807/06/0505–0476$23.50/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/anm

Introduction

Muscle atrophy occurs in response to protein-energy
malnourishment and fasting, but is also a characteristic
feature of immobility, weightlessness, diabetes, cancer
cachexia, sepsis and AIDS [1]. In fasting and many systemic diseases, the protein catabolism of muscle provides
a strategy to repartition amino acids to other body fractions or to provide oxidative substrates for the maintenance of metabolic function [2, 3]. Despite the varied aetiologies leading to muscle atrophy, the cellular mechanisms underpinning the increased proteolysis and
decreased protein synthesis have many common elements. During atrophy, there is an increase in the amount
of components of the ubiquitin-protein conjugates and
increased transcription of components of the ubiquitin
degradation pathway [4, 5]. Two of the most sensitive
markers of muscle atrophy are the mRNA expression of
two muscle-specific ubiquitin-ligases, MAFbx (also
called atrogin-1) and MuRF-1 (muscle ring finger 1) [6,
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7]. An increased expression of these genes has been observed in models of muscle wasting, including fasting
[8]. Furthermore, rapid suppression of atrogin-1 and
MuRF-1 mRNA synthesis has been demonstrated following IGF-1-stimulated hypertrophy in vitro suggesting inhibition of the protein degradation pathway is an important component of muscle growth [9].
In addition to ubiquitin proteasome activation, skeletal muscle mass is subject to further inhibitory regulatory mechanisms. Myostatin (growth/differentiation
factor 8), a member of the TGF- family [10], is a powerful endogenous negative regulator of muscle hypertrophy
[11]. Myostatin is synthesized and secreted (largely from
skeletal muscle) as an inactive complex of the N-terminus
propeptide and active C-terminus and circulates bound
to and inhibited by follistatin. Once cleaved, mature myostatin exerts its effects via interaction with the activin/
TGF- ActIIb receptor and subsequent activation of the
SMAD signalling pathway to control gene transcription
[12, 13]. Myostatin exerts its powerful inhibition of hypertrophy by signalling satellite cell (muscle-specific
stem cell) quiescence and thus reducing the differentiation potential of these cells [14]. In atrophic conditions
including HIV infection [15], prolonged bed rest and thyroxine administration [16], plasma myostatin is increased. Conversely, mice, cattle and humans with inactive or absent myostatin proteins exhibit a gross hypermuscular phenotype [17–19].
Counterbalancing the atrogenic pathways are series of
basic helix-loop-helix transcription factors known collectively as the myogenic regulatory factors (MRFs). Of
the MRF members, MyoD, myogenin and Myf5 exert
crucial roles in the hypertrophic mechanisms governing
the recruitment and maturation of satellite cells to mature myofibres [20]. Central to the transcriptional activation of the MRFs is the insulin-like growth factor-1 (IGF1) signalling pathway which mediates skeletal muscle
growth, at least in part, through the expression of these
factors [21]. More recently, MyoD and myogenin have
also been shown to be expressed in mature myofibres
where they direct and maintain characteristics of the
muscle phenotype [22].
Given the central role of the myogenic factors (MyoD,
myogenin and Myf5) for the maintenance of muscle cells
mass and the converse roles of the atrogenic factors (atrogin-1, MuRF-1 and myostatin), the skeletal muscle gene
expression of these factors might be hypothesized to be
regulated in a coordinated fashion in skeletal muscle.
Thus, we aimed to establish the impact of short-term fasting (15 and 40 h) on the gene expression of these factors
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Table 1. Subject characteristics

Age, years
Mass, kg
BMI, kg  m–2

Males
(n = 3)

Females
(n = 3)

27.681.5
79.486.7
24.580.9

25.382.8
63.785.0*
21.680.7

* p < 0.05.

within human skeletal muscle. For these studies we used
healthy subjects who commenced the study with a standard meal. Repeated muscle biopsies were performed 3 h
after the last meal (fed state) and again 15 and 40 h after
this meal. Blood samples were taken at these times for
analysis of plasma mature myostatin and IGF-1 concentrations.

Materials and Methods
Subject Characteristics
Six healthy adults (3 females and 3 males) volunteered to participate in the study. The mean age, height, weight, and BMI prior
to the commencement of the study are shown in table 1. All female
subjects were pre-menopausal and no control was made for the
phase of the menstrual cycle. Written informed consent was obtained from all subjects before their participation in the study,
which was approved by the Deakin University Human Research
Ethics Committee. An analysis of metabolic factors has previously been published on these subjects [23].
Study Design
Subjects presented to the laboratory in the afternoon, and consumed a standard high-carbohydrate meal containing 61% energy from carbohydrate, 24% energy from fat, and 15% energy from
protein. Subjects then fasted for 40 h, returning to the laboratory
at 3, 15, and 40 h during the fast for blood and muscle sampling.
During the fasting period, subjects were instructed to only consume water ad libitum or non-energy-containing beverages without caffeine.
Blood Sampling and Analysis
Venous blood (6 ml) was obtained from an antecubital vein
at 3, 15 and 40 h during the fast for the analysis of plasma myostatin by ELISA. Briefly, maxisorp ELISA plates (Nunc #439454)
were pre-coated with 100 l of 2.0 g/ml recombinant myostatin.
Samples were first prepared by the addition of 100 l of standard
recombinant myostatin or sample (diluted 1 in 10 in PBS-T-PVP;
0.01 M phosphate buffer with 0.15 M NaCl, 0.05% Tween-20 and
0.1% PVP, pH 7.4) and 100 l of primary antibody, rabbit antimyostatin (diluted 1 in 50,000 in PBS-T-PVP) was added into a
Nunc microtitre plate (product #26920 96F; Invitrogen NZ Ltd).
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Plates were incubated overnight in a humidified container at 4 ° C.
The ELISA plates were washed 3 times with PBS-T and blocked,
whilst the mixing plate was equilibrated to room temperate.
100 l of solution was transferred from the mixing plate to the
ELISA plate, incubated at room temperature for 2 h and washed
3 times with PBS-T. 100 l of secondary antibody was added to
the ELISA plate with Dako Goat anti-rabbit IgG-HRP (diluted 1
in 5,000 in PBS-T-PVP) and incubated at room temperature for
2 h. The ELISA plate was washed twice with PBS-T and twice with
PBS (0.01 M phosphate buffer with 0.15 M NaCl, pH 7.4). 100 l of
TMB working solution was added to each well. The plate was covered and incubated for 30 min on a shaker at room temperature.
Reaction was stopped by adding 50 l 2 M sulphuric acid and
mixed briefly and read at a wavelength of 450 nm. Plasma IGF-1
was assayed via a solid-phase, enzyme-labelled chemiluminescent immunometric assay on the Immulite analyser (Immulite,
Diagnostics Products, USA) according to the manufacturer’s instructions.
Muscle Sampling
A muscle sample was obtained under local anaesthesia (xylocaine 1%) from the vastus lateralis using the percutaneous needle
biopsy technique modified to include suction at 3, 15, and 40 h
during the fast. Tissue was stored in liquid nitrogen until subsequent analysis.
Total RNA Isolation and Reverse Transcription
Total RNA from 15 mg of muscle was isolated using FastRNA Kit-Green (BIO 101, Vista, Calif., USA) protocol and reagents. Total RNA concentration was determined spectrophotometrically at 260 nm. First-strand cDNA was generated from 1 g
RNA using AMV RT (Promega, Madison, Wisc., USA) as previously described [23]. The cDNA was stored at –20 ° C for subsequent analysis.
Real-Time PCR Analysis
To perform PCR, specific primers were designed for all genes
using Primer Express software (Applied Biosystems, Foster City,
Calif., USA) on sequences obtained from GenBank. The primer
sequences used were: atrogin-1, NM_058229: forward primer –
5-GAC AGG ATG CAG AAG GAG-3, reverse primer – 5-TGA
TCC ACA TCT GCT GGA AGG T-3; MuRF-1, NM_032588: forward primer – 5-GGC GTG GCT CTC ATT CCTT-3, reverse
primer – 5-CGG TGT AGA TGC ACA GCT TCT C-3; myostatin, NM_005259: forward primer – 5-CCA GGA GAA GAT
GGG CTG AA-3, reverse primer – 5-CAA GAC CAA AAT CCC
TTC TGG AT-3; myogenin, NM_002479: forward primer – 5GGT GCC CAG CGA ATG C-3, reverse primer – 5-TGA TGC
TGT CCA CGA TGG A-3; MyoD, NM_002478: forward primer – 5-CCG CCT GAG CAA AGT AAA TGA-3, reverse primer –
5-GCA ACC GCT GGT TTG GAT T-3; Myf5, NM_005593:
forward primer – 5-TTC TAC GAC GGC TCC TGC ATA-3, reverse primer – 5-CCA CTC GCG GCA CAA ACT-3; -actin,
X00351: forward primer – 5-GAC AGG ATG CAG AAG GAG-3,
reverse primer – 5-TGA TCC ACA TCT GCT GGA AGG T-3.
Where possible, primers were designed spanning intron-exon
boundaries to prevent amplification of the target region from any
contaminating DNA. Quantification of mRNA expression was
performed (in duplicate) by real-time RT-PCR using the ABI
PRISM 5700 sequence detection system (Applied Biosystems) as
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described previously [23]. For the PCR step, reaction volumes of
20 l contained SYBR Green 1 Buffer (Applied Biosystems), forward and reverse primers and cDNA template (diluted 1:40). Fluorescent emission data were captured and mRNA levels were
quantitated using the critical threshold (C T) value. To compensate
for variations in input RNA amounts and efficiency of reverse
transcription, -actin (GenBank Accession No. X00351) mRNA
was quantitated and results were normalized to these values.
Statistical Analysis
All data are presented as means 8 SEM. Changes in genes and
plasma myostatin over 40 h were analyzed using one-way repeated measures ANOVA. Differences between subject characteristics
were determined with an unpaired t test. An  error of p ! 0.05
was used to determine statistical significance in all analyses. Data
was analyzed using SPSS Statistical Software (Version 11.5).

Results

Expression of Myogenic mRNA during Fasting
Expression of muscle myogenic and atrophy gene
mRNA during the 40-hour fast is shown in figure 1. Assessment of gene expression after 3, 15 and 40 h of fasting
showed no significant change in expression of genes responsible for myogenesis (MyoD, Myf5, myogenin and
myostatin) or muscle atrophy (atrogin-1 and MuRF-1). A
60% decrease in MyoD expression was observed from 3
to 40 h, however this failed to reach the level of significance. Overall, a consistent trend for a decrease in expression over the 40 h was seen for the three positive promoters of myogenesis (MyoD, Myf5 and myogenin) while no
observable change was seen in myostatin mRNA expression. Expression of the two ubiquitin ligase genes involved in muscle atrophy (atrogin-1 and MuRF-1) did not
change at any point during the fast.
Plasma Myostatin and IGF-1
Measurement of plasma myostatin and IGF-1 over 3,
15 and 40 h fasting is shown in figure 2. Circulating levels
of plasma myostatin and IGF-1 remained stable over the
40-hour fasting period.

Discussion

Fasting elicits rapid and pronounced alterations in
skeletal muscle substrate metabolism, primarily with the
aim of minimizing total energy metabolism and preserving the limited carbohydrate supplied. Previous studies
from our laboratory have shown marked activation of the
gene transcription of metabolic genes associated with
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Fig. 1. Effect of fasting on gene expression of a MyoD, b myogenin, c Myf5, d myostatin, e atrogin-1, and
f MuRF-1. Values are means 8 SEM, n = 6. Expressed as duration of fast (hours).

these alterations in macronutrient homeostasis [23].
Muscle atrophy is a physiologic response to fasting as well
as a wide range of systemic diseases including cancer,
AIDS, sepsis and hyperthyroidism [1]. In the study presented here, we used a human model of fasting to approximate a catabolic disease process. We hypothesized
that selected myogenic genes would be downregulated as
an adaptive response in human skeletal muscle to fasting,

whilst genes involved in muscle atrophy (acting downstream of the ubiquitin proteasome pathway) would be
upregulated. We also hypothesized that both plasma
myostatin and skeletal muscle gene expression would
also increase in response to fasting. Somewhat surprisingly, no significant changes in any of the mRNA or plasma measures were observed after 15 and 40 h of fasting.
Whilst underfeeding of sheep has previously been dem-
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Fig. 2. Effect of 40 h fasting on a myostatin and b IGF-1 plasma
levels. Values are means 8 SEM, n = 6. Expressed as duration of
fast.

onstrated to reduce the expression of MyoD, Myf5 and
myogenin within 1 week [3], this is the first study to examine the impact of fasting on the expression of the
MRFs in human skeletal muscle. The MRFs that are central to satellite cell proliferation (Myf5), proliferation arrest (MyoD) and progression towards terminal differentiation of satellite cells did not change within skeletal
muscle at 15 or 40 h of fasting.
Elevated circulating levels of myostatin have been associated with muscle atrophy in cases such as prolonged
bed rest [24] and thyroxine administration [24], while
decreased levels of circulating myostatin have been associated with exercise-induced muscle hypertrophy [25]
and weight loss [26]. In the present study, short-term fasting had no impact on either circulating myostatin levels
or skeletal muscle mRNA expression. Previous studies
investigating the effects of fasting or underfeeding on
myostatin levels have shown conflicting results. In some
480
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studies, short-term fasting in various species has resulted
in an increase in myostatin mRNA in skeletal muscle [27–
29] whilst other studies have demonstrated either an increase [30] or no change [27] in myostatin plasma levels
during fasting. However, species differences, age of the
animals investigated as well as different fasting conditions make direct comparisons difficult.
During fasting, skeletal muscle undergoes proteolytic
processes mediated in part by the atrophy-related ubiquitin ligases atrogin-1 and MuRF-1. Studies have previously described increased mRNA expression of atrogin-1
during energy deprivation in rodent muscle [31, 32]; however, to our knowledge this is the first study to investigate
the expression of MuRF-1 and atrogin-1 in human skeletal muscle during short-term fasting. The present study
demonstrated that neither atrogin-1 nor MuRF-1 expression appeared to change over the 40 h. Consistent with
the gene results, no change in plasma IGF-1 was observed
at any point during the fast. These ubiquitin ligases are
transcriptionally suppressed by IGF-1 through the PI3KAkt pathway [1]. Thus the lack of change in plasma IGF-1
would have likely contributed to the unchanged expression patterns of MuRF-1 and atrogin-1.
In summary, the present study demonstrates that transcription of myogenic and atrophy-specific genes does
not change with short-term fasting in human skeletal
muscle. Similarly, skeletal muscle myostatin gene expression and plasma levels were not altered throughout the
fasted state. Longer periods of fasting are possibly needed
to elicit marked changes in expression of these genes.
Whilst no measure of muscle mass changes was observed
in this study, it is likely 40 h would be insufficient time to
stimulate marked catabolic processes and subsequent atrophy within skeletal muscle.

Acknowledgements
The authors wish to thank Dr. Andrew Garnham for his excellent medical skills and the willingness of the volunteers to participate in this study. The authors also acknowledge the efforts of
Prof. Lawrence Spriet and Prof. Mark Hargreaves in helping facilitate the study. This work was supported, in part, by a grant
from BioDeakin.

Larsen /Tunstall /Carey /Nicholas /
Kambadur /Crowe /Cameron-Smith

References
1 Glass DJ: Signalling pathways that mediate
skeletal muscle hypertrophy and atrophy.
Nat Cell Biol 2003; 5:87–90.
2 Pilegaard H, Saltin B, Neufer PD: Effect of
short-term fasting and refeeding on transcriptional regulation of metabolic genes in
human skeletal muscle. Diabetes 2003; 52:
657–662.
3 Jeanplong F, Bass J, Smith H, Kirk S, Kambadur R, Sharma M, Oldham J: Prolonged underfeeding of sheep increases myostatin and
myogenic regulatory factor Myf-5 in skeletal
muscle while IGF-1 and myogenin are repressed. J Endocrinol 2003;176:425–437.
4 Bodine SC, Latres E, Baumhueter S, Lai VK,
Nunez L, Clarke BA, Poueymirou WT, Panaro FJ, Na E, Dharmarajan K, Pan ZQ, Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos GD, Glass DJ: Identification of
ubiquitin ligases required for skeletal muscle
atrophy. Science 2001;294:1704–1708.
5 Haddad F, Roy RR, Zhong H, Edgerton VR,
Baldwin KM: Atrophy responses to muscle
inactivity. I. Cellular markers of protein deficits. J Appl Physiol 2003;95:781–790.
6 Dehoux M, Van Beneden R, Pasko N, Lause
P, Verniers J, Underwood L, Ketelslegers JM,
Thissen JP: Role of the insulin-like growth
factor 1 decline in the induction of atrogin1/MAFbx during fasting and diabetes. Endocrinology 2004,145:4806–4812.
7 Sacheck JM, Ohtsuka A, McLary C, Goldberg AL: IGF-1 stimulates muscle growth by
suppressing protein breakdown and expression of atrophy-related ubiquitin-ligases,
atrogin-1 and MuRF-1. Am J Physiol Endocrinol Metab 2004;287:E591–E601.
8 Lecker SH, Jagoe RT, Gilbert A, Gomes M,
Baracos V, Bailey J, Price SR, Mitch WE,
Goldberg AL: Multiple types of skeletal muscle atrophy involve a common program of
changes in gene expression. FASEB J 2004;
18:39–51.
9 Stitt TN, Drujan D, Clarke BA, Panaro F,
Timofeyva Y, Kline WO, Gonzalez M, Yancopoulos GD, Glass DJ: The IGF-1/PI3K/Akt
pathway prevents expression of muscle atrophy-induced ubiquitin ligases by inhibiting
FOXO transcription factors. Mol Cell 2004;
14:395–403.
10 McPherron AC, Lawler AM, Lee SJ: Regulation of skeletal muscle mass in mice by a new
TGF- superfamily member. Nature 1997;
387:83–90.
11 Sharma M, Langley B, Bass J, Kambadur R:
Myostatin in muscle growth and repair. Exerc Sport Sci Rev 2001;29:155–158.

Actions of Short-Term Fasting on Human
Skeletal Muscle Gene Expression

12 Rios R, Fernandez-Nocelos S, Carneiro I,
Arce VM, Devesa J: Differential response to
exogenous and endogenous myostatin in
myoblasts suggests that myostatin acts as an
autocrine factor in vivo. Endocrinology
2004;145:2795–2803.
13 Rebbapragada A, Benchabane H, Wrana JL,
Celeste AJ, Attisano L: Myostatin signals
through a transforming growth factor -like
signaling pathway to block adipogenesis.
Mol Cell Biol 2003;23:7230–7242.
14 McCroskery S, Thomas M, Maxwell L, Sharma M, Kambadur R: Myostatin negatively
regulates satellite cell activation and self-renewal. J Cell Biol 2003; 162:1135–1147.
15 Gonzalez-Cadavid NF, Taylor WE, Yarasheski KE, Sinha-Hikim I, Ma K, Ezzat S, Shen
R, Lalani R, Asa S, Mamita M, Nair G, Arver
S, Bhasin S: Organization of the human myostatin gene and expression in healthy men
and HIV-infected men with muscle wasting.
Proc Natl Acad Sci USA 1998; 95: 14938–
14943.
16 Grobet L, Martin LJR, Poncelet D, Pirottin
D, Brouwers B, Riquet J, Schoeberlein A,
Dunner S, Menissier F, Massabanda J, Fries
R, Hanset R, Georges M: A deletion in the
bovine myostatin gene causes the doublemuscled phenotype in cattle. Nat Genet
1997;17:71–74.
17 Kambadur R, Sharma M, Smith TPL, Bass JJ:
Mutations in myostatin (GDF8) in doublemuscled Belgian Blue and Peidmontese cattle. Genome Res 1997;7:910–916.
18 McPherron AC, Lee SJ: Double muscling in
cattle due to mutations in the myostatin
gene. Proc Natl Acad Sci USA 1997; 94:
12457–12461.
19 Schuelke M, Wagner KR, Stolz LE, Hubner
C, Riebel T, Komen W, Braun T, Tobin JF, Lee
SJ: Myostatin mutation associated with gross
muscle hypertrophy in a child. N Engl J Med
2004;350:2682–2688.
20 Charge SB, Rudnicki MA: Cellular and molecular regulation of muscle regeneration.
Physiol Rev 2004;84:209–238.
21 Rabinovsky ED, Gelir E, Gelir S, Lui H,
Kattash M, DeMayo FJ, Shenaq SM, Schwartz
RJ: Targeted expression of IGF-1 transgene
to skeletal muscle accelerates muscle and
motor neuron regeneration. FASEB J 2003;
17:53–55.
22 Ishido M, Kami K, Masuhara M: Localization of MyoD, myogenin, and cell cycle regulatory factors in hypertrophying rat skeletal
muscles. Acta Physiol Scand. 2004,180: 281–
289.

23 Tunstall RJ, Mehan KA, Hargreaves M, Spriet LL, Cameron-Smith D: Fasting activates
the gene expression of UCP3 independent of
genes necessary for lipid transport and oxidation in skeletal muscle. Biochem Biophys
Res Commun 2002;294:301–308.
24 Zachwieja JJ, Smith SR, Sinha-Hikim I, Gonzalez-Cadavid N, Bhasin S: Plasma myostatin-immunoreactive protein is increased
after prolonged bed rest with low-dose T3 administration. J Gravit Physiol 1999;6:11–15.
25 Walker KS, Kambadur R, Sharma M, Smith
HK: Resistance training alters plasma myostatin but not IGF-1 in healthy men. Med Sci
Sports Exerc 2004;36:787–793.
26 Milan G, Dalla Nora E, Pilon C, Pagano C,
Granzotto M, Manco M, Mingrone G, Vettor
R: Changes in muscle myostatin expression
in obese subjects after weight loss. J Clin Endocrinol Metab 2004;89:2724–2727.
27 Terova G, Bernardini G, Binelli G, Gornati
R, Saroglia M: cDNA encoding sequences for
myostatin and FGF6 in sea bass (Dicentrarchus labrax, L.) and the effect of fasting and
refeeding on their abundance levels. Domest
Anim Endocrinol 2006;30:304–319.
28 Rodgers BD, Weber GM, Kelley KM, Levine
MA: Prolonged fasting and cortisol reduce
myostatin mRNA levels in tilapia larvae;
short-term fasting elevates. Am J Physiol
2003;284:R1277–R1286.
29 Jeanplong F, Bass JJ, Smith HK, Kirk SP,
Kambadur R, Sharma M, Oldham JM: Prolonged underfeeding of sheep increases
myostatin and myogenic regulatory factor
Myf-5 in skeletal muscle while IGF-I and
myogenin are repressed. J Endocrinol 2003;
176:425–437.
30 Guernec A, Chevalier B, Duclos MJ: Nutrient supply enhances both IGF-I and MSTN
mRNA levels in chicken skeletal muscle.
Domest Anim Endocrinol 2004; 26: 143–
154.
31 Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A, Walsh K, Schiaffino S,
Lecker SH, Goldberg AL: Foxo transcription
factors induce the atrophy-related ubiquitin
ligase atrogin-1 and cause skeletal muscle atrophy. Cell 2004;117:399–412.
32 Dehoux M, Van Beneden R, Pasko N, Lause
P, Verniers J, Underwood L, Ketelslegers JM,
Thissen JP: Role of the insulin-like growth
factor I decline in the induction of atrogin1/MAFbx during fasting and diabetes. Endocrinology 2004;145:4806–4812.

Ann Nutr Metab 2006;50:476–481

481

