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ABSTRACT: In the present study, we used global
approaches (proteomics, transcriptomics, and metab-
olomics) to assess the molecular basis of the muscle
response to stress in chickens. A restraint test, com-
bined with transport for 2 h (RT test) was chosen as
the potentially stressful situation. Chickens (6 wk old)
were either nontreated (control chickens) or submitted
to the RT test (treated chickens). The RT test induced
a 6-fold increase in corticosterone concentrations, sug-
gesting hypothalamic-pituitary-adrenal axis activation.
The RT test decreased the relative abundance of sev-
eral hexose phosphates [glucose-1-P (G1P), glucose-6-P
(G6P), fructose-6-P (F6P), and mannose-6-P (M6P)] in
thigh muscle. In addition, 55 transcripts, among which
39 corresponded to unique annotated genes, were sig-
nificantly up- (12 genes) or downregulated (27 genes)
by treatment. Similarly, 45 proteic spots, among which

29 corresponded to unique annotated proteins, were
overexpressed (11 proteins), underexpressed (14 pro-
teins), or only expressed in treated chickens. Integrative
analysis of differentially expressed genes and proteins
showed that most transcripts and proteins belong to 2
networks whose genes were mainly related with cyto-
skeleton structure or carbohydrate metabolism. Where-
as the decrease in energetic metabolites suggested an
activation of glycogenolysis and glycolysis in response
to the RT test, the reduced expression of genes and
proteins involved in these pathways suggested the op-
posite. We hypothesized that the prolonged RT test re-
sulted in a repression of glycogenolysis and glycolysis in
thigh muscle of chickens. The down-expression of genes
and proteins involved in the formation of fiber stress
after the RT test suggests a reinforcement of myofibrils
in response to stress.
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INTRODUCTION

The adaptive response to stressful environmental
challenges involves behavioral coping processing (for
review see Ramos and Mormede, 1998) and the activa-
tion of 2 major neuroendocrine systems: the hypotha-
lamic-pituitary-adrenocortical (HPA) axis leading to
the secretion of corticosteroids by the adrenal glands
and the sympathoadrenal system leading to the release
of catecholamines (for reviews see, respectively, Mor-
mede et al., 2007, and Carrasco and Van der Kar, 2003;
Wong, 2006). Corticosteroids and catecholamines act
directly in various important biological processes such
as carbohydrate metabolism, energy expenditure, and
lipid and protein metabolism (Dallman et al., 1993)
and thus contribute to brain and muscle functions and
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to behavioral response developed in response to stress
(Sapolsky et al., 2000).

In livestock production, many studies report that pre-
slaughter conditions influence meat quality. In poultry,
increased temperatures, crating and transport, and an
increased delay on the shackle line (Kannan et al., 1997;
Debut et al., 2003, 2005) may decrease meat quality.
Physiological and behavioral measurements performed
during these studies suggested that responses to stress
occur during preslaughter handling and may affect
meat quality. Until now, most of the studies concerning
the effects of preslaughter stress on meat quality main-
ly focused on the mobilization of energetic compounds
in muscle (Fernandez and Tornberg, 1991). However,
mechanisms by which muscle responses to stress influ-
ence meat quality are only partly understood.

Our objective was to better understand the molecu-
lar mechanisms underlying muscle response to stress
in chickens. We developed generic approaches to assess
molecular bases of muscle response to stress in chick-
ens by analyzing muscle transcriptome, proteome, and
metabolome.

MATERIALS AND METHODS

The experiments described here fully comply with
legislation on research involving animal subjects accord-
ing to the European Communities Council Directive of
November 24, 1986 (86/609/EEC). Investigators were
certificated by the French governmental authority for
carrying out these experiments (agreement n°31-165).

Animals and Housing

Six-week-old standard broiler chickens (Ross PM3; n
= 30) were used in this study. The animals were reared
and experiments were conducted at the INP Toulouse
experimental research farm of Borret (Poucharramet,
France). Animals were housed in collective pens on a
16 h light, 8 h dark cycle (light on at 0630 h) with food
and water ad libitum. Two experimental groups of 15
chickens were randomly set up and placed in collective
pens (3 x 4.5 m) 2 wk before the experiments.

Treatment and Sampling

Chickens were either nontreated (control chickens) or
submitted to a restraint test combined with transport
(RT test; treated chickens). Restraint test consisted
of placing individual chickens in a “crush-cage” in the
form of a wooden box (30 cm length x 15 cm width
x 25 c¢cm height) closed at the top by a netting cover.
Restrained chickens were then immediately driven for a
period of 2 h in a truck. This period was chosen because
corticosteroid concentrations have been reported to be
maintained at maximal concentrations throughout a
2-h restraint period (Hazard et al., 2008), and second
to ensure a maximum effect of the restraint and trans-
port test on mRNA and protein abundance. Indeed,

Hazard et al.

changes in gene or protein expression or both have been
measured in the brain or in the peripheral tissues or
both after a 2-h immobilization stress (Kvetnansky et
al., 1995; Smith et al., 1995; Moncek et al., 2001) or af-
ter a 2-h glucocorticoid treatment (Vandenborne et al.,
2005). In accordance with approved slaughter methods,
chickens were euthanized by decapitation immediately
after capture from their pen (control chickens) or after
a 2-h RT test. Experiments were performed between
0800 and 1200 h. Blood samples (2 mL) were collected
directly from each chicken in tubes containing EDTA
(2 mg/mL of blood) at euthanasia. The blood was kept
on ice until centrifugation (2,000 x ¢ for 15 min, 4°C)
and plasma frozen at —80°C until measurement of total
corticosterone using a specific RIA (Etches, 1976). The
thigh muscles (tensor fascia latae and biceps femoris)
were also collected at euthanasia, frozen immediately
on dry ice, and then stored at —80°C until RNA, pro-
tein, and metabolite isolation.

Biochemical Analyses

Muscle glycogen, glucose, and lactate contents were
measured by enzymatic procedures according to Dal-
rymple and Hamm (1973) and Bergmeyer (1974). Brief-
ly, about 1 g of frozen muscle tissue was homogenized
in 10 mL of 0.5 M perchloric acid. Aliquots (0.5 mL) of
the homogenate were taken for enzymatic determina-
tion of total glucose after glycogen hydrolysis with am-
yloglycosidase (Dalrymple and Hamm, 1973). The rest
of the homogenate was centrifuged (20 min at 2,500 x
g, 4°C) and the supernatant was used for determination
of free glucose and lactic acid (Bergmeyer, 1974). The
glycogen content was calculated as the difference be-
tween total and free glucose. The results were expressed
in micromoles per gram of fresh muscle.

Total RNA Isolation and Purification

Muscle samples from each animal were ground into
a fine powder in a mortar cooled by liquid nitrogen,
and 100 mg was added to 1 mL of prechilled TRIzol
Reagent (Invitrogen, Cergy-Pontoise, France). Total
RNA extractions were carried out according to manu-
facturer’s directions and were further purified by pas-
sage through RNeasy mini-columns (RNeasy MinElute
kit, Qiagen, Courtaboeuf, France) according to manu-
facturer’s protocols for RNA cleanup. The DNA was
digested using an RNase-free DNase set (Qiagen) dur-
ing RNA purification. Total RNA was quantified by
spectrophotometer (NanoDrop, Labtech, Palaiseau,
France) and its integrity was assessed on an Agilent
2100 Bioanalyser (RNA 6000 Nano LabChip, Agilent
Technologies, Massy, France).

Microarray Analysis

Array Slides. Gene expression was analyzed by
hybridization of the chicken 20K microarray produced
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by the Biological Resources Center GADIE (Genomic
for Domestic Animals of Economic Importance, INRA,
Jouy en Josas, France). The DNA microarray design
was obtained from ARK-Genomics (http://www.ark-
genomics.org; published in Gene Expression Omnibus
data sets with the platform name GPL8199) and con-
sisted of 20,460 oligonucleotides (Désert et al., 2008).

mRNA Labeling and Hybridization. Five mi-
crograms of each RNA sample were reverse transcribed
and Cy3 or Cyb fluorescent-labeled using the ChipShot
direct labeling kit (Promega, Charbonnieres, France).
Microarray analyses were performed on 6 animals of
each experimental group selected on the basis of their
corticosterone concentrations (i.e., the most representa-
tive animals of the mean of each experimental group).
Each fluorescent dye was used to label ¢cDNA from
3 control animals and 3 treated animals (dye switch
method). The Cy5 or Cy3-labeled ¢cDNA from control
animals was hybridized to the microarray with Cy3 or
Cyb-labeled ¢cDNA from treated animals, respectively,
according to the Biochips platform of the Genopole
Toulouse Midi-Pyrénées procedure (http://genopole-
toulouse.prd.fr). Hybridization experiments were car-
ried out with an automatic hybridization chamber
(Discovery from Ventana Medical System, Strasbourg,
France). Briefly, microarray was prehybridized with a
solution of 1% BSA, 2x SSC, 0.1% SDS over 30 min
at 42°C. After automatic washing, the microarray was
hybridized overnight at 42°C in 200 pL of ChipHybe
buffer containing 10 pL of each labeled cDNA purified
(approximately 2,000 pmol of each incorporated dye).
Slides were then manually washed twice for 2 min in a
2x SSC, 0.1% SDS solution and for 2 min in 0.1x SSC.

Data Acquisition. The microarray slides were
scanned using a laser scanner (GenePix 4000B from
Axon Instruments) at 532 nm for Cy3 fluorescence
(green signal) and 635 nm for Cy5 fluorescence (red
signal) keeping a PMT difference between both chan-
nels less than 100. The 2 images generated for each
slide were then analyzed with GenePix Pro 6.1 software
(Axon Instruments, Molecular Devices France, Saint
Grégoire, France).

Microarray Data Filtering, Normalization,
and Statistical Analysis. Data filtering, normal-
ization, and statistical analysis were performed us-
ing the Bioconductor package Limma (Linear Models
for Microarray Analysis; http://www.bioconductor.
org, Smyth, 2005) in the R environment (http://www.
cran.r-project.org). A filter procedure eliminated non-
informative spots according to 2 criteria: 1) the ge-
nepix flag automatically performed by Genepix Pro 6.1
software, which indicated spots found or not, 2) the
signal-to-noise ratio provided also by Genepix Pro 6.1
software, which was set to 0. The mean percentage of
spots discarded was 50% for both criteria taken togeth-
er. The homogeneity of the red and green background
was systematically checked on each microarray by box-
plot and imageplot procedures of the Limma package.
Background was not subtracted in the normalization
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process. One array, which presented a greater percent-
age of spots discarded after filtering and background
heterogeneity, was excluded from subsequent analysis.

Statistical analysis was performed on spots for which
signal was present in the 5 microarrays after the filter-
ing and normalization procedures. The ratio Cy5/Cy3
used was expressed as the Log2 of the ratio of median
pixel of intensity of the 2 red and green spots. Log2
median ratio values were then normalized on each indi-
vidual array (ratio Cy5/Cy3 centered on zero) accord-
ing to the hypothesis that the majority of gene expres-
sions do not differ between 2 samples. The centering
was performed by the Robustspline procedure (Smyth
and Speed, 2003), which was intermediary between the
Print Tip Loess (locally weighted scatterplot smooth-
ing by block) and Global Loess (locally weighted scat-
terplot smoothing) procedures. Robustspline normal-
ization takes into account the intensity fluorescence
bias. Only spots conforming to the filtering step were
used for the normalization.

A linear model and a “moderated” Student test
(Smyth, 2004) were used to test the effect of treat-
ment (i.e., treated vs. control). False discovery rate
(FDR) was determined using the Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995). The com-
plete data set is publicly available on the NCBI Gene
Expression Omnibus (accession number: GSE19644;
http://www.ncbi.nlm.nih.gov/geo/).

Functional Annotation. Transcripts differential-
ly expressed were annotated using the annotations of
the corresponding oligonucleotides obtained by a bio-
informatics procedure developed by SIGENAE group
(INRA, France) available on the website http://www.
sigenae.org. Oligonucleotides without annotation, but
corresponding to differentially expressed transcripts,
were further annotated by comparison using the NCBI
Basic Local Alignment Search Tool (BLAST) against
nucleotide collection databases. Oligonucleotides show-
ing complete similarity with known Gallus gallus tran-
scripts (4 oligonucleotides) or high similarity (more
than 80% identity) with known Homo sapiens tran-
scripts (2 oligonucleotides) were further annotated.

Real-Time Quantitative Reverse-Transcrip-
tion PCR Assay. A set of 6 genes present on the
microarray was chosen for confirmation by quantitative
reverse-transcription PCR, the 6 genes were significant-
ly differentially expressed between control and stress
animals. In addition 3 candidate genes (2 not present
on the microarray and 1 present, but not significantly
differentially expressed) for which the corresponding
proteins were differentially expressed were also mea-
sured by quantitative reverse-transcription PCR.

Reverse transcription was carried out using the
high-capacity ¢cDNA archive kit (Applied Biosystems,
Courtaboeuf, France) according to the manufacturer’s
protocol. Briefly, 20 pL of each reaction mixture con-
taining 2 pl of 10x reverse transcription buffer, 0.8 pL
of 25x dANTP, 2 pL of 10x random primers, 1 pL of
MultiScribe Reverse Transcriptase (50 U/pL), 1 pL of
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Table 1. Gene-specific primers used for quantitative reverse-transcription PCR!

Gene

symbol Forward primer sequence Reverse primer sequence Accession No.

Trim63 GACCGCATCCAGACCATCAT GCGCTGAGAACGCATCAAA ENSGALT00000015210
Xirp1 AAGAAACATTCAACACCACGTCC CTCCCGCATGGTAGATGCA ENSGALT00000038916
Pdk4 CGGATGCTGATGAACCAACA ACTACCTCAACAACATCACAGCAAG ENSGALT00000015790
Ipp CTGTGAAGTCTGTAAATCTCCCAAAG CTGCTGTCACTCCAACGTCCT ENSGALT00000016739
Pgk1 CCACAGTGGCTTCAGGCATT ACTAT TTGTTTGGCCCTTCCC ENSGALT00000012893
Ndufa4 GTACGTCATGCGTTTGGCAG GGACGATCCTTTTTGAGCTTACTGTA ENSGALT00000017426
Actal GCGTGGCTATTCCTTTGTGAC GGAGGATGACGAAGCAGCTG ENSGALT00000016005
Hsbp1 GTGGTGCAGACGTTGCTTCA CGGCAGCTCATGTCATCAAG ENSGALT00000033760
Eef2 TCTGGTCTCGTATCAACTGGCTT GTTCAACGTAGCGGCCCAT ENSGALT00000002831
RN18S TTGTGCCGCTAGAGGTGAAAT CGAACCTCCGACTTTCGTTC AF173612.1

'Gene-specific primers were designed based on sequences provided under the accession numbers listed in Ensembl or National Center for Bio-
technology Information nucleotide databases. Trim63, tripartite motif-containing 63; Xirp1, xin actin-binding repeat containing 1; Pdk/, pyruvate
dehydrogenase kinase, isozyme 4; Ipp, intracisternal A particle-promoted polypeptide; Pgkl, phosphoglycerate kinase 1; Ndufa4, NADH dehydro-
genase (ubiquinone) 1 o subcomplex, 4, 9 kDa; Actal, actin, o 1, skeletal muscle; Hsbp1, heat shock factor binding protein 1; Fef2, eukaryotic

translation elongation factor 2; RN18S, 18S ribosomal RNA gene.

RNase inhibitor, and 2 pg of total RNA were incubated
for 10 min at 25°C followed by 2 h at 37°C and 5 min
at 85°C. The resultant cDNA was diluted 1:50 with nu-
clease-free water. Five microliters of diluted cDNA was
used in subsequent PCR reactions. All primers were
designed based on nucleotide sequences in Ensembl or
GenBank using the Primer Express software (Applied
Biosystems; Table 1). Intron-exon organization of the
chicken genes was used to choose primers from 1 pair
in distinct exons of the corresponding gene. Reaction
efficiency of PCR was calculated for each primer pair
with five 10-fold serial dilution points of the calibrator
sample (pool of the cDNA samples) to validate primers.
A melting curve program was performed for each gene
to check the presence of a unique product with specific
melting temperature. Each real-time PCR reaction con-
sisted of 1x Power SYBR Green PCR Master Mix (Ap-
plied Biosystems), 0.5 pM forward and reverse primers,
and cDNA to a total volume of 20 pL. Reactions were
carried out on an ABI PRISM 7900 Sequence detection
system (Applied Biosystems) for 1 cycle at 95°C 10
min and 40 additional cycles (95°C for 15 s, 60°C for 1
min). Quantitative real-time PCR analysis was done in
each out of the 6 animals constituting an experimental
point and measurements were done in triplicate. The
fold change in expression of each gene was calculated
using the AACt (Ct, threshold cycle) method with the
abundance of 185 RNA as an internal control; as deter-
mined by quantitative reverse-transcription PCR, the
abundance of 18S did not change depending on treat-
ment in our study (data not shown). So, for a same
sample, gene expression could be normalized relative
to 18S expression as follows: gene normalized Ct = Ct-
Gene — Ct18S = ACHt. For each gene, the n-fold gene
expression difference between 2 conditions (control
vs. stress) was expressed as follows: fold change =
2 exp(—AACt) with AACt = mean(ACt) e

mean(ACt)oniro, Where (ACt); are the mean of the gene
normalized Ct of the different samples of the condition
i. The significance of expression differences between

control and stress conditions were analyzed by ANOVA
on the basis of the gene normalized CT values. The
linear model was y; = pu + o; + e;;, where y;; represents
the gene normalized Ct values of the jth subject for the
treatment i, p is the overall mean, q; is the effect of
treatment, and e;; represents the residual assumed to be
normally distributed with zero mean and variance o°.

Metabolomic Semi-Quantification
of Target Metabolites

The identification and relative quantification of most
of the phosphorylated metabolites of key pathways and
of the components of the Krebs cycle was carried out us-
ing liquid chromatography tandem mass spectrometry
analysis of cellular extracts to which labeled substrates
were added (Van Dam et al., 2002; Mashego et al.,
2003). Muscle metabolome was previously extracted us-
ing boiling water (MilliQ-grade water +100°C; El Ram-
mouz et al., 2010). The relative abundance of targeted
metabolites was expressed as the ratio of experimental
peak area to the peak area of labeled substrate. The fo-
cus was put on the following metabolite families: sugar
phosphates [glucose-1-P (G1P), glucose-6-P (G6P),
fructose-1-P (F1P), fructose-6-P (F6P), mannose-6-P
(M6P), fructose-1,6-biP (F1,6bP), ribose-1-P (R1P),
ribose-5-P (R5P), and erythrose-4-P (E4P)| phos-
phorylated organic acids [6-phosphogluconate (6PG),
2 and 3 phosphoglycerate (2/3PG), phospho-enol-py-
ruvate (PEP), and glyceraldehyde-1,3-biP (1,3bPG)],
nucleotides (AMP, ADP, ATP, IMP), and organic
acids [fumarate, succinate, oxaloacetic acid, malate,
a-ketoglutarate (aKKG), and citrate].

Proteomic Analysis

2-Dimensional Electrophoresis Gels. Soluble
proteins were extracted from thigh muscles according
to a modified procedure of Sayd et al. (2006). Muscles
previously ground in liquid nitrogen were homogenized
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in 40 mM Tris (pH 8), 2 mM EDTA, and 2.5% (vol/
vol) protease inhibitor cocktail (P8340, Sigma-Aldrich,
St. Louis, MO; ratio muscle/buffer 1:4). After 1 h at
4°C, samples were centrifuged at 10,000 x ¢ for 10 min
at 4°C. Supernatants were quickly removed. Protein
concentration was then determined by using the meth-
od of Bradford (1976).

Samples were then solubilized in a solution contain-
ing 8.75 M urea, 2.5 M thiourea, 5% 3-[(3-cholamido-
propyl)dimethylammonio|-1-propanesulfonate hydrate
(CHAPS), 50 mM dithiothreitol, 0.2% ampholytes 5-8
(Bio-Rad Laboratories Inc., Hercules, CA). Sample
preparation and migration conditions for 2-dimensional
electrophoresis (2-DE) separation were based on those
described by Gorg et al. (2004). Strips containing an
immobilized pH gradient (IPG; pH 5 to 8, 17 cm, Bio-
Rad Laboratories Inc.) were used for isoelectrofocus-
ing. Each sample was performed in duplicate. Samples
(900 pg of protein/strip) were then loaded onto strips
including protein extract in rehydration solution. Re-
hydration of strips was performed at 50 V for 14 h at
20°C. First dimension was done with an TEF Cell (Bio-
Rad Laboratories Inc.). Intensity was limited to 50 pA
per strip, and the temperature was set at 20°C. First
dimension conditions were as follows: 25 min at 250 V,
3 h to reach 10,000 V, and 10,000 V until 80,000 Vh
were finally cumulated. The IPG strips were immedi-
ately frozen at the end of the isoelectrofocusing step
and were stored at —20°C until the 2nd dimension was
performed.

A Protean XL tank (Bio-Rad Laboratories Inc.) was
used for the second dimension. The IPG strips were
first equilibrated for 15 min in a 1.5 M Tris-Cl buf-
fer (pH = 8.8) containing 1% dithiothreitol, 6 M urea,
30% glycerol, and 2% SDS. They were then placed for
15 min in a 1.5 M Tris-Cl buffer (pH = 8.8) contain-
ing 4.8% iodoacetamide, 6 M urea, 30% glycerol, and
2% SDS. Migration occurred on continuous SDS-PAGE
containing 12% acrylamide (2.6% C) at 35 mA con-
stant/gel. The temperature was set at 10°C. At the
end of the second dimension, gels were stained with
Coomassie colloidal blue procedure according to the
method described by Molloy et al. (1998).

Data Analysis of 2-DE Gels. All the gels were
analyzed with the software Image Master 2D Plati-
num (GE Healthcare, Uppsala, Sweden) to point out
proteins of interest. Detected and matched spots were
standardized by expressing the relative intensity of each
spot as the ratio of the intensity of the individual spot
on the total intensity of valid spots. Spots of interest
were determined by using the procedure of Meunier et
al. (2005). False positive proteins, proteins found dif-
ferentially expressed when considering a 2-fold change
ratio but not differentially expressed when a t-test is
performed (P > 0.05), were removed.

Protein Identification by Mass Spectrome-
try. Spots of interest were excised from gels and treat-
ed as described previously (Laville et al., 2009). Briefly,
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the peptides obtained after hydrolyze by trypsin were
analyzed with a MALDI-TOF DE PRO mass spectrom-
eter (Applied BioSystems). Then, peptide mass finger-
prints observed were compared using Mascot Software
(Matrix Sciences London, V2.2, home license), to those
from NCBInr databases, Gallus gallus (32977 seq,
06012009) or Aves (102448 seq, 18122008). The data-
bases searches were carried out with, a maximum pep-
tide ion mass tolerance of 25 ppm, one miscleavage, and
variable modifications of methionine (oxidation) and
of cysteine (carbamidomethylation). Identification was
considered positive if the Mascot score was greater than
significant Mascot score (P < 0.05) given by software
according to the database used (58 and 63, respectively,
Gallus gallus and Aves).

Statistical Analysis

The corticosterone data were transformed to base-10
logarithmic scores and analyzed by ANOVA to assess
the effects of treatment. The linear model was y; =
+ o + €5 where Vi represents the corticosterone con-
centrations of the jth subject for the treatment i, p is
the overall mean, o; is the effect of treatment, and e;
represents the residual, assumed to be normally distrib-
uted with zero mean and variance o”. Results are given
as the mean + SE.

RESULTS
Corticosterone Concentrations

Comparison of plasma corticosterone concentrations
in control and treated chickens showed significant effect
of the RT test (P < 0.0001). Corticosterone concentra-
tions in restrained and transported chickens (30.8 +
1.9 ng/mL) were 6-fold greater than basal corticoste-
rone concentrations in control chickens (5.9 £+ 1.1 ng/
mL). A subgroup of 6 control chickens and a subgroup
of 6 treated chickens have been constituted to perform
a transcriptomic approach. Corticosterone concentra-
tions were of 4.8 + 1.7 ng/mL and 31.3 + 4.17 ng/mL
in control and treated subgroups, respectively.

Metabolites

Glucose and lactate concentrations were significantly
decreased (P < 0.0001 and P < 0.05, respectively) in
response to the RT test (Table 2). Glycogen concentra-
tions did not significantly differ (P = 0.12) between
control and treated chickens.

The relative abundance of nucleotides, organic acids,
and metabolites from the pentose pathway was not sig-
nificantly (P > 0.1) affected by the RT test (Figure 1).
There was, however, a significant effect of the RT test
on the relative abundance of several hexose phosphates.
Indeed, the muscle contents of G1P, G6P, F6P, and
M6P were significantly reduced by —20, —40, —40, and
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Table 2. Effect of a 2-h restraint-transport (RT) test
on glycogen, glucose, and lactate content in thigh mus-
cles of broiler chickens (n = 15 per treatment, mean +

SE)'

Metabolite Control RT test P-value
Glycogen, pmol/g 5.75 + 1.1 3.70 +£ 0.7 0.12
Glucose, pmol/g 1.84 £ 0.1 1.01 £ 0.1 <0.0001
Lactate, pmol/g 36.13 £ 1.6 28.71 £ 2.6 0.021

'Glycogen, glucose, and lactate concentrations in thigh muscles were
measured in control chickens and in chickens submitted to a 2-h re-
straint test combined with transport (RT test).

—35%, respectively, in treated compared with control
chickens (P < 0.01 for each metabolite).

Genes Differentially Expressed

Using filtering and normalization processes described
in the Materials and Methods section, 7,296 of the
20,460 oligonucleotides present on the chicken microar-
ray (approximately 35%) were found to be expressed
in thigh muscles under our experimental conditions.
Few transcripts (i.e., oligonucleotides) were identified
to be significantly differentially expressed in response
to the treatment RT test using the cut-off FDR value
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of 0.05, probably because of the number of repetitions
(n = 5). Therefore, the gene list was expanded to in-
clude those genes with t-test P-values less than or equal
to 0.01 (i.e., FDR < 0.2) and an absolute fold change
greater than or equal to 1.25. A similar procedure has
been described previously by Jaffrézic et al. (2007). We
identified 55 transcripts to be significantly upregulated
or downregulated by the RT test (Supplemental Table
1; http://jas.fass.org/content /vol89/issue9/). Among
these, 39 transcripts corresponded to unique annotated
genes and 16 remained unknown. These 39 genes were
ordered in the biological process in which they are in-
volved (Figure 2). Among these, 12 genes were signifi-
cantly upregulated and 27 downregulated by the RT
test. The major functional categories for these genes
included transport (e.g., proteins, phospholipides),
transcription regulation, glycolysis, actin cytoskeleton
organization, signal transduction, proteolysis, and cell
growth/maintenance.

Validation by Quantitative Reverse-
Transcription PCR

Six genes significantly affected by treatment in mi-
croarray analysis were selected for further examina-
tion by quantitative reverse-transcription PCR (Table
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Figure 1. Comparlson of metabolic pool sizes in muscles of control and stressed chickens. The relative abundance corresponds to the ratio
between the peak area of *C metabolites and the peak area of the corresponding labeled substrate (**C) added in the same quantity in all samples.
Metabolites: glucose-1-P (G1P), fructose-1-P (F1P), glucose-6-P (G6P), fructose-6-P (FG6P), mannose-6-P (M6P), 2 and 3 phosphoglycerate

(2/3PG), glyceraldehyde-1,3-biP (1,3bPG), fructoses-1,6-biP (F1,6bP), ribose-1-P (R1P), ribose-5-P

(R5P), erythrose-4-P (E4P), 6-phosphoglu-

conate (6PG), a-ketoglutarate («KG), and phospho-enol-pyruvate (PEP). Nucleotides: adenosine monophosphate (AMP) and inosine monophos-
phate (IMP). **Significant effect of stress on relative abundance (P < 0.01).

Downloaded from www.journal ofanimalscience.org at INRA Institut National de la Recherche Agronomique on July 23, 2013


http://www.journalofanimalscience.org/

Genomics of muscle response to stress 2723

5% (2)

15% (6) et
y
7
" 18% (7)
? O proteolysis
O transport
O actin
M transcription

A A
other
8% (3) B cell maintenance
B glycolysis

B signal transduction

<\
3
23
o

R

SSSSSNSNNNES

A

SRR

o

222

SN

SR

SIS

SR
S

iy S 0
1yt N4 ¢
3
S

£3
SN

£

LASREESSS5S

8% (3)

L2238

L>

,

10% (4)

B unknown

5% (2)
13% (5)

18% (7)

Figure 2. Functional classification of differentially expressed genes according to the biological process in which they are involved. The numbers
of genes with differential mRNA expression are indicated in each category.

3). Changes in transcripts abundance were confirmed  ing proteins were differentially expressed but either
for the 3 upregulated genes chosen (Trim63, Xirpl, not found to be significantly affected by the RT test
Pdk4). The magnitudes of the changes were greater in ~ or not present on the array were selected for further
the reverse-transcription PCR than in the microarray = examination by real-time PCR. The absence of signif-
for these upregulated genes that seemed dampened on  icant changes in the microarray study for Fef2 gene
the microarray. Similar differences in magnitudes of = was confirmed by reverse-transcription PCR, whereas
the changes have been previously reported (Désert et  the corresponding protein was differentially expressed.
al., 2008). The 3 genes (Ipp, Pgkl, Ndufa4) found to  The Hsbpl and Actal genes not present on the array,
be downregulated by microarray were not found to be  for which proteins were downregulated by the RT test,
differentially expressed based on reverse-transcription  were not found differentially expressed or upregulated
PCR. Three additional genes for which correspond- by real-time PCR, respectively.

Table 3. Measurement of treatment effect on transcript accumulation by relative quantitative real-time PCR and
comparison with microarray and proteome data'

Real-time PCR Microarray Proteome
Fold change Treatment effect Fold change Treatment effect Fold change Treatment effect

Gene (stress/control) (P-value) (stress/control) (P-value) (stress/control) (P-value)
Trim63 7.9 <0.0001 2.3 9.39 x 107° NS
Xirpl 6.8 <0.0001 1.9 1.08 x 107* NS
Pdk/ 8.4 <0.0001 1.3 4.42 x 1073 NS

Ipp 0.9 NS 0.8 1.04 x 1072 NS
Pgk1 1.1 NS 0.7 1.83 x 10°* NS
Ndufa) 1.3 NS 0.7 6.01 x 1074 NS
Actal 1.9 0.02 Absent Control 6.30 x 10°°
Hsbp1 1.2 NS Absent Control 2.40 x 107?
Eef2 1.1 NS 1.0 NS Control 4.80 x 1074

'The changes in expression for 6 genes shown by microarray analysis to be significantly regulated by the restraint-transport test were quanti-
fied by real-time PCR. For comparison, relative expression values for each gene were determined in each animal (fold change, n = 6 chickens per
experimental point). Changes in expression were also analyzed for 3 additional genes of great interest for our study according to proteome results
whereas they were either shown by microarray analysis to be not significant (NS, P > 0.05) or not determined because they were not included
on the microarray (absent). Control indicates that protein was found only in control chickens. Trim63, tripartite motif-containing 63; Xirp!, xin
actin-binding repeat containing 1; Pdk4, pyruvate dehydrogenase kinase, isozyme 4; Ipp, intracisternal A particle-promoted polypeptide; Pgk1,
phosphoglycerate kinase 1; Ndufa4, NADH dehydrogenase (ubiquinone) 1 a subcomplex, 4, 9 kDa; Actal, actin, o 1, skeletal muscle; Hsbp1, heat
shock factor binding protein 1; Eef2, eukaryotic translation elongation factor 2.

Downloaded from www.journal ofanimalscience.org at INRA Institut National de la Recherche Agronomique on July 23, 2013


http://www.journalofanimalscience.org/

2724

29% (10)

14% (5)

20% (7)

Hazard et al.

7 glycolysis
37% (13)
B other metabolism

M cell structure

other function

Figure 3. Functional classification of differentially expressed proteins according to the biological process in which they are involved. The
numbers of proteins with a differential expression are indicated in each category.

Proteomic Analysis

On 2-DE gels, out of 265 matched spots, 45 proteic
spots were differentially expressed between control and
treated chickens. Thirty-five proteic spots were success-
fully identified by mass spectrometry and corresponded
to 29 individual proteins (Supplemental Table 2; http://
jas.fass.org/content /vol89 /issue9/). Figure 3 synthesiz-
es identification information about proteins that were
differentially expressed. Among these, 11 proteic spots
were overexpressed and 14 underexpressed in treated
chickens. Moreover, 20 proteic spots were only present
in control chickens.

DISCUSSION

We used a comprehensive gene expression profiling
by microarray analysis to identify groups of genes dif-
ferentially expressed in response to the RT test. This
is to our knowledge the first gene array analysis in-
vestigating in vivo muscle response to psychobiological
stress in birds. Present results show that the RT test af-
fected gene expression in chicken muscle (39 identified
genes differentially expressed). A proteomic analysis
was also used to determine the differentially expressed
muscle soluble proteins by the RT test. We identified
35 proteins that were differentially expressed in control
and treated chickens.

When comparing proteins and transcripts differen-
tially expressed, no common genes have been found. de
Nobel et al. (2001), Chen et al. (2002), and Liu et al.
(2009) reported a lack of overlap between transcriptome
and proteome analysis in various tissue or organisms.
In the present study, we used a generic chicken micro-
array that was not designed for muscle tissue. Conse-
quently, genes involved in other tissues and functions
were represented on the microarray. For the proteomic

analysis, the focus was set on soluble proteins issued
from a prefractionation of the whole muscle proteins,
which excluded contractile and cytoskeletal proteins.
Moreover, time-courses necessary to reveal differences
in proteins and transcripts expression may explain the
observed lack of redundancy (Liu et al., 2009).

Nevertheless, transcriptome and proteome analyses
provided complementary information. The data of the
2 approaches were biologically integrated by using Inge-
nuity Pathway Analysis (IPA, Ingenuity Systems Inc.,
Redwood City, CA). This analysis revealed that most
of both transcripts and proteins differentially expressed
by the RT test belong to a major network (Figure 4)
that could be subdivided into 2 subnetworks whose ac-
tors were mainly related to cytoskeleton structure or
carbohydrate metabolism.

Carbohydrate Metabolism

Chickens that were exposed to the RT test showed a
decreased abundance of glycogen (even though it was
not significant), G1P, G6P, F6P, and M6P compared
with control chickens. Therefore, those results could
suggest an increase in the glycogenolysis and glycolysis
activities in chickens submitted to the RT test, result-
ing in a decrease of muscular energetic stores. These
results were consistent with literature showing the mo-
bilization of energetic compounds in muscle in response
to stress (Fernandez and Tornberg, 1991). In addition,
consistent with the decreased carbohydrate content in
thigh muscle of treated chickens, pH at 20 min and 24 h
postmortem were also less in treated chickens compared
with control chickens (pH 20 min = 6.82 + 0.13 and
6.52 + 0.74, respectively, P < 0.0001 and pH 24 h =
6.39 + 0.23 and 6.21 + 0.11, respectively, P < 0.001).
There were no differences (P > 0.1) in metabolic in-
dicators, gene and protein expression, or pH values in
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Figure 4. Ingenuity (IPA, Ingenuity Systems Inc., Redwood City, CA) network analysis revealed 2 subnetworks. The first one is involved
in glycolysis and transcription regulation and the second one in actin polymerization and stabilization. Red indicates transcripts differentially
expressed and green, proteins differentially expressed of the associated genes. Genes not colored indicate no change in expression or genes not
detected, but they are highly linked to genes that did change. Solid lines indicate a direct interaction between genes, whereas dashed lines indicate
an indirect interaction between the genes. ACTA1, actin o 1; ALDH2, aldehyde dehydrogenase 2 family; BPGM, 2,3-bisphosphoglycerate mutase;
CA2, carbonic anhydrase I1; CD36, CD36 molecule; CFL2, cofilin 2; DLD, dihydrolipoamide dehydrogenase; EEF2, eukaryotic translation elonga-
tion factor 2; FRK, extracellular signal regulated kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSPB1, heat shock 27 kDa protein
1; IPP, intracisternal A particle-promoted polypeptide; LDHA, lactate dehydrogenase A; MCLI, myeloid cell leukemia sequence 1; MPRIP, myo-
sin phosphatase Rho interacting protein; PARK7, Parkinson disease 7; PDCDG6IP, programmed cell death 6 interacting protein; PDHB, pyruvate
dehydrogenase (lipoamide) B; PDK/, pyruvate dehydrogenase kinase, isozyme 4; PGAM1I, phosphoglycerate mutase 1; Pke, protein kinase Cj;
PKM2, pyruvate kinase; PPARG, peroxisome proliferator-activated receptor gamma; PPP1RYB, protein phosphatase 1, regulatory (inhibitor)
subunit 9B; RDX, radixin; THBS1, thrombospondin 1; TRIM63, tripartite motif-containing 63; VIM, vimentin; Xirpl, xin actin-binding repeat

containing 1. ©2000-2009 Ingenuity Systems Inc. All rights reserved. Color version available in the online PDF.

breast muscle (data not shown). While chickens were
restrained in the crush cage, their physical activity was
very limited. Chickens submitted to the RT test could
still move their legs to stand up or lie down for instance,
or could be immobile but with their thigh muscles still
active at least to maintain their vertical position dur-
ing the restraint and transport phase. Thus, we cannot
exclude that metabolic differences observed here in the
thigh muscles could be related to the presence of physi-
cal activity during the RT test. However, the RT test
did not induce any change in phosphorylation of AMP-
activated protein kinase, a valuable indicator of physi-
cal activity (Witczak et al., 2008; data not shown). This
last result suggests that metabolic activation in muscle
of chickens submitted to the RT test is not mainly due
to physical activity.

Greater corticosterone concentrations measured in
chickens submitted to the RT test indicated activation
of the HPA axis by the RT test. Such neuroendocrine
activation has been previously reported in birds sub-
mitted to a similar paradigm (Hazard et al., 2008). In-
deed, we previously reported in quail that glucocorti-
coid concentrations induced by restraint in a crush cage
were at high concentrations throughout a 2-h restraint
period (Hazard et al., 2008). Thus, increased corticoste-
rone concentrations measured at the end of the RT test
period may reflect activation of HPA axis throughout
the RT test period. Activation of the HPA axis is asso-
ciated among other things with a generalized response
to perceived stresses (Selye, 1936), and although the
interpretation of such measures requires caution, it re-
mains a standard approach to investigate stress in farm
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animals (Mormede et al., 2007). The decrease of mus-
cular energetic stores in chickens submitted to the RT
test was thus consistent with previous studies reporting
that stress induced muscular glycogen mobilization (re-
viewed by Fernandez and Tornberg, 1991).
Catecholamines and glucocorticoids have been re-
ported to have a critical role in metabolic changes in-
duced by stress (Dallman et al., 1993), and more par-
ticularly to increase the use of energy stores during the
stress response (Coderre et al., 1991; Sapolsky et al.,
2000). Thus, after exposure to stressful stimuli, cat-
echolamines (epinephrine, norepinephrine), which are
the first stress neuroendocrine mediators released, in-
crease the use of energy stores by activating hepatic
and muscular glycogenolysis (Bassett, 1970; Halter et
al., 1984; Scheurink and Steffens, 1990). Even if cat-
echolamine concentrations had not been measured in
the present study, similar regulation could be hypoth-
esized in muscle and could also be consistent with the
decrease of muscular energetic stores in chickens sub-
mitted to the RT test. Viguerie et al. (2004) have re-
ported that genes involved in glycogen synthesis were
repressed by epinephrine in muscle, whereas genes in-
volved in glycogenolysis were overexpressed. Glucocor-
ticoids have been reported to inhibit glycogen synthase
activity in muscle (Ekstrand et al., 1996; Henriksen et
al.; 1999). Interestingly, in our study, genes and pro-
teins involved in glycogen synthesis were not affected
by the RT test, whereas glycogen phosphorylase protein
involved in glycogenolysis was repressed by the RT test.
Similarly, several genes (DId, dihydrolipoyl dehydroge-
nase; Gapdh, glyceraldehyde 3P dehydrogenase; Ldh, 1-
lactate dehydrogenase; Pgk, phosphoglycerate kinase)
and proteins (ALDH, aldehyde dehydrogenase; BPGM,
bisphosphoglycerate mutase; GP, glycogen phosphory-
lase; PGAM, phosphoglycerate mutase; PDH, pyruvate
dehydrogenase; PK, pyruvate kinase; TPI, triose phos-
phate isomerase) involved in glycolysis were repressed
by the RT test. These decreases in expression of genes
and proteins involved in glycogenolysis and glycolysis
are consistent with the increased concentrations of glu-
cocorticoids measured in response to the RT test. Nev-
ertheless, one has to keep in mind that glucocorticoids
and epinephrine action on glycogenolysis or glycogen-
esis or both are dependent on muscular glycogen con-
tent (Frolow and Milligan, 2004). Therefore, prolonged
RT test (2 h) may result in reduced glycogenolysis and
glycolysis in muscle by decreasing either gene or protein
expression (Figure 5). Finally, we hypothesized that the
increase in the use of muscular energy stores by the
RT test, as indicated by the decrease in the metabolic
levels, may have occurred mainly at the onset of the
RT test period. On the contrary, in the present study,
the reduced expression of genes and proteins involved
in glycogenolysis and glycolysis pathways may be con-
sidered as an adaptive response to a prolonged stress
situation which placed the muscle tissue into a “spar-
ing” profile with respect to energy stores. It has long
been reported, at least in domestic animals, that the
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Figure 5. Effect of the restraint test combined with transport (RT)
on metabolite concentrations and on the expression of genes and pro-
teins involved in carbohydrate metabolism in chicken thigh muscle.
Arrows indicate the effect of the RT test, followed by the value of the
ratio of RT/control, or followed by C or RT if the protein was only
found in control chickens or chickens submitted to the RT test, respec-
tively. ALDH, aldehyde dehydrogenase; BPGM, bisphosphoglycerate
mutase; DId, dihydrolipoyl dehydrogenase; ENO, enolase or phospho-
pyruvate hydratase; FBPasel, fructose-1,6-bisphosphatase; Gapdh,
glyceraldehyde 3P dehydrogenase; GP, glycogen phosphorylase; LDH,
L-lactate dehydrogenase; PDH, pyruvate dehydrogenase; Pdk4, pyru-
vate dehydrogenase kinase isozyme 4; PFKI1, 6-phosphofructo-1-ki-
nase; Ptkfb2, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
isoform 3; PGAM, phosphoglycerate mutase; Pgk, phosphoglycerate
kinase; PK, pyruvate kinase; TPI, triose phosphate isomerase.

restoration of energy stores in stress-depleted muscles
is a long metabolic process lasting more than 24 h that
requires favorable environmental conditions (e.g., see
review by Fernandez and Tornberg, 1991). Thus, in our
case, glycogen reserves have most likely been depleted
during the 2-h RT stress, thus leading to a physiological
adaptation toward a reduced level of energy catabolism
(e.g., glycolysis), whereas the glycogen reserves were
not yet restored.

Further differences in gene expression were consistent
with the hypothesis of a reduced glycolysis. The gene
Pfkfb3 was overexpressed in chickens submitted to the
RT test (1.5-fold, data not shown due to filtering pro-
cedure). The corresponding enzyme 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase is a homodimeric
bifunctional enzyme involved in the precise regulation
of the quantity of fructose 2,6-bisphosphate, which is a
potent allosteric activator of 6-phosphofructo-1-kinase
and reduces the activity of the key regulatory enzyme
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of gluconeogenesis, fructose-1,6-biphosphate (F1,6bP)
(Okar et al., 2001). Interestingly, the Pfkfb2 gene has
been reported to be the most highly upregulated gene
in human muscle after epinephrine infusion (Viguerie
et al., 2004). The gene Pfkfb/ has also been reported to
be upregulated by glucocorticoids (Almon et al., 2007).
Moreover, Pdkj, a gene coding for an inhibitor of pyru-
vate dehydrogenase (PDH), was also overexpressed in
chickens submitted to the RT test, which was consis-
tent with the decrease in the expression of PDH.

Concerning lactate concentrations, chickens exposed
to the RT test showed decreased concentrations of lac-
tate compared with control chickens, whereas they used
more glycogen. Such a difference may involve a greater
release of the lactate by muscle. A further explana-
tion could also be an increase in the oxidation process
of pyruvate by tricarboxylic acid cycle in response to
stress. The decrease observed in the expression of lac-
tate dehydrogenase gene (involved in the reduction of
pyruvate to lactate) in chickens submitted to the RT
test supports the latter hypothesis.

Actin Polymerization and Stabilization

The second subnetwork deals with actin polymeriza-
tion and stabilization (Figure 4). The transcripts and
proteins actin-binding Rho-activating protein (ABRA),
actin alpha 1 (ACTAL), cofilin 2 (CFL2), heat shock
27kDa protein 1 (HSPB1), intracisternal A particle-
promoted polypeptide (IPP), myosin phosphatase
Rho interacting protein (MPRIP), Parkinson disease
7 (PARKYT), programmed cell death 6 interacting pro-
tein (PDCD6IP), radixin (RDX), thrombospondin 1
(THBS1), tripartite motif-containing 63 (TRIM63),
vimentin (VIM), and xin actin-binding repeat contain-
ing 1 (XIRP1) are related with this subnetwork. The
transcripts and proteins VIM, ABRA, TRIMG63, and
XIRP1 were overexpressed in chickens submitted to
the RT test. The other components (ACTA1, RDX,
HSBP1, IPP, PDCD6IP, MPRIP, and CFL2) were un-
derexpressed.

Several proteins differentially expressed can have
physical links with ACTA1: RDX (Luciani et al., 2002),
XIRP1 (Cherepanova et al., 2006), CFL2 (Ono, 2003),
TRIM63 (Witt et al., 2008), ABRA (Barrientos et al.,
2007), VIM (Cizkova et al., 2009), PDCD6IP (Pan et
al., 2006), IPP (Kim et al., 1999; VanHouten et al.,
2001), and MPRIP (Riddick et al., 2008). In skeletal
muscle, ACTA1l is involved in contractile activity.
However, the actin cytoskeleton is also involved in cell
motility and mitosis as well as regulation of transcrip-
tion and gene expression (Barrientos et al., 2007). The
protein RDX belongs to a proteic complex with ezrin
and moesin called ERM. This complex cross links ac-
tin with plasma membrane. The protein complex ERM
is emerging as key regulator of actin cytoskeleton via
Rho (Hall, 1998). The protein XIRP1 is thought to
be involved in the remodeling of actin cytoskeleton
of muscle during sarcomere assembly (Jung-Ching
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Lin et al., 2005), cardiac morphogenesis (Jung-Ch-
ing Lin et al., 2005), and actin filament stabilization
(Hawke et al., 2007). The protein CFL2 belongs to a
complex of proteins with actin depolymerizing factor
(ADF). This complex is essential for the polymeriza-
tion/depolymerization of actin filaments. Actin-binding
activity is negatively regulated by the phosphorylation
of CFL (Yahara et al., 1996). Moreover, various stresses
activate CFL by inducing dephosphorylation (Yahara
et al., 1996). The striated muscle activator of Rho sig-
naling (STARS) or ABRA has a role in transcription
regulation and gene expression either by direct asso-
ciation with nuclear chromatin remodeling proteins or
by cytoplasmic changes in actin cytoskeleton dynamics
(Barrientos et al., 2007). Furthermore, ABRA action
prerequires the activation of the Rho GTPase and ac-
tin polymerization (Barrientos et al., 2007). The pro-
tein VIM belongs to the intermediate filaments and is
involved in numerous functions such as cell adhesion,
migration, and signaling (for review, see Ivaska et al.,
2007). This protein is present in newly differentiated
muscle cells and in regenerating muscle fibers (Cizkova
et al., 2009). The protein PDCDG6IP has several func-
tions in cells including apoptosis, endocytic membrane
trafficking, and cytoskeletal remodeling (for review see
Odorizzi, 2006). In particular, PDCDG6IP may play a
positive role in the F-actin bundling step in stress fiber
assembly because it directly interacts with a-actinin
and promotes its association with F-actin (Pan et al.,
2006). The protein HSBP1 or HSP27 has no physi-
cal link with ACTA1, but in vitro, HSBP1 acts as a
phosphorylation-regulated F-actin capping protein able
to inhibit actin polymerization (Guay et al., 1997). In
stressful conditions, HSBP1 becomes phosphorylated
with p-38 as the major upstream, and consequently,
actin filament is stabilized (Guay et al., 1997).

The subnetwork involved in actin polymerization and
stabilization showed various proteins or transcripts up-
regulated or downregulated. The upstream regulation
of this phenomenon could be due to Rho-GTPases. In-
deed, this family of enzymes plays a key role in the regu-
lation of the assembly and organization of cell cytoskel-
eton and more particularly, the assembly of filamentous
actin (Bishop and Hall, 2000; Di Ciano-Oliveira et al.,
2006). Among this family, it was reported that RhoA
is involved in stress fiber assembly and lamellipodia
and filopodia formation (Hall, 1998; Bishop and Hall,
2000; Riddick et al., 2008). A schematic bibliographic
synthesis of the mechanisms of stress fiber assembly is
shown Figure 6. From this, it can be observed that sev-
eral proteins were differentially expressed in our experi-
ment. All these proteins were down-expressed in RT
test muscles. A hypothesis could be that, in our experi-
ment, myofibrils were reinforced by these mechanisms
of fiber stress formation in the RT test group. Conse-
quently, these proteins were less extractible, explaining
the apparent down-expression. To our knowledge, this
is the first time that such cellular events are reported
in striated skeletal muscles in vivo after a stress test.
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However, the implications on muscle physiology remain
unknown and deserve further investigation.

In conclusion, the use of generic approaches to assess
muscle responses to stress allowed pointing out tran-
scripts, proteins and metabolites that were differential-
ly expressed between control and treated chickens. The
integration of these cellular components indicates that
the cellular mechanisms of carbohydrate metabolism
and cytoskeleton stabilization were affected by stressors
in muscle tissue. We reported that the under-expression
of transcripts and proteins could be due to exhaustion
of the muscle during the RT test. Several proteins and
transcripts involved in stress fiber formation were dif-
ferentially expressed but further studies are required
to understand the implication of such events and the
physiological consequences on muscle biology.
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