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Abstract

Aim and background: Changes in regulatory and structural gene expres-

sion provide the molecular basis for the adaptation of human skeletal muscle

to endurance exercise.

Hypothesis: The steady-state levels of multiple mRNAs mainly involved in

regulatory functions differ between highly endurance-trained and untrained

subjects in a muscle heavily recruited during the exercise.

Methods: Biopsies from musculus vastus lateralis of seven untrained (UT)

subjects [maximal oxygen consumption (VO2max) ¼ 39 mL kg)1 min)1]

and seven trained (T) professional cyclists (VO2max ¼ 72 mL kg)1 min)1)

were analysed for the contents of 597 different mRNAs using commercially

available cDNA arrays (Clontech no. 7740-1). Intra-individual expression

profiles were compared by least-square linear regression analysis. Differences

in gene expression between the two groups were tested for statistical signi-

ficance using L1 regression analysis combined with the sign test on all per-

mutations of scatter plots of log raw values from UT vs. T subjects.

Results: Transcripts for 144 of 597 genes were sufficiently abundant to be

analysed quantitatively. The expression profiles of the T group had a better

intragroup correlation (R2) than those of the UT group (0.78 vs. 0.65,

P < 0.05). An intergroup (T vs. UT) correlation of expression profiles gave

an R2 of 0.71. Statistical analysis at a false discovery rate of 5% identified

differential expression of nine cell-regulatory genes between T and UT. The

mRNA levels of eight genes, including two DNA repair enzymes, tran-

scription factors, signal transducers, a glycolytic enzyme and a factor

involved in steroid hormone metabolism were increased in T vs. UT. Con-

versely, the mRNA of the tumour suppressor APC was downregulated with

endurance training. Selective reverse-transcriptase polymerase chain reaction

experiments confirmed the signal estimates from the array analysis.

Conclusions: The repetitive impact of the complex exercise stimuli in pro-

fessional cyclists attenuated the interindividual differences in regulatory gene

expression in skeletal muscle. Long-term nuclear reprogramming of regula-

tory gene expression seems to be characteristic of human musculus vastus

lateralis in a highly endurance-trained steady state.

Keywords gene expression, microarray, muscle biopsy, muscle fibre,

stochastic, variability.
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Skeletal muscle has a considerable phenotypic malleab-

ility in response to exercise stimuli (reviewed in Flück &

Hoppeler 2003). Adaptations to systematic endurance

training comprise an increased capacity for oxidative

substrate metabolism in mitochondria, concomitant

with a reduction of myofibrillar volume and a shift

towards an increased proportion of slow-type muscle

fibres (reviewed in Booth & Thomason 1991, Flück &

Hoppeler 2003).

Transcriptional modulations of genes involved in a

number of multiple biological processes – in addition to

translational and post-translational events – may be

involved in the adaptation of human skeletal muscle to

endurance exercise training, one effect, among others,

being changes in post-transcriptional events involved in

muscle fibre function (Booth & Thomason 1991, Flück

& Hoppeler 2003). A single bout of endurance exercise,

for example, is known to induce transient increases in

the transcription rate of various genes with transcrip-

tional [proto-oncogenes c-jun, junB and junD (jun-

family), proto-oncogenes c-fos, fosB, fosBdel and fra-1

(fos-family), peroxisome proliferator-activated receptor

c coactivator 1 (PGC-1 ) and mitochondrial transcrip-

tion factor (TFAM)] and metabolic [lipoprotein lipase

(LPL), carnitine O-palmitoyltransferases I (CPTI), pyru-

vate dehydrogenase kinase 4 (PDK4), mitochondrial

uncoupling protein 3 (UCP-3) and haemoxygenase 1

(HO-1)] functions during the recovery period (Seip

et al. 1997, Puntschart et al. 1998, Pilegaard et al.

2000, 2003b). As a likely consequence of these early

events, the ‘steady state’ mRNA levels of several genes

involved in metabolic functions (VEGF, LPL and

mitochondrial oxidation) are increased after endurance

training (Puntschart et al. 1995, Seip et al. 1995,

Gustafsson et al. 2001, Vogt et al. 2001). In particular,

the concentrations of mRNAs coding for enzymes of

muscle oxidative metabolism are essentially doubled in

endurance-trained subjects, and remain in proportion to

concentrations of mitochondrial DNA, muscle mito-

chondrial volume and maximal oxygen consumption

(VO2max) (Puntschart et al. 1995). A number of similar

observations, also in animal models, have led to the

notion that systematic repetition of the exercise stimu-

lus during training leads to a proportional increase in

mRNA levels of biological systems involved in maxim-

izing functional performance (reviewed in Flück &

Hoppeler 2003).

To date, it is not understood how regulatory net-

works contribute to the transcriptional adaptation of

human skeletal muscle to exercise training (Cameron-

Smith 2002, Flück & Hoppeler 2003). Indications of a

coordinated adaptation of many cellular systems (Booth

& Thomason 1991, Wittwer et al. 2002, Flück &

Hoppeler 2003) suggest that changes in mRNA levels of

genes involved in regulatory processes such as signal

transduction, DNA replication and cell homeostasis

should accompany the shifts towards a higher percen-

tage of slow-contracting fibres and higher capacity for

oxidative metabolism which are known to occur with

endurance training.

Professional cyclists have remarkable metabolic and

physical work capacities (reviewed in Green et al.

1996). They may well arrive near the end point of

whole body and possibly muscle adaptations at the peak

of their careers. Taking the steady-state levels of

mRNAs as indicators for permanent compensatory

adaptations, we asked whether a difference at the pre-

translational level of factors involved in cell-regulatory

functions exists in a major muscle group used during

cycling between highly trained aerobic professional

cyclists and untrained individuals.

Materials and methods

Subjects and biopsies

Needle biopsies (Bergström technique) were obtained

from vastus lateralis muscles of cyclists (T; n ¼ 7) and

untrained subjects (UT; n ¼ 7) and of a moderately

trained healthy male in accordance with the terms

defined in the Helsinki convention. The professional

cyclists in this study performed about 30 000 km of

bicycle exercise per year (training and competition) in

the 5 years before the biopsies were taken. The biopsies

were frozen in isopentane cooled by liquid nitrogen and

subsequently stored in liquid nitrogen. VO2 max testing

was performed on the same day, after the biopsy had

been taken, using an open flow respirometer (Jaeger

Dataspir, Würzburg, Germany). Fibre typing was car-

ried out as described previously (Baumann et al. 1987).

Differences in VO2max between UT and T were

investigated using the T-test (Statistica version 6.1;

Statsoft Europe GmbH, 20253 Hamburg, Germany).

Microarray analysis

Total RNA was isolated from 25-lm cryostat sections of

the biopsies and used to synthesize target for hybridiza-

tion of doubly spotted AtlasTM human cDNA expression

arrays no. 7740-1 (Clontech, Inc., Allschwil, Switzer-

land) as described in Wittwer et al. (2002), including the

determination of the signal intensities of each transcript.

With this method of RNA isolation (Wittwer et al.

2002), we did not find evidence for RNA degradation

even when the RNA was kept for more than 1 day at

room temperature. One microgram of total RNA (as

determined with the Ribo Green assay from Molecular

Probes) was reverse transcribed with the reagents

contained in the AtlasTM kit, except that Superscript II

(Life Technologies AG, Basel, Switzerland) was used as
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reverse transcriptase and the nucleotides from the Strip

EZ RT kit (Ambion; AMS Biotechnology Europe Ltd,

Bioggio, Switzerland). The target cDNAs were then

purified by column chromatography (ChromaSpin;

supplied with the AtlasTM kit). The incorporation of
32P label into target (labelling efficiency) for all reactions

was between 15 and 60 Mio cpm lg)1 total RNA.

These radioactive targets were hybridized overnight at

68 �C in ExpressHyb solution (Clontech, Inc.) to the

nylon cDNA arrays. The next day, the filters were

washed three times for 1 h in 2· SSC (0.3 m sodium

chloride, 0.03 m sodium citrate), 1% sodium dodecyl

sulphate (SDS) at 68 �C and once for 30 min in

0.1· SSC, 0.5% SDS at 68 �C. For the detection of

signal intensities and the background after 5–14 days of

exposure we used a phosphor imager (Molecular

Dynamics, Sunnyvale, CA, USA). In each batch of

experiments, samples from one T and one UT pair were

subjected simultaneously to RNA isolation, reverse-

transcription, hybridization and washing in aliquots

from the same reaction mixes.

The incorporation of the modified nucleotide from

the EZ strip system (Ambion; AMS Biotechnology

Europe Ltd, Bioggio, Switzerland) allowed us to strip

the filters with a series of two to three washes of 0.5–

2.0 h duration at 74 �C. For a given (strong) spot, this

stripping procedure, in combination with 1 month of

decay (approximately two half-lives) of the 32P, reduced

the signal to <3%. Verification of the signal ratios

between the potential housekeeper, b-actin, and non-

specific background controls after different hybridiza-

tions to the same filter(s) revealed that the sensitivity of

the microarrays was maintained following up to four

rounds of stripping. In total, seven different T vs. UT

pairs were hybridized and analysed. The data in this

study were generated from a total of four AtlasTM no.

7740-1 cDNA array filters.

In addition, a test–retest experiment was performed

with a musculus vastus lateralis biopsy from an addi-

tional healthy subject. The biopsy was sectioned into two

aliquots and an effort was made to reduce eventual

regional differences in the biopsy by repeatedly sampling

10 sections alternatively in two tubes for further pro-

cessing. On the same day total RNA was prepared from

these tubes and quantified. Each of the two total RNA

isolations was split into two aliquots giving rise to four

samples which were subjected to individually pipetted

reverse transcription reactions which were hybridized in

parallel to the four array filters. For additional details on

the design of the microarray experiment (see Figure 1).

Statistical analysis of microarray data

The raw signals and local backgrounds of each probe

spot on the membrane, given as the sum of pixels,

were determined using the AIDA Array Easy software

(Raytest Schweiz A.G., Urdorf, Switzerland). In order to

reduce variability in background detection, the raw

signals for each transcript were determined from the

mean values of the two spots containing the same

cDNA. From the 600 cDNAs spotted on the array,

signals for 144 transcripts were found to be at least

30% above background on the majority (>10 of 14) of

filters. These were included in the analysis.

Least-square linear regression analysis was carried

out for raw, normalized and b-actin standardized

expression signals of the 144 analysed transcripts using

Statistica 6.1. The correlation coefficients from the

intragroup comparisons were checked for statistically

significant intergroup differences with a one-way anova

using Fisher’s least significance difference post hoc test.

This correlation analysis revealed linear relationships

for most interindividual comparisons (see Figure 2b).

The transformed data (background-corrected and stan-

dardized either to b-actin or normalized or the total

array signal) yielded linear relationships as well, but

carry the potentially systematic bias of background

correction (Kerr et al. 2000).

To determine which RNA signals were significantly

different in T vs. UT, the raw values were analysed

using regression analysis based upon the premise that

the altered mRNAs show up as outliers in these

comparisons (see Loguinov et al. 2001, Wittwer et al.

2002). As least-square linear regression is sensitive to

outliers (Loguinov et al. 2001), an L1 regression, which

is a more robust least absolute deviations regression,

was applied to model the linear relationship between

cDNA signals in scatterplots of pairs (Xn)i, Yn)j) of log

signals as described in Wittwer et al. (2002). Xn)i is the

log of the raw pixel sum of a particular cDNA spot n

from the ith subject in the UT group and Yn)j is the log

of the raw pixel sum of that cDNA spot from the jth

subject in the T group.

This L1 regression analysis resulted in 49 different

regressions (7 UT · 7 T) and hence 49 regres-

sion equations for each mRNA. To calculate them, we

used the (non)linear-regression module of the Statistica

6.1 software. The differences between observed and

predicted values for all transcripts (residuals, Rn)ij) from

the L1 regression for each scatter plot were exported into

Microsoft�Excel2000 (Microsoft, Kildare, Ireland), as

were the correlation coefficients. The sign test, which has

a binominal distribution under the null hypothesis, was

applied to test the null hypothesis of random distribution

of pairs (Xn)i, Yn)j) relative to the regression line. In

order to account for multiple testing (one test for each

gene), we applied the test for a false discovery rate at the

5% significance level (Benjamini et al. 2001).

To estimate the ratio T vs. UT for a given mRNA, we

potentiated, to the base of 10, for each scatter plot the
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distance to the regression line for pairs (Xn)i, Yn)j), i.e.

10Rn)ij, and then calculated the median of all plots for

each transcript.

Reverse-transcriptase polymerase chain reaction

Approximately 600 ng total RNA was reverse-tran-

scribed with random hexamer primers using the Omni-

script Reverse Transcriptase kit (Qiagen, Basel,

Switzerland). Real-time PCR amplification reactions

were carried out in triplicate on 30 lL aliquots using

Sybr�Green PCR Master mix (ABI, Rotkreuz, Schweiz)

in 96-well plates on an ABI Prism 5700 Sequence

Detection System (PE Biosystems, Rotkreuz, Switzer-

land) as described (Wittwer et al. 2002, Flück et al.

2003). Incubations were run using a standard two-step

protocol with detection of the amplified cDNA via Sybr

Green dye. Primer sequences specific for vascular

endothelial growth factor (VEGF; Genbank no.

M32977, forward: catggcagaaggaggagggcagaatca,

reverse: atcttcaagccatcctgtgtgcccctg), ubiquitin (ub;

Genbank no. U49869, forward: ggcaagcagctggaagatg,

reverse: ccaggtgcagggttgactct), and 28S (Genbank no.

M11167, forward: atatccgcagcaggtctccaa, reverse:

gagccaatccttatcccgaag) RNAs were used for amplifica-

tion. For VEGF and ub, 5 ng cDNA were used as

template per reaction, for 28S it was 0.5 ng. The amount

of target cDNA (VEGF or ub) relative to the reference

(28S) was calculated using the comparative CT method

(threshold cycle for target amplification) according to

user bulletin no. 2 of the ABI Prism 7700 Sequence

Detection System (PE Biosystems, Rotkrent, Switzer-

land), with the modification that the relative efficiency

of each primer pair was included in the calculation. The

correlations of the signal estimates from the microarray

analysis (as calculated from the median of estimates

T vs. UT for the RNA samples that were verified with

RT-PCR) and the mean of 28S-standardized PCR values

were calculated with Statistica 6.1.

Results

The mean VO2max of the professional male cyclists (T;

72 mL min)1 kg)1, range 58–82; n ¼ 7) was signifi-

cantly different (P < 0.0001) from that of the untrained

male subjects (UT; 39 mL min)1 kg)1; range 28–46;

n ¼ 7). The percentage of type I fibres in musculus

vastus lateralis biopsies was significantly larger in T

(80.0 � 8.3%) than in UT (56.3 � 7.3%) (Baumann

et al. 1987).

Figure 1 Minimal information on microarray analysis (MIAME) as defined under http://www.mged.org/Workgroups/MIAME/

miame.html.
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A test–retest experiment revealed a high level of

correlation (R2) of 0.98 for microarray experiments

performed on the same day with separate aliquots

from the same total RNA isolations, but different

reaction mixes and filters. A lower level of correla-

tion (R2 ¼ 0.89) was calculated for simultaneous

array hybridization with individually prepared targets

from two separate RNA isolations of the same

biopsy. The comparison of the T vs. UT expression

profiles of the 144 safely detected transcripts from

experiments performed with aliquots from the same

reaction mix had a higher median correlation

(R2 ¼ 0.89) than the median T vs. UT correlation

(R2 ¼ 0.71) calculated from experiments carried out

on different days and with different aliquots of

reaction mix.

The interindividual comparison of these 144 tran-

scripts showed good correlations between the expres-

sion profiles of raw signals for most subjects

(Figure 2a), although a certain degree of variability

was apparent. The intragroup correlation of the T

group (n ¼ 7) reached a median R2 ¼ 0.78 (range:

0.55–0.95) and was significantly higher (P < 0.016)

than the median R2 ¼ 0.65 (range: 0.18–0.90) for the

seven subjects from the UT group. The intergroup

comparison between UT and T gave a median R2 of

0.71 (range: 0.22–0.98).

Transformation of the raw data by means of

normalization to the total pixel signal on the filter or

standardization to the commonly used standard

(b-actin) did not have a significant impact on the

patterns or values of interindividual correlations

(Figure 2b). Therefore, the raw expression data of

the 144 transcripts from all biopsies were included in

the statistical analysis. The L1 regression on the scatter

plots T vs. UT of the logarithmized raw signal data

under application of the sign test and the false

discovery rate at a 5% significance level identified

(a)
Untrained

Raw values
Trained

Trained
Normalized

Untrained

Untrained Trained

β-Actin standardized

R2

R2

R2

(b)

Figure 2 (a) Box–Whisker plot of the correlation coefficients (R2) for intra- and intergroup least-square linear regression analysis of

raw expression profiles from untrained (UT) and trained (T) human musculus vastus lateralis. The asterisk indicates a significant

difference (P < 0.05) to the UT-UT comparison. (b) Matrix of interindividual correlations of expression profiles of raw

normalized and standardized data for the 144 analysed transcripts. The colour code indicates the degree of similarity between

two samples. Boxes with a white frame denote those samples which were analysed on the same day with aliquots from the same

reaction mix.
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differential expression of nine mRNAs. Eight genes

were transcriptional upregulated while one mRNA was

downregulated. The upregulated transcripts in muscu-

lus vastus lateralis of T vs. UT are involved in DNA

repair, transcription, signal transduction, glycolysis

and steroid hormone metabolism (Table 1). The

down-regulated mRNA codes for the tumour suppres-

sor gene APC.

For four individuals, whose biopsy size did allow to

carry out reverse-transcription with the remainder of

the RNA, PCR experiments were used to determine the

expression level of selected examples (VEGF, ubiquitin)

relative to the 28S rRNA. Under the multiplicity error

correction applied, the differences for these mRNAs

between UT and T did just not reach statistical

significance, i.e. P-values were 0.005 and 0.011 for

VEGF and ubiquitin, respectively. These experiments

gave high correlations between VEGF (R2 ¼ 0.88) and

ubiquitin (R2 ¼ 0.91) mRNA data from 28S-standard-

ized PCRs and the signals estimated from the L1

regression analysis.

Discussion

Systematic endurance training has profound effects on

muscle function and ultrastructure (Flück & Hoppeler

2003). The involvement of transcriptional and post-

transcriptional mechanisms in this type of phenotypical

differentiation to an endurance steady state is not well

understood (Cameron-Smith 2002, Flück & Hoppeler

2003). Each bout of endurance exercise induces changes

in gene expression, which for regulatory genes are

believed to be transient and hence may not persist and

manifest themselves as changes in mRNA levels until the

next training session (Puntschart et al. 1998, Pilegaard

et al. 2000). Our microarray data provide the novel

evidence that several regulatory mRNAs are differen-

tially expressed in musculus vastus lateralis of highly

endurance-trained cyclists vs. untrained controls. This

indicates that permanent transcriptional adaptations of

distinct regulatory genes could contribute to the phen-

otypical differences of human skeletal muscle in a highly

endurance-trained steady state (Figure 3).

Table 1 (a) Transcripts which level is

up-regulated in T vs. UT. (b) Transcripts

which level is down-regulated T vs. UT

Functional category Function GENE Genbank no. P T/UT

(a)

Metabolism Glycolysis GAPDH X01677 3.67E-05 1.8

Sulphates steroids EST1 U08098 9.21E-04 1.33

Cell communication Insulin signalling GNAS M14631 3.67E-05 1.52

Cytoskeletal signalling RHOA L25080 9.21E-04 1.23

DNA interaction Transcription hEGR1 M62829 3.43E-04 1.49

Transcription CREB2 D90209 3.43E-04 1.3

DNA repair NSEP M83260 9.21E-04 1.45

DNA repair RAD23A D21235 1.17E-04 1.51

(b)

Cell cycle Tumour suppressor APC M74088 2.69E-06 0.81

Figure 3 Summary of the biological

functions of the proteins encoded by the

mRNAs found to be different between the

vastus lateralis muscles of professional

cyclists with many years of training and

untrained subjects.
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Interindividual variability of skeletal muscle expression

profiles

The significantly higher median value and more narrow

range of correlation of the expression profiles within the

trained (R2 ¼ 0.78) compared with the untrained group

(R2 ¼ 0.65) was not expected. The data indicate that

the repetitive impact of the complex exercise stimuli in

professional cyclists attenuates eventual interindividual

differences of gene expression in skeletal muscle tissue.

Several biological variables, including the heterogen-

eity of fibre type distribution (Elder et al. 1982),

differences in composition and the pulsatile nature of

gene expression along single muscle fibres (Pette 1985,

Peuker & Pette 1997, Newlands et al. 1998), as well as

technical aspects introducing day-to-day variability

potentially account for the observed interindividual

variability in expression profiles in human vastus

lateralis muscles.

In regard to the specific contribution of each of these

factors to variability in muscular gene expression,

several considerations emerge as important. The vari-

ability of fibre type distributions within serial biopsies

in musculus vastus lateralis has been documented (Elder

et al. 1982). Therefore, at least some of the variation in

gene expression in the same healthy subject could be a

consequence of the exact location of the biopsy. In rat

and rabbit species, transcriptional activities of nuclei

within a single muscle fibre are regulated independently

and a stochastic mechanism has been proposed that

controls gene expression in each myofibre (Peuker &

Pette 1997, Newlands et al. 1998). The existence of

such a mechanism in human muscle is compatible with

our previous findings that a single bout of running

exercise causes the induction of immediate early gene

expression in a patchy manner in human musculus

vastus lateralis fibres (Puntschart et al. 1998). The

model is also supported by the heterogeneity of meta-

bolic enzyme activities along single human muscle fibres

(Pette 1985).

However, importantly our test–retest experiment

demonstrated a lower correlation of expression profiles

when aliquots from separate, rather than from the

same, RNA isolations obtained from the same biopsy

(R2 of 0.89 vs. 0.98) were measured on the same day

in microarray experiments (see ‘Materials and meth-

ods’ section). This degree of variability of transcript

expression calculated for healthy human vastus later-

alis muscle is comparable with the documented scatter

in gene expression in dystrophic human vastus lateralis

muscle (R2 of 0.89 vs. 0.92) (Bakay et al. 2002). These

observations support the proposition that a portion

of the variability in gene expression is because of

differences in composition and stochastic gene expres-

sion along single fibres and heterogeneity in fibre type

distribution in a larger area of musculus vastus

lateralis.

This presumed role of fibre ‘in-homogenities’ for the

variability of interindividual gene expression in vastus

lateralis muscle is strengthened by observations on the

distribution of the type I muscle fibres after many years

of endurance training and competition. First, the

percentages of the slow-contracting, highly aerobic type

I muscle fibres in vastus lateralis muscles were signifi-

cantly higher in the T than the UT group, concomitantly

with a reduction in type II fibre percentage. Secondly,

muscles from highly trained endurance cyclists demon-

strate a uniform increase in the size of type I and type II

fibres (Baumann et al. 1987, Rodriguez et al. 2002).

This more homogeneous fibre type distribution and

composition across biopsies from professional cyclists

could partially explain the better intragroup correlation

for the gene expression profiles in the trained compared

with the untrained muscles.

Alternatively, a reduction of the stochastic variation

of gene expression in the multinucleated muscle fibres

(Newlands et al. 1998) due to training-modulated

influences like the repetitive occurrence of exercise

impulses and exercise diet (Grandjean & Ruud 1994,

Pilegaard et al. 2003a) may also contribute to the

reduced gene expression scatter in the T than UT group.

Finally, differences in genetic background, often

referred to as single nucleotide polymorphism (SNP)

noise (Bakay et al. 2002, Cheung & Spielman 2002) may

give rise to interindividual variation in muscle gene

expression. Habitual and environmental influences such

as diet (Cameron-Smith et al. 2003, Pilegaard et al.

2003a) may also affect gene expression in humans

more than in experimental model animals such as

mice (Cheung & Spielman 2002). Lastly, in cDNA

array experiments, potential day-to-day differences in

reverse-transcription and hybridization can add to the

observed variability in gene expression profiles. The

better correlation of the expression profiles T vs. UT for

experiments performed in pairs on the same day,

compared with those from experiments on different days

(R2 of 0.89 vs. 0.71), points in that direction. However,

the fact that the gene expression profiles were signifi-

cantly better correlated for the endurance-trained than

untrained individuals indicates that technical variables

do not account for the higher variability and lower

correlation of expression profiles in the endurance

untrained individuals.

We conclude that the apparent interindividual varia-

bility in gene expression profiles in muscle biopsies

analysed (Figure 2) relates mainly to heterogeneity in

fibre type distribution, and/or compositional and stoch-

astic gene expression differences along the multinucle-

ated myofibres. To a lesser extent, it may also reflect

day-to-day differences in the methodology applied.
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Quite likely, it also reflects genetic heterogeneity to a

considerable extent. Future studies with a specific

experimental design need to follow to resolve on the

relative importance of aforementioned factors for our

observations on the scatter in muscle gene expression

profiles.

Basic considerations for the mapping of differentially

expressed genes in skeletal muscle

Despite this interindividual variability of gene expres-

sion in muscle biopsies, it has been demonstrated that

the statistical analysis of multiple biopsy samples can

overcome these limitations and can yield biologically

relevant information (Puntschart et al. 1995, Pilegaard

et al. 2000, Cameron-Smith et al. 2003).

Several points require consideration when interpre-

ting alterations in skeletal muscle expression profiles.

Skeletal muscle is composed of multiple cell types that

undergo pronounced changes in composition and abun-

dance with endurance training (reviewed in Flück &

Hoppeler 2003). Vastus lateralis muscles of endurance-

trained humans show a significantly higher content of

mitochondria and capillary densities than vasti of

untrained subjects, while myofibrillar volume is reduced

(reviewed in Flück & Hoppeler 2003). It has also been

demonstrated for rat muscle that total RNA and 28S

rRNA differ between slow and fast muscle fibres

(Habets et al. 1999). Hence even accepted standards

such as total RNA or 28S rRNA are by definition not

absolute when comparing muscles that differ in fibre

type content and phenotype.

As an alternative, we used a linear regression analysis

of raw data in order to identify genes that are differen-

tially expressed between these populations. This was

justified because the expression profiles were reasonably

well correlated and data transformation by normaliza-

tion or standardization to b-actin did not substantially

influence the structure of the data (Figure 2b). The

definition of such an L1 regression line, which is balanced

by the behaviour of all 144 detected transcripts –

involving several highly expressed ribosomal, cytoskele-

tal and metabolic genes, of which some are considered

standards in muscle expression studies (b-actin) (Pileg-

aard et al. 2000) – allowed us to test for differences in

expression relative to the population of the genes under

study. The relevance of this approach is reflected in a

good correlation between our partial data from 28S-

standardized RT-PCR measurements and the data from

the regression analysis of microarray experiments.

Biological predictions

Our observation of altered mRNA contents of regula-

tory genes raises the possibility that systematic endur-

ance exercise training could change the ‘set-point’ of

regulatory genes in muscle.

The increased mRNA levels of the two DNA repair

enzymes NSEP and RAD23A parallel a recent observa-

tion of increased activity of the DNA excision repair

enzyme hOGG1 after a marathon race (Radak et al.

2003). Such changes may relate to the observation that

exercise increases the activity of enzymes involved in

repair of oxidation damaged DNA and attenuates the

age-associated increase in oxidation damaged DNA, i.e.

reduces the 8-hydroxy-2¢-deoxyguanosine (8-OHdG)

content, in rat gastrocnemius muscle (Radak et al.

2002). Strenuous endurance exercise leads to increased

generation of reactive oxygen species (ROS) which

could damage DNA, lipids and proteins (Moller et al.

2001, Reid & Durham 2002). Our data indicate that

transcriptional up-regulation of mechanisms that pro-

tect muscle tissue from oxidative DNA damage due to

exercise-induced ROS production (Ji 2002) is also

evident in highly trained endurance athletes.

The increased mRNA levels of the two transcription

factors hEGR1 and CREB2 is further evidence for

modified transcription in musculus vastus lateralis of

highly trained cyclists. Additionally, the drop in the

transcript levels of the tumour suppressor APC is

compatible with an altered control of cell proliferation

in musculus vastus lateralis in endurance trained vs.

untrained muscle (van Es et al. 2001).

The modified expression of factors involved in

intracellular signal transduction (GNAS, RHOA) is

indicative of altered intracellular communications in

endurance trained skeletal muscle. RHOA belongs to

the integrin-dependent signal transduction pathway

involved in assembly of focal adhesions and actin stress

fibres as well as sarcomeric actin expression and

myogenic differentiation (Wei et al. 1998, 2001). The

increase in RHOA mRNA suggests that repetitive

exercise sessions can modify turnover and organization

of the cytoskeletal network in a muscle fibre. The

stimulatory guanine nucleotide-binding protein GNAS

acts as a negative regulator of insulin signalling

(Yu et al. 2001b). Our observation on enhanced

GNAS mRNA therefore supports the suggested down-

regulation of early (membrane) components of the

insulin-signalling cascade in skeletal muscle of endur-

ance-trained human subjects, in order to prevent hypo-

glycaemia in the insulin-sensitized trained muscles (Yu

et al. 2001a).

This evidence for the involvement of transcriptional

mechanisms in the altered metabolic regulation in

professional cyclists, i.e. the increased capacities to

burn carbohydrates compared with untrained subjects

(discussed in Green et al. 1996), is supported by the

increased GAPDH mRNA in trained cyclists vs.

untrained individuals.
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The signals which initiate the observed transcrip-

tional adaptations may well involve multiple factors

(Flück & Hoppeler 2003). In particular, mechano-

dependent, redox–sensitive, metabolic and neuronal

signalling pathways as well as tissue damage can affect

gene expression in skeletal muscle (Russell et al. 1992,

Ji 2002, Reid & Durham 2002, Flück & Hoppeler

2003). Both mechanical and oxidative stress (reactive

oxygen species) is enhanced during each bout of

exercise. These factors likely provide major adaptive

stimuli during the strenuous training and competitions

of our bicycle athletes. To some extent, the differences

between the trained cyclists and the untrained subjects

may also reflect differences in their genetic backgrounds

that permitted the athletes to train and compete at the

international level for years without obvious detrimen-

tal effects on muscle homeostasis (reviewed in Rodri-

guez et al. 2002). The notion of a role for mechanical

factors involved in the observed endurance adaptations

is supported by the observation of increased numbers of

hEGR1 transcripts 24 h after a bout of resistance

training (Jozsi et al. 2000) and enhanced hEGR1

expression after application of mechanical stress to

endothelial cells (Gimbrone et al. 2000, Passerini et al.

2003). The role of the small GTPase RHOA in the

integrin-dependent integration of mechanical factors in

muscle cells (Carson & Wei 2000) suggests that its

increase may also be related to mechanical stress in

musculus vastus lateralis of the trained cyclists. The

observed upregulation of the two mRNAs coding for

the DNA repair enzymes RAD23A and NSEP may

correspondingly be related to the enhanced generation

of oxygen radicals in endothelial cells or muscle fibres in

the training muscle tissue (Reid & Durham 2002,

Figure 3).

Overall, these data demonstrate that transcriptional

regulation of mechanisms related to DNA interaction,

signal transduction and metabolism, is involved in

phenotypic muscle adaptations to years of heavy bicycle

training, in addition to post-transcriptional, i.e. trans-

lational, modifications (Flück & Hoppeler 2003).

Conclusions

Considerable interindividual variability in gene expres-

sion profiles exists in human vastus lateralis muscles.

The attenuation of this gene expression scatter in

professional cyclists is explained by reduced heterogen-

eity in fibre type distribution and differences in compo-

sition and gene expression along the multinucleated

myofibres due to the repetitive impact of the complex

exercise stimuli. The identification of nine altered

mRNA levels for cell-regulatory factors in this major

recruited muscle group of the professional cyclists

indicates that transcriptional reprogramming of cellular

control mechanisms are a characteristic adaptation of

human skeletal muscle to a high level of endurance

capacity. The observed transcriptional adaptations are

likely a consequence of the repeated bouts of metabolic

and mechanical stress acting on the muscle tissue. These

changes reflect the biological events, which underlie the

potential prevention of oxidative and mechanical dam-

age in order to maximize functional performance of

skeletal muscle due to systematic exercise training.
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