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The change with age in the response of muscle to exercise is
an important research area. The loss of muscle mass with
age is associated with reduced neural activity or efficiency of
motor end plates, reduced accessibility of nutrients to the
muscles,  decreased  sensitivity  of  the  protein  synthetic
machinery to an exercise or  nutritional  stimulus,  and de-
creased ability to absorb and repair biochemical and mechan-
ical  insults  of  overload,  such  as  inflammation,  oxidative
stress and loss of proteostasis. We have used experimental
models to test the response of muscle from rodent and hu-
man and old and young subjects to changes in activity repre-
senting disuse or training [1-4]. These papers contain public-
ly  available  genome-wide  transcriptomic  data  from young
and old Fischer344 rats (an accelerated ageing model), the
F344/Brown Norway cross that is used in most of the ageing
research funded by the NIH in the US, Sprague Dawley rats
[5],  and C57BL/6j  mice.  Thus,  comparisons  of  expression
within informative gene sets generated from each dataset
can begin to be made. Useful work has already been done to
show that both common and divergent (or species specific)
changes are important in ageing and in the response of differ-
ent species to the challenge of exercise [4, 5] We have mea-
sured the time course of the response of muscle to training
over the period of 3 to 4 weeks. This allows enough time to
recognize changes within muscle that represent the homeo-
static adaptation to a new physiological challenge, or the re-
moval of that challenge. Analysis of samples from a single
time point in a program of training may mask the differences
between experimental groups. We have established a model
of resistance training using daily sessions of resisted contrac-
tions in rats and mice that causes a 15% increase in wet
mass of the tibialis anterior muscle in rat, but not in mouse,
over a period of 30 days. We have focused on changes in the
transcriptome and proteome [3] that are measured in muscle
taken one hour after the last exercise bout, harvesting from
individual subjects after 2, 10, 20 and 30 days of daily train-
ing. In the adult rat the acute response adapts over a period
of three or four weeks so that the same stimulus causing
rapid  growth in  the  first  two weeks  of  daily  training  no
longer causes increase in muscle mass after 4 weeks. Some
of the acute transcriptional responses following the exercise
bout can still be noted after this period of adaptation, but
many others show a much lower responsiveness after adapta-

tion [2]. We have repeated these experiments in old rats (24
months). The amount of growth is only half of that achieved
in adult, approximately 8% rather than 15% (Figure 1). The
PCA plots of the transcriptomic data (Figure 2) are remarkab-
ly similar in young and old giving confidence that the experi-
mental  intervention  was  comparable.  However,  when  we
compare the transcriptomes with algorithms that interrogate
the data to search for those genes that behave most different-
ly in the two datasets, we can split the age cohorts by the ex-
pression levels in the acute exercise response of only about
25 genes across the timecourse of 0-30 days. These include a
number of genes involved in the stress response that are
more  highly  expressed  in  old  than  young  muscle,  and  a
group of genes including several involved in growth that are
less highly expressed.�Analytical methods: We focused first
on differentially expressed genes in control and resistance-
-trained muscles across all training stages in adult muscle
and then old muscle.  We ran the sets of  genes from the
young  and  old  muscles  for  analysis  using  the  Hallmark
method. Gene set enrichment analysis was performed using
the fgsea R package, with genes ranked by t-statistic (not P-
-value) after limma-voom differential expression analysis and
tested  against  the  50  Hallmark  pathways  from the  MSig
database. This first ranks the genes by significance of differ-
ence in expression between trained and control. We then cal-
culated a normalised enrichment score for the 50 pathways
included in the Hallmark protocol. The difference between
this enrichment score between young and old was used to se-
lect  the  top 10 pathways  most  different  between the  re-
sponse to exercise in young and old, and then to investigate
time course of the normalized enrichment scores (Figure 3).
We compared the differences in the expression of genes in th-
ese pathways between sedentary young and old muscle pub-
lished by Shavakladze et al [5]. This comparison has the ad-
vantage that the young and old samples were run in the
same sequencing batch. The results give us confidence that
the comparisons of  data from young and old muscle that
were obtained in separate analyses from our laboratory are
secure. We note that there are substantial differences be-
tween the expression of genes in these pathways in seden-
tary young and old muscle, and that the response with exer-
cise can be interpreted as an attempt to compensate for th-
ese differences in control (unchallenged) muscle. For the top
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ten pathways, the initial response to resistance exercise in
terms of gene expression is greater in old than in young mus-
cle. It seems that the deficiency in the growth response must
lie at a later stage than the stimulus to change RNA levels.
We used the mixOmics R package to perform PLSDA-based
analysis to find the genes that have the greatest influence in
separating the responses in young and old muscle. The first
group of genes contained 25 members and their combined ex-
pression  was  strongly  separated  between  young  and  old
across the time course from 2 to 30 days. Indeed almost all
of the member genes showed a similar separation across the
time  course,  showing  that  the  difference  was  dependent
more on age than on training status. This group of genes was
also  clearly  separated  between  young  and  old  in  the
Shavlakadze dataset [5]. There is divergence of opinion on
the relationship between ribosomal gene expression and mus-
cle  growth.  For  example,  Brown et  al  [6]  emphasise  the
greater importance of translational efficiency over translatio-
nal capacity in young growing muscle after resistance exer-
cise in humans. There is new interest in the control of expres-
sion  of  the  various  ribosomal  protein  genes,  previously
thought to be regulated as a coordinated unit. We note in our

data substantial differences in the coherence of ribosomal
gene expression among the cytosolic  ribosomal genes be-
tween young and old muscle after resistance exercise. These
differences  are  not  seen  in  the  mitochondrial  ribosomal
genes. It is an attractive hypothesis that incoherent expres-
sion might limit ribosome assembly .We are investigating the
hypothesis that muscle mounts a universal stress response to
unaccustomed activity which may lead to muscle growth as
an adaptive mechanism, if the protein synthetic machinery is
operating  successfully.  We  have  noted  slower  or  absent
growth in several circumstances in which we can search for
common aspects: these include old muscle, the edl muscle in
comparison to the tibialis anterior muscle, and mouse mus-
cles in comparison to rat muscle. One unifying factor may be
the supply of energy for protein synthesis. We are annotating
the metabolic challenge of a single bout of resistance exer-
cise using nmr-based metabolomic analysis of exercised mus-
cle from rat and mouse tibialis anterior. The metabolic re-
sponse is substantially different in the two muscles. We have
generated a new annotated library of standard metabolites to
interrogate the muscle metabolome to look for differences in
the ability of mouse and rat muscle to achieve protein synthe-
sis sufficient for muscle hypertrophy.
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