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Abstract Predicting the responsiveness to regular exercise is a topic of great relevance due
to its potential role in personalized exercise medicine applications. The present review focuses
on cardiorespiratory fitness (commonly measured by maximal oxygen uptake, V̇O2max), a trait
with wide-ranging impact on health and performance indicators. Gains in V̇O2max demonstrate
large inter-individual variation even in response to standardized exercise training programmes.
The estimated �VO2 max heritability of 47% suggests that genomic-based predictors alone are
insufficient to account for the total trainability variance. Candidate gene and genome-wide
linkage studies have not significantly contributed to our understanding of the molecular basis of
trainability. A genome-wide association study suggested that V̇O2max trainability is influenced by
multiple genes of small effects, but these findings still await rigorous replication. Valuable evidence,
however, has been obtained by combining skeletal muscle transcript abundance profiles with
common DNA variants for the prediction of the V̇O2max response to exercise training. Although
the physiological determinants of V̇O2max measured at a given time are largely enunciated, what is
poorly understood are the details of tissue-specific molecular mechanisms that limit V̇O2max and
related signalling pathways in response to exercise training. Bioinformatics explorations based
on thousands of variants have been used to interrogate pathways and systems instead of single
variants and genes, and the main findings, along with those from exercise experimental studies,
have been summarized here in a working model of V̇O2max trainability.

(Received 1 April 2016; accepted after revision 24 May 2016; first published online 28 May 2016)
Corresponding author C. Bouchard: Human Genomics Laboratory, Pennington Biomedical Research Centre, Baton
Rouge, LA 70808, USA. Email: claude.bouchard@pbrc.edu

Abstract figure legend A working model of the two basic components of research focused on the trainability of V̇O2max.
The first component aims at identifying biomarkers and predictors of variation in responsiveness. The second targets
technologies, research strategies and designs that have the potential to shed light on the physiology, pathways, systems,
signalling, and small and large molecular transducers of adaptability to regular exercise with an emphasis on individual
differences. See text for more details.

Abbreviations GWAS, genome-wide association study; QTL, quantitative trait locus; SNP, single nucleotide poly-
morphism; V̇O2max, maximal oxygen uptake.

Introduction

Since the seminal work of Hill & Lupton (1923), maximal
oxygen uptake (V̇O2max), defined as the oxygen uptake
attained during maximal exercise intensity, which cannot
be increased despite further increase in exercise workload,
has been considered a valid indicator of the limits of the
cardiorespiratory systems to deliver oxygen to the tissues.
The validity of the concept has been confirmed in more
recent times by a number of laboratories and most notably
by Snell and colleagues (2007). Thus we posit that V̇O2max is
a valid indicator of cardiorespiratory fitness with profound
health and performance implications.

In this paper, we review the most recently published
literature on the genomic and transcriptomic correlates
of V̇O2max response levels to endurance exercise training.
The overarching question being whether the response
of V̇O2max to endurance exercise training can be pre-
dicted by common personal characteristics and common
physiological traits combined with genomic and trans-
criptomic signatures. The global theme was reviewed

earlier with an emphasis on genetics and genomics
(Bouchard et al. 2011a; Bouchard, 2012). The present
effort will incorporate other lines of evidence and more
recently reported research.

It is commonly recognized that cardiorespiratory fitness
along with multiple cardiometabolic risk factors improve
as a result of exposure to endurance exercise programmes.
However, a series of papers, beginning with two early
reports published more than 30 years ago (Bouchard,
1983; Lortie et al. 1984), demonstrated convincingly that
there were considerable individual differences among
adults of both sexes in the gains in V̇O2max even though
all participants were exposed to standardized exercise
programmes. In this regard, the findings of many small
studies were confirmed, found to be applicable also to
other common disease risk factors, and amplified by the
larger, multicentre HERITAGE Family Study (Bouchard
et al. 1999, 2012; Leon et al. 2000; Wilmore et al.
2001; Katzmarzyk et al. 2003; Boule et al. 2005; Lakka
et al. 2005; Blache et al. 2007). Understanding why
there is human variability in V̇O2max trainability is of
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particular importance for personalized exercise medicine
applications but also for those who may be motivated by
the pursuit of sports performance.

Of particular importance for the present review is the
magnitude of the variability in trainability. If we use the
gains in V̇O2max in millilitres O2 per minute as reported in
the HERITAGE Family Study as a guide, a mean gain of
about 400 ml O2 was achieved with a standard deviation
(SD) of about 200 ml. Some of the variance in training
response can be accounted for by measurement error
but also by the day-to-day variability in performance.
The SD of V̇O2max measured over two or more days
provides an approximation of the magnitude of the role of
measurement error and daily variability. The HERITAGE
programme provided four independent estimates of the
SD of repeated measures (2, 3 or 4 tests) and the SDs ranged
from 108 to 137 ml O2 (with coefficients of variation
(CVs) ranging from 4.1 to 5.0). These SDs for repeated
measures accounted for about 15–20% of the group SDs
(the latter ranged from 646 to 740 ml O2). If one uses
the upper number, the true SD of V̇O2max trainability
for the given endurance exercise stimulus of HERITAGE
would be reduced to about 160 ml instead of the original
200 ml O2. This new estimate is somewhat higher than
two other estimates (123 and 138 ml O2, respectively)
obtained by Shephard et al. (2004) on the same dataset
but with less input data for the computation of the SD
of repeated tests. How can this remaining variability in
V̇O2max trainability be accounted for and can the dissection

of the unexplained variance illuminate the underlying
biology of the responsiveness to exercise programmes?

Trainability of V̇O2max: heritability and correlates

In a series of experiments performed in the 1980s,
we showed that the changes in V̇O2max in response
to standardized exercise training programmes were
highly heterogeneous (Lortie et al. 1984; Prud’homme
et al. 1984; Hamel et al. 1986; Simoneau et al.
1986). This was subsequently confirmed and quantified
in the large HERITAGE Family Study in which 742
healthy, sedentary adults were deemed ‘completers’ of
a standardized, laboratory-delivered endurance exercise
programme lasting 20 weeks (Bouchard et al. 1999). The
range of V̇O2max gains extended from no increase to gains
of more than 1000 ml O2 (Bouchard et al. 1999; Bouchard
& Rankinen, 2001).

As depicted in Fig. 1, baseline V̇O2max, age, sex, ethnicity
and initial body weight were all correlated with V̇O2max

training response. The association of each of these personal
characteristics with �V̇O2max was in the range of 2–3%.
Since we had the detailed minute by minute heart rates
and workloads of each training session for each subject,
we explored whether the fluctuations in achieved heart
rates and workloads compared to targeted levels for each
exercise session were contributing to the variability in
training responses. We observed that the fluctuations in
workloads accounted for about 6% of the V̇O2max training
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Figure 1. A summary of the correlates of the gains in V̇ O2max in the HERITAGE Family Study
The contributions of various correlates in terms of percentage variance accounted for in V̇O2max response are
shown. Details are provided in the text.
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responses (see Fig. 1). If the percentage variance associated
with the technical error and the day-to-day variation (a
maximum of 20%) is added to the figure, about 40% of
the variance in V̇O2max trainability is accounted for by these
factors.

Additionally, we know from HERITAGE that the
variability in training response aggregates in families.
The increase in V̇O2max adjusted for age and sex in 481
individuals from 99 two-generation families of white sub-
jects showed 2.6 times more variance between families
than within families, and a model-fitting analytical
procedure yielded a maximal heritability estimate of 47%
(Bouchard et al. 1999). These observations corroborated
the results of four experimental exercise studies performed
with pairs of identical twins (Prud’homme et al. 1984;
Hamel et al. 1986; Simoneau et al. 1986; Bouchard
et al. 1994). Intraclass coefficients (computed from the
within-pairs and between-pairs variances) for the V̇O2max

response to training varied from 0.44 to 0.77 across
these studies. Using the HERITAGE estimate of V̇O2max

trainability (47%), we can see from Fig. 1 that more than
85% of the variance in responsiveness is accounted for by
all the factors identified in the figure.

These observations are supported in part by selection
experiments performed in rats. In one study, pairs of low
and high responders to exercise training were mated and
their offspring were later exposed to the same exercise
programme. The narrow sense heritability of running
performance trainability (as a surrogate for cardio-
respiratory fitness) reached 43% (Troxell et al. 2003). More
recently, the same group led by Brittton and Koch reported
that, after 15 generations of selection (n = 178 rats), low
response rats failed to improve in response to 8 weeks of
exercise (a decline of 65 m in running distance) while high
response rats improved substantially (an increase of 223 m
in distance) (Koch et al. 2013). However, the narrow sense
heritability for trainability in this model was only 10%
(SEM + 0.02), an observation that calls for more studies.

It is clear from the above that less than half of the
variance in V̇O2max trainability in humans is potentially
explained by genetic differences. Based on the evidence
accumulated to date, individual variability in trainability
is a normal biological phenomenon, which may in part
reflect genetic diversity. The study of individual variability
in adaptive potential offers a powerful way to shed light
on human physiology (Bennett, 1987) as well as molecular
pathways and systems.

Candidate gene studies

A majority of the studies examining genetic predictors
of V̇O2max response to endurance exercise training have
employed the candidate gene approach. Starting in 2000,
a group of researchers began publishing an annual review
of the findings for genetic associations with exercise

performance and health-related fitness phenotypes. At the
time of its final update in 2006–2007, the human gene map
for performance and fitness phenotypes had identified 11
candidate genes (AMPD1, ATP1A2, PPARGC1A, PPARD,
HBB, HIF1A, GABPB2, ACE, APOE, CKM and MTND5,
a mitochondrial gene) and 12 quantitative trait loci
(QTL) associated with the response of cardiorespiratory
fitness-related phenotypes to exercise training, primarily
V̇O2max (Bray et al. 2009). However, most of the candidate
genes associated with exercise-response traits were often
based on only one study with positive findings, with the
variant explaining a small percentage of the total variance
in training response phenotypes. The most studied
candidate genes in relation to V̇O2max trainability are ACE,
APOE and ACTN3, all with discordant or inconclusive
results (Bouchard, 2012). Population, sample size and
training programme differences are among the factors
potentially responsible for the variability of findings in
these studies.

Genome-wide and transcriptome-wide approaches

Advancements in high-throughput technologies have
allowed for hypothesis-free, genome-wide investigations
of exercise response phenotypes. As such, several studies
employing genome-wide approaches related to V̇O2max

trainability have been published. In the HERITAGE
Family Study, genome-wide linkage scans were initially
used to identify gene regions associated with V̇O2max and
maximal power output responses to exercise training
(Bouchard et al. 2000; Rico-Sanz et al. 2004). Suggestive
evidence of linkages with markers on 1p31, 16q22 and
20q13.1 in black subjects and on 4q27, 7q34 and 13q12 in
white subjects were found for V̇O2max training response,
while suggestive linkages on 1q22 and 13q11 in black
subjects and on 5q23, 1q21, 4p15.1 and 4p13 in white
subjects were found for maximal power output training
response (Rico-Sanz et al. 2004).

Genome-wide approaches also include global skeletal
muscle gene expression profiling (i.e. transcriptome-wide
analysis), which can be combined with data on DNA
sequence variation. In one report, a combination of
genome-wide muscle gene expression with DNA sequence
variation screening was used to identify genes associated
with changes in V̇O2max in response to endurance
training. RNA expression profiling of pre-training skeletal
muscle samples identified 29 transcripts whose baseline
expression levels were associated with V̇O2max training
response in 24 subjects (Timmons et al. 2010). The
predictive value of the 29 transcripts was confirmed in
an independent training sample of 17 subjects. Next,
the authors genotyped tagging single nucleotide poly-
morphisms (SNPs; n = 300) in the 29 genes in the
HERITAGE Family Study. A multivariate regression model
using the transcriptome-derived SNPs and a set of SNPs
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from previous linkage analysis in HERITAGE identified
a set of 11 SNPs that explained approximately 23% of
the variance in V̇O2max training response. Interestingly, the
gene expression levels (i.e. RNA abundance) of the pre-
dictor genes was unchanged with exercise training, thereby
supporting the concept that the baseline profile of trans-
cript abundance in appropriate tissues in combination
with DNA sequence information can potentially serve as
predictors of exercise response.

We published the first genome-wide association study
(GWAS) for an exercise-response trait in 2011, where
we examined the association of over 324,000 SNPs
with exercise training-induced changes in V̇O2max in
473 white subjects from the HERITAGE Family Study
(Bouchard et al. 2011b). We found that none of the SNPs
reached genome-wide significance, although 39 SNPs were
associated with V̇O2max training response at P < 1.5 × 10−4.
Regression analysis of these 39 SNPs yielded 21 SNPs
explaining 49% of the variance in V̇O2max trainability, a
value very similar to the heritability estimate of 47% pre-
viously reported in HERITAGE (Bouchard et al. 1999).
In the regression model, nine SNPs explained between 2
and 7% of the variance each, while seven SNPs explained
between 1 and 2% each (Bouchard et al. 2011b). A pre-
dictor score was constructed using these 21 SNPs based on
the number of favourable alleles (i.e. high V̇O2max training
response alleles) carried across each SNP: low-response
allele homozygote was scored 0, heterozygote scored 1,
and homozygote for the high-response allele was scored 2.
These scores were summed across all 21 SNPs resulting in
a predictor score that could range from 0 (no favourable
alleles) to 42 (two copies of the favourable allele at all 21
SNPs). The observed scores ranged from 7 to 31 and those
with the highest scores (19 or more favourable alleles)
gained an average of 383 ml O2 min−1 more than those
with the lowest scores (9 or less favourable alleles) (Fig. 2).

There was little replication with the top six most
strongly associated SNPs in HERITAGE white subjects
in the replication cohorts (HERITAGE black subjects,
DREW and STRRIDE), with only one SNP showing
nominal evidence of replication (Bouchard et al. 2011b).
Specifically, rs11715829 (146 kb from ZIC4) was associated
with the gains in V̇O2max in STRRIDE subjects (P = 0.02),
with the directionality the same as in HERITAGE white
subjects (major allele homozygotes gaining 30% less than
minor allele carriers). Among the remaining SNPs tested
for replication, several positive findings were found with
directionality similar to that found in the discovery cohort
(i.e. HERITAGE white subjects). In HERITAGE black sub-
jects, the minor alleles of CAMTA1 rs884736 (P = 0.03)
and RGS18 rs17581162 (P = 0.03) were associated with
lesser gains in V̇O2max compared to major allele homo-
zygotes. In DREW, the minor allele of DAAM1 SNP
rs1956197 was associated with greater gains in V̇O2max

compared to major allele homozygotes (P = 0.02). Over-

all, only 5 of the 15 tested SNPs showed partial evidence
of replication in one of the replication cohorts, with no
consistent findings across studies (Bouchard et al. 2011b).
Although HERITAGE black subjects underwent the same
exercise programme as HERITAGE white subjects, the
population demographics and training programmes of
DREW and STRRIDE were quite different and may play
a role in the lack of replication. Furthermore, none of
the SNPs from the transcriptomic predictor in Timmons
et al. (2010) were part of the 21 predictors, although four
SNPs from the early panel were associated with V̇O2max

changes in HERITAGE white subjects at a P value of 0.008
or better (Bouchard et al. 2011b). This less than satisfactory
replication may result from a number of factors,
including small sample size, DNA variants or trans-
cript signatures with small effect sizes, heterogeneity of
study populations, differences in exercise programmes and
timing of measurements, the possibility that the original
findings were false positive, and potentially others as well.

Pathways, networks and systems

One of the key characteristics of complex traits is that they
are polygenic, i.e. the result of combined contributions
from several genes. In contrast to Mendelian traits,
it is quite rare for single genes to exert large effects
on a complex phenotype. Thus analytical approaches
that are capable of interrogating joint contributions
have become invaluable for complex trait research.
Additionally, with the increasing public availability
of large heterogeneous datasets, it has now become
possible to conduct bioinformatically driven integrative
analysis, incorporating evidence from multiple data
types, to construct more powerful hypotheses about gene
function. Thus, complementing the genomic and genetic
association studies described above, further attempts to
elucidate the genetic architecture underlying response to
endurance exercise training have involved a combination
of bioinformatics and systems biology approaches.
These investigations display a balance between the
hypotheses-driven and data-driven approaches and
broadly fall into two categories: (a) identification of
biological mechanisms (pathways and networks) that
underlie the observed genetic heritability of response, and
(b) identification of candidate genes via integrative data
analysis.

As described earlier, traditional single marker analysis
of the HERITAGE cohort did not yield any SNPs
that could be reproducibly associated with changes in
exercise-induced V̇O2max at the genome-wide significance
level (Bouchard et al. 2011b). Consequently, no single
genes could be identified that individually explained a
significant proportion of the genetic variation in exercise
response. Although a 21 SNP-based genetic risk score
could explain 49% of the variance in V̇O2max trainability,

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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it did not adequately inform on the biology driving
the response heterogeneity. To address this area, we
applied methods drawn from systems biology (Ghosh
et al. 2010, 2015; Wang et al. 2010; Zhong et al. 2010;
Pemu et al. 2012; Lane et al. 2016) and modelled
the response to exercise training as arising from joint
contributions of modest effects from several genes. In
this scenario, the significance was sought at the ‘gene-set’
level instead of the ‘gene’ level. These gene-sets represent
collections of functionally or physically interacting genes
(e.g. curated pathways such as Kyoto Encyclopedia of
Genes and Genomes (KEGG)) (Kanehisa & Goto, 2000),
or protein–protein interaction networks (e.g. STRING)
(Szklarczyk et al. 2015). Using genetic association data
from the HERITAGE GWAS, SNPs were first physically
mapped to genes and a gene-level trait-association score,
based on the association scores of its constituent SNPs,
was formulated. These gene scores were used to query
KEGG pathways via gene-set enrichment analysis (GSEA)
methods (Nam et al. 2010). This approach allowed for
the identification of pathways related to immune function
(e.g. type 1 diabetes, graft vs. host disease), cardio-
myopathy (dilated and arrhythmogenic right ventricular
cardiomyopathy), extracellular matrix regulation (ECM
receptor interaction, adherens junction) and metabolism
(PPAR signalling, pantothenate and CoA biosynthesis,
etc.) as significantly associated to V̇O2max trainability due
to the accumulation of moderately associated SNPs in
their constituent genes. An alternative approach involving
pathway over-representation analysis (Ingenuity Pathway
Analysis) further identified a network of 35 genes, for
which 31/35 genes were associated with change in V̇O2max

at P < 0.005. These network genes could be further
partitioned into pathways related to calcium signalling,
nitric oxide signalling and protein kinase A signalling
(Ghosh et al. 2013). Together, these findings generated

testable hypotheses regarding mechanisms that could
influence the exercise-induced training response through
accumulation of constituent gene polymorphisms. Several
of these pathways have also been identified in other
studies investigating the effects of endurance exercise
on skeletal muscle, such as pathways related to calcium
signalling, cAMP signalling, AMP kinase activation and
PPAR signalling (Hoppeler, 2016). Keeping in mind
the increased energetic demands of endurance stress
on muscle and other tissues, several of these pathways
have been found to further converge on activation of
transcriptional programmes directed at energy sensing
and mitochondrial biogenesis, such as the transcriptional
co-activator PGC1α (Chan & Arany, 2014).

A second application of how bioinformatics analysis can
inform exercise genetics is through the systematic querying
and integration of complex heterogeneous databases (e.g.
gene expression, phylogeny and sequence conservation,
functional annotation, biomedical literature, etc.) for
prioritization of candidate genes found to be associated
to a phenotype. This is a necessary step because any
computational analysis of large-scale data results in tens
or hundreds of candidate hypotheses, which somehow
must be narrowed down for further functional testing.
Several gene prioritization tools exist (Aerts et al. 2006),
some of which are dependent on ‘training’ genes,
and others not requiring prior information. In our
studies, we used the hypothesis-free gene prioritization
tool CANDID (Hutz et al. 2008) to rank a list of
candidate genes found to be moderately associated with
changes in V̇O2max in GWAS analysis. A weighted analysis
was performed, including text mining, protein domain
information, sequence conservation, gene expression,
linkage and genetic association results, to score and rank
genes mapping to the top 10,000 SNPs (ranked by their
association P values to �V̇O2max). The largest weight
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Figure 2. Adjusted V̇ O2max training responses
across nine GWAS SNP predictor score categories
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(50%) was assigned to the GWAS association score to
ensure that the new results from association analysis
would remain the major component of the combined
CANDID score for each gene. This approach allowed
us to characterize and rank the candidate genes based
on their performance across the queried domains; for
example, one group of genes (PINX1, CD44, PARK2,
RYR2, ADCY5 and SHANK2) displayed overall strong
scores across all categories, whereas a second group of
genes (KCNQ5, GRIK4, RPTOR, ACVR1C and ACSL1)
were strongly associated with some but not all phenotypes.
Overall, these integrative analyses allowed us to identify
panels of candidate genes using additional context relevant
to gene function, instead of depending solely on genetic
association scores.

The analyses summarized above, together with
other bioinformatics explorations and experimental
laboratory-based studies, have generated useful
information on several aspects of the molecular
mechanisms that drive V̇O2max adaptations to exercise.
The available evidence to date points to pathways related
to calcium signalling, energy sensing and partitioning,
mitochondrial biogenesis, angiogenesis, immune
functions, and regulation of autophagy and apoptosis,
among other pathways, as key mechanisms through which
the physiological responses of V̇O2max to exercise training
are mediated. Additionally, the application of systems
biology and bioinformatics approaches have also led to
new hypotheses involving novel gene candidates that
could further illuminate the mechanisms underlying the
response to regular exercise. Newer methodologies, such
as those involving next generation sequencing, epigenetic
mapping and analysis of non-coding RNA, are likely to
be critical in future research aimed at understanding and
predicting individual differences in trainability.∗∗∗

Trainability of V̇O2max: a working model

It has been recognized for a number of decades that V̇O2max

measured during a test leading progressively to exhaustion
is determined primarily by the capacity to trans-
port oxygen (stroke volume, haemoglobin concentration
and blood volume), the transfer of oxygen to the
working muscles (capillary density and microcirculation,
membrane permeability, muscle myoglobin content) and
oxygen utilization to sustain the generation of ATP for
muscle contraction (mitochondrial density and network,
carrier, enzyme and protein concentrations). Among this
constellation of factors, it is generally accepted that the
capacity of the heart and the circulation to transport
and deliver oxygen is the most critical determinant of
V̇O2max (Blomqvist & Saltin, 1983; Lundby & Robach, 2015;
Morales-Alamo et al. 2015), although other components
of the system can be limiting under specific circumstances
(Dempsey et al. 2008; Boushel et al. 2011). Consequently,

a high trainability of V̇O2max phenotype is unlikely to be
achieved if maximal stroke volume and oxygen carrying
capacity are not optimally increased by exercise training.

The main reasons for pursuing the investigation of the
molecular basis of V̇O2max trainability are to clarify the
mechanisms underlying human variation in the ability
to respond to regular exercise and to potentially develop
biomarkers and predictors of variability in trainability.
These two research directions provide the foundation for
the model depicted in the Abstract figure.

The model recognizes that if powerful predictors, with
appropriate sensitivity and specificity, can be identified,
they are likely to include information from genomics and
other omics as well as from physiology, behaviour and
other personal characteristics. It is, however, uncertain
at this stage whether such powerful diagnostics can be
derived for trainability of V̇O2max.

The model also defines examples of technologies,
experimental models, and research designs and strategies
that can be relied on to undertake the dissection of
the molecular basis of trainability. Finally, the three
adjacent circles of the model depict physiological and
metabolic mechanisms, signalling pathways, and subsets
of molecules that have been shown to be involved in
adaptation to acute or chronic exercise in a variety of
research protocols (Hoppeler et al. 2011; Keller et al.
2011; Bouchard et al. 2011a; Egan & Zierath, 2013; several
chapters in Bouchard, 2015; Hoppeler, 2016). Although
the model does not specify the tissues and organs of
interest, the search for molecular transducers driving
adaptation to endurance exercise has thus far been highly
skeletal muscle centric. It would be important to broaden
the search to other tissues and organs, particularly cardiac
muscle, blood vessels and endothelium, adipose tissues,
liver, pancreas and others as well. Also highlighted in the
model are technologies that can be used to probe the extent
and nature of individual differences in trainability.

Conclusions

V̇O2max is determined by the capacity to deliver oxygen via
the circulation to the working muscle and by the diffusion
and utilization of oxygen by these muscles. However,
research has shown that there are large individual
differences in the gains in V̇O2max even when adults are
exposed to a standardized and fully monitored exercise
training programme. The estimated heritability of the
trainability of V̇O2max reaches 47%. Candidate gene,
genome-wide linkage and GWAS have not elucidated
the molecular basis of trainability. On the other hand,
interrogating genomic predictors and skeletal muscle
transcript abundance profiling has yielded a number of
leads on the up-regulation or down-regulation of various
systems limiting V̇O2max and related signalling pathways
particularly in skeletal muscle in response to exercise
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training. Bioinformatics explorations based on thousands
of SNPs have been used to interrogate pathways and
systems instead of single variants and genes, and the main
findings have been used to develop a working model.
Research on the molecular drivers of trainability has the
potential to improve our understanding of the molecular
transducers of adaptation to regular exercise and could also
inform the development of biomarkers and perhaps pre-
dictors of the ability to improve cardiorespiratory fitness
in response to exercise training.
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