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TOPICAL REVIEW

‘Systems biology’ in human exercise physiology: is it
something different from integrative physiology?

Paul L. Greenhaff! and Mark Hargreaves®

!School of Biomedical Sciences, University of Nottingham, UK
2Department of Physiology, University of Melbourne, Melbourne 3010, Australia

Abstract On first impression the ‘whole-istic approach to understanding biology’ that has been
used to describe Systems Biology bears a striking resemblance to what many of us know as
Integrative Physiology. However, closer scrutiny reveals that at the present time Systems Biology
is rooted in processes operating at a cellular level (‘the study of an organism, viewed as an
integrated and interacting network of genes, proteins and biochemical reactions which give rise
tolife . . . ultimately responsible for an organism’s form and functions’; www.systemsbiology.org),
and appears to have evolved as a direct result of advances in high throughput molecular biology
platforms (and associated bioinformatics) over the past decade. The Systems Biology approach
is in many ways laudable, but it will be immediately apparent to most exercise or integrative
physiologists that the challenge of understanding the whole-animal response to exercise as a
network of integrated and interacting genes, proteins and biochemical reactions is unlikely to be
realized in the near future. This short review will attempt to clarify conceptual inconsistencies
between the fields of Systems Biology and Integrative Physiology in the context of exercise science,
and will attempt to identify the challenges to whole-body physiologists wishing to harness the
tools of Systems Biology.
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On fl_rSt appearance systems biology is integrative biology with the objective of simultaneously monitoring
physiology all biological processes operating as an integrated system’
The discipline of Systems Biology has emerged over  (Www.epa.gov/opp00001/science/comptox-glossary.

the past decade and has been defined as ‘a whole-istic ~ html). To scientists working in the field of Systems
approach to understanding biology’ (Chong & Ray, 2002), ~ Biology, this encompasses ‘examining the structure and
or put another way ‘a holistic approach to the study of ~ dynamics of cellular and organism function, rather
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than the characteristics of isolated parts of a cell or
organism’ (Kitano, 2002). To the authors the above
account describes very succinctly the field of Integrative
Physiology, particularly during exercise where striking
organ-systems integration is required to acutely match
demands, or during chronic adaptation (training) as
systems respond to repeated exercise stresses. Importantly,
this field is not an emerging area of research, e.g. in the
1920s Krogh and Lindhard used pulmonary gas exchange
measures to assess energy metabolism and the relative
contribution of carbohydrate and fat to whole body
substrate oxidation during exercise (Krogh & Lindhard,
1920). Today, contemporary approaches like transcranial
Doppler ultrasound and functional magnetic resonance
imaging, coupled with more established approaches
such as the muscle biopsy technique and limb/organ
arterial-venous (a-v) balance, are allowing exercise
scientists far-reaching insight into the regulation of
physiological integration during exercise and what limits
metabolic flux and performance during exercise. For
example, our colleagues have presented evidence that
changes in brain redox state and oxygenation, occurring
secondary to brain activation-induced increases in
cerebral blood flow and metabolic rate, modulate the
increase in cerebral blood flow at the onset of exercise in
humans (Rasmussen et al. 2009). Moreover, they have
gone on to elegantly demonstrate that reduced cerebral
oxygenation may play an important role in the aetiology of
fatigue during maximal exercise. Indeed, concluding that
because no evidence of muscle fatigue during maximal
elbow flexor exercise could be found, central fatigue
may play a bigger role than peripheral muscle fatigue
in limiting maximal exercise performance (Rasmussen
et al. 2010). It appears therefore that physical activity may
create competition between the brain and skeletal muscle
during exercise, and perhaps even more so in patients
with compromised cardiac function. Similarly, it has
also been demonstrated that feedback from contracting
skeletal muscles can modify central motor drive and
limit muscle fatigue development (Amann et al. 2009),
as well as regulating the ventilatory and cardiovascular
responses to exercise (Amann et al. 2010). Perhaps more
importantly in the context of this special edition of The
Journal of Physiology, however, is the realisation that it
is possible for exercise physiologists to study integration
in vivo in humans in an increasingly insightful manner.
As such we are increasingly ‘examining the structure and
dynamics of cellular and organism function’ in humans,
said to be at the core of the emerging field of Systems
Biology.

Is there a fundamental difference of opinion?

One may rightly question therefore how the field of
Systems Biology has evolved to the extent that it has
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today. Closer scrutiny demonstrates that, despite claims
of ‘a whole-istic approach to understanding biology’, at
this moment in time Systems Biology invariably focuses
on systems operating at a cellular level, and this cell-based
focus appears to have evolved as a direct result of advances
in high throughput molecular biology platforms (and
associated bioinformatics) over the past decade (viewed
by many as the ‘omics era’). In keeping with this, Systems
Biology has been described as:

‘the study of an organism, viewed as an integrated and
interacting network of genes, proteins and biochemical
reactions which give rise to life. Instead of analysing
individual components or aspects of the organism, such
as sugar metabolism or a cell nucleus, systems biologists
focus on all the components and the interactions among
them, all as part of one system. These interactions
are ultimately responsible for an organism’s form and
functions’ (from www.systemsbiology.org).

Whilst such an approach is laudable, it will be
immediately apparent to an exercise or integrative
physiologist that the challenge of understanding the
whole-animal response to exercise and/or fatigue as a
network of integrated and interacting genes, proteins
and biochemical reactions is unlikely to be realised
soon. Indeed, the idea that any complex organism is an
‘integrated and interacting network of genes, proteins and
biochemical reactions ... that are ultimately responsible
for form and functions’ seems largely misplaced in the
context of physical activity, as it is the physical exercise
that will largely dictate the magnitude and pattern of how
networks of genes, proteins and biochemical reactions will
integrate and interact. This is an important point, because
to the exercise physiologist most, if not all, cellular network
based change will be secondary to the physiological
stimulus causing that change, e.g. muscle contraction,
rather than originating at the level of the network per
se. This in essence is one important difference between
the molecular biology focus at the core of Systems Biology
and functional feedback approach of Integrative Physio-
logy, a difference eloquently described by Denis Noble
(Noble, 2006). Indeed, accepting this viewpoint helps to at
least partly explain why ‘omics’ and animal knock-in/out
based approaches have to date failed to deliver the level of
insight originally hoped for in elucidating the aetiology of
‘lifestyle related’ chronic diseases, i.e. there is no defect
in the network per se and it will merely respond to
physiological stimuli experienced. Therefore focusing on
changes in networks of genes, proteins and/or metabolic
pathways at a cell-based level in the absence of quantified
physiological inputs and outcomes will fail to provide
comprehensive insight of whole tissue or whole-body
function and dysfunction.
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The future requires a coalescence of systems biology
and integrative physiology approaches

As already stated, the goal of understanding biology as an
‘integrated and interacting network of genes, proteins and
biochemical reactions which give rise to life ... which
is ultimately responsible for an organism’s form and
functions’ is a laudable objective, but in the context of
human exercise physiology, it is a demanding challenge.
We have arrived at a position where ‘omics’ based
approaches have been at the forefront of science, but
have not delivered in the way many thought they would,
not least in our mind because Integrative Physiology has
largely been missing from the scientific strategy. However,
it is now clear to many that to yield effective research a
melding of the two approaches is critical if scientific goals
are to be realized. It will not be easy, but it is a goal worth
pursuing!

At present we are at a state of play where descriptive
data from ‘omics’ based approaches in humans during
exercise have been generated. For example, gene trans-
cript profiling has been used to show that a single
bout of eccentric exercise induces greater inflammatory
gene network responses in human quadriceps muscle
than concentric exercise (Chen et al. 2003), and that
these inflammatory network responses are maintained
when a second bout of eccentric exercise is performed
(Hubal et al. 2008), that a single endurance exercise
bout produces time-dependent changes in global mRNA
expression (Mahoney et al. 2005), that resistance
training can reverse ageing-related defects in gene
expression, notably those associated with mitochondrial
function (Melov et al. 2007), and long-term strength or
endurance training produces differences in skeletal muscle
gene expression relative to each other and untrained
control subjects (Stepto et al. 2009). However, it is clear
that functional, physiological relevance, e.g. measures of
protein synthesis rates, glucose oxidation rates, etc., is
not always concurrent with ‘omics’ based approaches.
These are obviously major challenges, but some headway
is being made. For example, the HERITAGE family study
(Bouchard et al. 2000, Bouchard & Rankinen, 2001) and
the recent work of Timmons et al. (2010) have used high
throughput genomic based approaches in an attempt to
produce a molecular ‘fingerprint’ that can predict the
heritability of training and magnitude of response of
maximal oxygen uptake to training in humans. Notably,
this research has revealed that about 50% of the gain in
maximal oxygen consumption with endurance training
is attributable to heritability. Furthermore, the authors
identified a RNA signature that predicted the magnitude
of aerobic training response, which perhaps surprisingly
did not change in abundance with training. At the very
heart of this work is the detailed physiological phenotyping
of volunteers providing sensitive and relevant landmarks
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to guide and inform the systems biology based analytical
approaches used by the authors. Another example is the
use of high throughput mass spectrometry platforms
to obtain ‘metabolic signatures’ in biological samples,
as demonstrated in a recent study (Lewis et al 2010).
Although the conclusion that exercise resulted in ‘rapid
activation of a catabolic program consisting of heightened
lipolysis, glycolysis and glycogenolysis, as well as amino
acid and purine catabolism that largely persists for at least
60 min after completion of exercise’ was not particularly
novel, the identification of a large number of metabolites
in human plasma after exercise informed further research
directions. Indeed, in additional experiments the authors
demonstrated that a combination of selected metabolites,
but interestingly not individual metabolites, induced
expression of Nur77, a transcription factor implicated in
skeletal muscle glucose and lipid metabolism, in C2C12
myocytes in culture. Given that exercise induces large
changes in plasma and muscle metabolites, as well as in
the plasma levels of an ever expanding list of adipokines,
myokines and other bioactive molecules, these metabolite
and proteomic profiling technologies provide new tools
to examine metabolic and physiological responses to
exercise in humans, perhaps eventually offering insight
into inter-organ integration during exercise.

Whilst we can build upon these leads, to make
significant scientific progress more efficiently, the
following points are worthy of consideration when
developing research strategy.

Our limited understanding of gene and protein
function in vivo

Scientific goals need to be moderated with the knowledge
that as yet we are still some way from knowing the physio-
logical function of the majority of genes and proteins that
comprise the human genome and proteome. Importantly,
advances will be difficult because it is unlikely that genes
and proteins have single discrete functions — hence the
need for network based strategies towards understanding
physiological function (Noble, 2006). It is also likely
that redundancy exists in any network, such that the
same functional outcome can be achieved in a number
of ways (Noble, 2006). Furthermore, particularly in the
context of human and exercise physiology, progress will
be further slowed because insight gleaned from cell and
animal based investigation does not necessarily trans-
late directly to the in vivo condition in humans. By
way of an example of this latter point, protein trans-
lation initiation has been identified as being central to the
regulation of muscle protein synthesis. More specifically,
the AKT/mTOR signalling pathway has been identified
in animal and cell based research as being an important
regulator of this process (Vary et al 1994, Vary &
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Kimball, 2000), such that it is considered to occupy a
pivotal role in the regulation of muscle protein synthesis.
Accordingly, muscle specific over-expression of AKT in
a transgenic mouse model has been shown to result
in profound muscle hypertrophy (Bodine et al. 2001).
Likewise, increased muscle protein synthesis in response
to contraction in rodent muscle occurs in parallel with
increased phosphorylation of AKT, mTOR and several
downstream signalling proteins in the pathway (Atherton
et al. 2005). However, recent studies involving healthy
human volunteers question the established notion that
the AKT/mTOR signalling pathway drives muscle protein
synthesis in the same manner as gleaned from cell and
rodent studies. For example, a clear disassociation between
AKT and mTOR phosphorylation (and several down-
stream targets) and protein synthesis has been reported
in human skeletal muscle under controlled experimental
conditions by at least three laboratories (Greenhaff et al.
2008, Wilkinson et al. 2008, Mayhew et al. 2009). These
human volunteer studies all involved protocols expected
to result in an anabolic response, and therefore strongly
suggest that the mere phosphorylation of AKT and its
downstream targets is insufficient to increase muscle
protein synthesis. This does not preclude the AKT/mTOR
signalling pathway from having an important function in
the processes that govern human muscle protein synthesis,
but does suggest key signalling events and/or temporal
changes in known events have yet to be fully elucidated
in humans. Indeed, in the case of temporal resolution
it has recently been demonstrated that whilst changes
in the phosphorylation status of several proteins in the
AKT/mTOR pathway can be connected with the rise in
muscle protein synthesis seen following dietary protein
ingestion in humans, the same cannot be said of the
subsequent decline in muscle protein synthesis (Atherton
et al. 2010). Clearly therefore the processes governing
muscle protein synthesis in the human are more complex
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than currently perceived. A major goal therefore should be
to perform studies in humans under conditions that enable
the function of the genome and proteome to be realised
in vivo, and use animal and cell based research
retrospectively to underpin this approach (back trans-
lation). Certainly, genetic models used in isolation have
failed to deliver the level of scientific progress originally
anticipated perhaps because of the lack of realization that
it is the physiological stress (not the genetic environment
per se) that will dictate the phenotypic response. Exercise is
an excellent physiological stressor to facilitate this process.
However, undertaking detailed in vivo physiological
measurements in human volunteers is not straightforward
as this realization comes at a time when institutions
have lost the ability to perform detailed in vivo human
research, and funding bodies in the main still view cell
based molecular biology to be at the forefront of science
and better value for money, so the problem is not easily
remedied. For sure, however, human researchers can, and
are, using systems based approaches, which funding bodies
are hopefully increasingly realizing.

Ascertaining temporal resolution

Establishing temporal resolution both from a physio-
logy perspective (i.e. quantifying physiological adaptation
with training, immobilisation, ageing, etc.) and frequency
of tissue sampling is critical as any network regulating
physiological function by necessity should be highly
dynamic. Human volunteer studies to date have usually
quantified the magnitude of physiological adaptation
to a given stressor (e.g. 10 weeks of exercise training)
and collected tissue samples (e.g. quadriceps muscle
biopsy samples) at pre- and postintervention time points
(i.e. 2 point investigation). However, it is unquestionable
that the responses of gene and protein networks will
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vary considerably over time. By way of example, Fig. 1
(Menetski et al. 2009) shows the mean fold change in
mRNA abundance from basal (determined using gene
expression profiling) in muscle biopsy samples obtained
from a group of healthy, male volunteers (n=32)
who performed supervised resistance training on three
occasions each week for 10 weeks. As the figure shows,
muscle biopsy samples were obtained at six time points
(baseline and on day 2, 10, 35, 68 and 70, all in the
fasted resting state, 24 h post-training) and genes were
assigned to clusters based upon their function gleaned
from databases of published literature (clusters 1-7). It is
clear therefore that mRNA abundance, and presumably
gene function, changes substantially over time within
any given cluster and also between clusters. Furthermore,
the physiological stimulus created by the same bout of
maximal resistance training at the outset of the training
regimen is perceived very differently by the network at the
end of the training when adaptation has occurred.

Having an open mind

Along with advances in technology and knowledge
must also come the adoption of a more open-minded
view by physiologists that physiological processes may
not necessarily be controlled in the manner currently
perceived, e.g. the molecular mechanisms regulating
muscle mass loss in vivo may not simply be the same
as those driving muscle mass accrual, but operating in
reverse.

Furthermore, as ‘omics’ technologies continue to
develop and offer greater molecular insight, exercise
physiologists need to be able to recognise the limitations of
these approaches, e.g. identification of genomic markers
of complex human traits using single nucleotide poly-
morphism (SNP) analysis is likely to require enormous
sample sizes (Frazer et al. 2009, Timmons et al 2010),
but at the same time be prepared to adopt and dovetail
these new technologies to underpin physiological based
investigation, thereby enabling the understanding of the
molecular regulation of in vivo physiological function to
be realised. In this respect, it has very recently been shown
that RUNX1, SOX9 and PAX3 transcription factor binding
sites are increased in abundance in muscle in response to
endurance training in humans, but moreover microRNA
profiling revealed microRNAs targeting RUNX1, SOX9
and PAX3 were down-regulated in the same muscle biopsy
samples (Keller et al. 2011). Similarly, the introduction of
phosphoprotein array based approaches in human exercise
physiology will provide greater advances than has been
realised to date from proteomics.

To sum up, at the present time it would seem Systems
Biology and Integrative Physiology are very different
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beasts, but they strive for the same goal, i.e. a ‘whole-istic
approach to understanding biology’. From the standpoint
of the exercise physiologist, it would appear that ‘systems
biology is an approach rather than a field of research’ (Kohl
et al. 2010). However, perhaps the tools of systems biology
should be viewed increasingly as a valuable addition to
the arsenal that exercise scientists can use to interrogate
physiological function and adaptation.
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