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Abstract The overall beneficial effects of exercise are well
studied, but why some people do not respond favourably to
exercise is less understood. The National Institutes of Health
Common Fund has recently launched the large-scale discov-
ery project ‘Molecular Transducers of Physical Activity in
Humans’ to examine the physiological and molecular (i.e.
genetic, epigenetic, lipidomic, metabolomic, proteomic, etc.)
responses to exercise training. A nationwide, multicentre clin-
ical trial such as this one also provides a unique opportunity to
robustly investigate the non-response to exercise in thousands
of individuals that have undergone supervised aerobic- and
resistance-based exercise training interventions. The term
‘non-responder’ is used here to address the lack of a response
(to an exercise intervention) in an outcome specified a priori.
Cardiorespiratory fitness (V̇O2peak) as an exercise response
variable was recently reviewed; thus, this review focuses on
metabolic aspects of the non-response to exercise training.
Integrated -omics platforms are discussed as an approach to
disentangle the complicated relationships between endoge-
nous and exogenous factors that drive the lack of a response
to exercise in some individuals. Harnessing the power of com-
bined -omics platforms with deep clinical phenotyping of hu-
man study participants will advance the field of exercise me-
tabolism and shift the paradigm, allowing exercise

interventions to be targeted at those most likely to benefit
and identifying novel approaches to treat those who do not.
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What is a non-response?

From a statistical perspective, a non-response is the lack of a
difference between a control and a treatment condition with
respect to a specific variable. A physiological non-response,
however, is likely driven by genetic code and the mechanisms
by which it is transcribed, translated and post-translationally
modified. Drug resistance is an archetype of non-response that
links physiology with genetics. For example, some individuals
are ‘rapid’ or ‘slow’ metabolisers of a prescribed drug based
solely on their genetic predispositions, and simple DNA tests
can now identify these at-risk populations (reviewed in [1]).
Combination drug therapy for initial non-response, acquired re-
sistance or adverse response is usually the next course of action;
therefore, tailoring treatment to the genetic code is a viable strat-
egy for some diseases and conditions.

Response heterogeneity is not unique to pharmaceutical
therapies; lifestyle interventions, such as dietary weight loss
and exercise, have also been linked to physiological, genetic
and epigenetic factors. Differences in energy efficiency are
important physiological regulators of body weight and
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weight-loss success (reviewed in [2]). A National Institutes of
Health (NIH) working group recently published a report on
the use of genomic information to guide weight management,
thus enabling precision prescription for weight loss [3]. Thus,
use of (epi)genetics to prescribe tailored exercise interventions
could be a worthwhile treatment approach for individuals pre-
viously identified as ‘non-responders’ to exercise.

How should we evaluate the non-response
to exercise?

Selecting an outcome response variable

A physiological non-response to exercise in one outcome does
not equal a non-response in all outcomes. An individual may
reap benefits in response to an exercise intervention other than
the chosen response variable. For instance, a person may expe-
rience a reduction in blood pressure but no reduction in fasting
glucose. Which one is more important? It depends on the cur-
rent health status of that person and their health-related goals.
An exercise non-responder for their relevant outcome could
seek supplemental treatment options (e.g. diet, pharmacothera-
py) in addition to exercise, and the supplemental therapy could
have an additive effect when combined with the exercise such
that the relevant outcome is now positively affected. Resolution
ofmetabolic perturbations through combinations of lifestyle and
pharmaceutical interventions emphasises the clinical relevance
of identifying and studying non-responsiveness to exercise.

In a cohort of 161 individuals with type 2 diabetes who
underwent 9 months of supervised exercise training [4], 43%
showed no improvement in cardiorespiratory fitness and were
deemed ‘fitness non-responders’; however, both fitness non-
responders and fitness responders showed significant improve-
ments in HbA1c, waist circumference and body-fat per cent [5].
Therefore, it was not necessary to improve cardiorespiratory
fitness to improve glycaemic control, which is arguably a more
important outcome in a population with type 2 diabetes.
Similarly, in a recent report from the Studies Targeting Risk
Reduction Interventions through Defined Exercise
(STRRIDE) trial, aerobic training increased V̇O2peak and insulin
sensitivity but had no effect on beta cell function [6]. While the
participants in STRRIDE were healthy overall, some had im-
paired fasting glucose. Thus, an exercise intervention that im-
proved multiple aspects of glucose homeostasis and insulin
secretion (rather than just one) would likely be a better target
treatment for those individuals with impaired fasting glucose.

Does non-response to exercise actually exist?

A few recent reports have refuted the notion of non-
responders to exercise, stating that to convert a non-
responder into a responder it is simply a matter of changing

the volume, type or intensity of the training regimen. In one
report, the investigators found that V̇O2peak non-response was
abolished after increasing the exercise dose in healthy individ-
uals [7]. While these data are strong in terms of V̇O2peak as the
response variable, other important response variables known
to be improved by exercise training were not assessed (e.g.
glucose homeostasis, insulin secretion, blood pressure). One
can only speculate as to whether these ‘responders’ may still
have been considered responders if other health-related out-
comes had been evaluated. Another report concluded that
non-responsiveness to months of resistance training was not
apparent since every participant experienced a positive adap-
tive response in at least one training outcome [8]. In this case,
the term ‘non-responder’ is more about semantics since the
authors demonstrate a non-response in some of the chosen
response variables (e.g. muscle fibre size, lean body mass,
leg strength) across participants. Even the authors of reports
that refute the so-called ‘myth’ of exercise non-response
might agree that the term ‘non-responder’ depends solely on
the chosen clinical outcome, and that a non-responder in one
outcome may not be a non-responder in another outcome. As
technology advances and our understanding of the mecha-
nisms driving exercise responses improves, scientists can con-
tinue to narrow the focus on clinical outcomes that are critical
to improving the health of an individual and healthcare prac-
titioners can prescribe exercise individually, rather than broad-
ly prescribing the same exercise training regimens to all.

A thought-provoking paper has also addressed this issue of
determining the outcome variable by which non-responders
and responders are classified from a statistical perspective
[9]. The report used data from a previously published study
on responders and non-responders and determined that ‘if un-
certainty of classification is ignored during the analysis, then
statistical inference may be unreliable’, and that hierarchical
modelling facilitates the correct modelling of the latent vari-
able in terms of predictor variables and hypothesised biolog-
ical relationships [9]. Ergo, not only is the choice of response
variable critical but also how this variable is statistically eval-
uated to classify non-responders is vitally important to the
downstream biological interpretations.

Endogenous factors as drivers of non-response
to exercise

Age and sex

From a disease perspective, endogenous means ‘not attribut-
able to any external or environmental factor’. Ageing is asso-
ciated with impaired hypertrophic responses to resistance ex-
ercise training (anabolic resistance) [10–14]. However, equal
adaptations to high-intensity aerobic training in insulin sensi-
tivity, V̇O2peak and skeletal muscle mitochondrial respiration
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have been reported in older and younger individuals [15], and
chronically trained older individuals have high mitochondrial
content, function and exercise efficiencies [16]. While age is
an important endogenous factor when considering exercise
non-response, the type and duration of exercise may equally
matter in the context of ageing. Recent studies report no sex-
specific differences in the expression of substrate metabolism
genes and fibre type following acute bouts of exercise and
short-term interventions [8, 17], although one study reported
that women exhibited a significantly greater magnitude of
exercise-induced upregulation in proteins related to muscle
metabolism [18]. As such, the influence of sex on adaptive
responses of skeletal muscle metabolism to exercise continues
to be debated.

Duration of diabetes, family history of diabetes and blood
glucose levels

In one study, a longer duration of diabetes was associated with
a blunted improvement in HbA1c following 9 months of ex-
ercise [19], suggesting that intervening with exercise earlier,
rather than later, in the disease progression yields greater
chances of a positive exercise response, at least in terms of
glycaemic control. Interestingly, exercise training has been
shown to elicit more profound improvement in insulin sensi-
tivity in female offspring of individuals with type 2 diabetes
(i.e. family history positive) than in those without a family
history of diabetes [20]. In contrast, relatives of individuals
with type 2 diabetes did not experience any increase in the rate
of skeletal muscle ATP synthesis following three bouts of
aerobic exercise when compared with healthy individuals
[21]. In a similar cohort of individuals at high risk for devel-
oping type 2 diabetes (family history positive or previous
gestational diabetes), non-responders showed no improve-
ments in insulin sensitivity following 8 weeks of high-
intensity aerobic training. The non-responders also displayed
increased transcript levels of TGF-β1 (also known as TGFB1)
and its target genes and an overall suppression of mitochon-
drial regulators in their muscle [22].

Ambient hyperglycaemia can blunt the metabolic exercise
response [23]. For every 1 mmol/l increase in pre-training 2 h
blood glucose levels above 13.1 mmol/1, there was a
0.2 mmol/l loss of improvement in 2 h blood glucose levels
following 12–16 weeks of aerobic training in individuals with
impaired glucose tolerance or type 2 diabetes [24]. STRRIDE
demonstrated a significant inverse correlation between base-
line fasting glucose and the change in insulin sensitivity fol-
lowing 8 months of aerobic training in overweight individuals
[6]. Participants with normal fasting glucose experienced an
improvement in insulin sensitivity but participants with im-
paired fasting glucose experienced a decrease in insulin sen-
sitivity with aerobic training. Clearly, blood glucose levels
(whether influenced by genetic or environmental factors) are

closely linked with metabolic non-responses to exercise train-
ing. Future studies aimed at resolving hyperglycaemia
through either pharmacological or dietary intervention prior
to introducing an exercise regimen may be an effective strat-
egy for targeting these non-responders and improving their
chances of success.

Molecular predictors of the exercise response

Themechanisms bywhich exercise improves health outcomes
are poorly understood. In 2014, the NIH convened a work-
shop to identify major gaps in knowledge and to formulate
potential strategies for catalysing progress in the field. It sub-
sequently launched the large-scale discovery project
‘Molecular Transducers of Physical Activity in Humans’ to
aid the understanding of physiological and molecular re-
sponses to exercise training. Identification of the mechanisms
that underlie the link between exercise and improved health
holds extraordinary promise for the discovery of novel thera-
peutic targets and development of precision exercise
medicine.

Genetics Classic genetic studies identified a heredity compo-
nent to the exercise training response, particularly for V̇O2peak.
More recent findings have revealed genetic factors associated
with the metabolic response to exercise, whereby individuals
within a family respond more similarly than those from dif-
ferent families [25–27]. In these studies, genome-wide linkage
scans were performed in > 400 individuals at baseline and
following a 20 week aerobic training intervention.
Researchers found specific quantitative trait loci linked with
changes in plasma insulin [28], triacylglycerol levels [29] and
glucose homeostasis [30] in response to exercise. This sug-
gests that sequence variations dictate exercise response. The
field continues to expand and includes the influences of ge-
netics and epigenetics, in addition to physiological and life-
style factors, on the response (or lack of) to acute and chronic
exercise.

Epigenetics A single muscle contraction is sufficient to in-
duce hypomethylation of the promoter regions of key sub-
strate metabolism genes, resulting in upregulated transcription
and subsequent protein translation and action [31]. It is tempt-
ing to speculate that non-responders to an exercise interven-
tion have hypermethylated promoter regions of key substrate
metabolism genes in response to a contraction and that this
contributes to the lack of improvement in certain metabolic
outcomes. While cause and consequence of exercise-induced
changes in insulin sensitivity and muscle mitochondrial func-
tion have not been firmly established, these two clinical out-
comes have frequently been associated.
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Transcriptomics We recently demonstrated that ~ 20% of
individuals with type 2 diabetes did not show improvements
in HbA1c, muscle mitochondrial content, body fat or BMI
following 9 months of exercise, and that these non-
responders had a distinct basal muscle transcriptional profile
of genes related to substrate metabolism [32]. Identifying pre-
dictors of a non-response, whether genetic, epigenetic or met-
abolic, prior to an exercise intervention could pave the way for
targeted exercise interventions and prescriptions.

MetabolomicsA recent study identified metabolite signatures
of exercise training in human skeletal muscle that were related
to mitochondrial remodelling and cardiometabolic fitness
[33]. Participants showing no improvement in insulin sensi-
tivity following 6 months of aerobic and/or resistance training
also showed no improvement in certain aspects of their muscle
metabolite profiles. While these metabolite and transcriptional
signatures were not basal predictors of a non-response, but
rather changes in response to the exercise, this study integrat-
ed two -omics datasets highlighting new avenues for mecha-
nistic research aimed at understanding the health benefits of
exercise and the lack of a response by some individuals.

Exogenous factors also influence non-response
to exercise

Duration, intensity and type of exercise training

From a biological perspective, exogenous means ‘relating to
or developing from external factors’. Three primary exoge-
nous factors can contribute to the exercise non-responder phe-
notype: (1) duration/volume/dose of training; (2) intensity of
training; and (3) type/mode of training. In individuals with
type 2 diabetes who participated in either a low-intensity/
long-duration or a high-intensity/short-duration training regi-
men, the persistent training-induced improvements in insulin
sensitivity depended more on training duration than intensity,
with the same level of energy expenditure in both groups [34].
As such, a non-responder in the high-intensity/short-duration
group might have been a responder in the low-intensity/long-
duration group. A randomised, controlled trial in postmeno-
pausal overweight/obese women revealed that women who
were younger, less fit or exercised more during the trial had
greater odds of improving their V̇O2peak with training. The
most important finding of this study was that a greater volume
of exercise was associated with a lower probability of being a
non-responder [35]. Other reports have demonstrated a dose–
response relationship between exercise and reductions in
blood pressure [36] and inflammation [37] in these same post-
menopausal women, with the highest dose being the most
effective (up to 200 min/week, which is 50 min longer than
the dose currently recommended in the USA for producing

substantial health benefits according to physical activity
guidelines [38]). In agreement, a recent report determined that
response to a dose eliminates non-response in V̇O2peak of
healthy individuals [7]. Such a high volume of exercise train-
ing, however, may not be feasible or practical for all
individuals.

Intense intermittent exercise has become increasingly
recognised as a powerful stimulus to inducemany of the phys-
iological adaptations typically associated with traditional
moderate-intensity continuous exercise training but in a frac-
tion of the time. A recent study in young active men demon-
strated that single-leg cycling performed in an interval vs a
continuous manner elicited superior mitochondrial adapta-
tions in the skeletal muscle despite equal total work [39, 40],
although response heterogeneity was evident. Beneficial ef-
fects on insulin sensitivity have also been reported following
short durations of training in healthy young men [41].
However, fasting plasma insulin and glucose concentrations
remained unchanged (i.e. the men were considered non-re-
sponsive), which again raises the issue of the clinical outcome
and what is most relevant for an individual’s health. Whether
high-intensity interval training is advantageous and to which
subpopulation it is best suited remains to be determined.

Can individual responses to exercise be overcome
by different training regimens?

Given the fact that aerobic training induces different signalling
pathways to those induced by resistance training (reviewed in
[42]), each person will likely respond differently to a particu-
lar type of training. In one cohort of healthy young men and
women, indiv idua ls were segrega ted in to three
groups–‘extreme responders’, ‘modest responders’ and ‘non-
responders’–based on differential magnitudes of myofibre hy-
pertrophy following a progressive resistance training pro-
gramme [43]. This begs the question of whether these non-
responders to resistance training might have shown a better
response to aerobic training. A recent study reported that a
combination of low-volume/vigorous-intensity combined aer-
obic and resistance training was the most favourable in terms
of improvement in insulin sensitivity in overweight adults
[33]. Combined aerobic and resistance training is most bene-
ficial for glucose homeostasis in individuals with type 2 dia-
betes [4, 44], yet some of these individuals are still classified
as non-responders even to combined training [32]. By chang-
ing training modalities, significantly greater clinical benefits
can potentially be obtained in terms of muscle quality,
glycaemic control and insulin sensitivity. Adjuvant therapy
might be a possible solution; combining lower doses and dif-
fering intensities of exercise training with other lifestyle mod-
ifications (e.g. diet) or medications could enhance the exercise
response in people previously identified as non-responders.
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Other factors to consider when evaluating exercise
non-response

Dietary intake has been touted as a critical regulator of the
exercise response, especially in the context of the feast/
famine and activity/rest cycle, and has therefore been rigorous-
ly reviewed [45, 46]. Related to dietary intake, a potential
endogenous predictor of the non-response to exercise is an
individual’s gut microbiome. The gut microbiome and its in-
fluence on host behaviour, intestinal barrier and immune func-
tion are believed to be a critical aspect of the brain–gut axis
[47]. While the influence of the gut microbiome on exercise
non-response is currently untested in humans, recent evidence
in murine models shows that there is a strong correlation be-
tween physical and emotional stress during exercise and
changes in gastrointestinal microbiota composition [48]. This
is an exciting field, ripe with opportunities for investigating the
influence of the gut microbiome on the exercise non-response.

The time of day at which exercise training is performed,
and medication use are other exogenous factors related to non-
response. One study found that 60 min of aerobic exercise
increased 24 h whole-body fat oxidation only when it was

performed before breakfast in the post-absorptive state [49].
More people are taking medications to combat the adverse
effects of obesity, impaired glucose tolerance and related met-
abolic diseases. Biguanides (e.g. metformin) have been shown
to blunt the metabolic response to exercise and are classified
as ATP synthase inhibitors [50]. Prospective studies in
medication-naive individuals with impaired glucose tolerance
have demonstrated a blunted exercise-induced improvement
in insulin sensitivity when metformin was included in the
treatment regimen [51]. Hence, exogenous factors should be
considered when prescribing exercise interventions.

Concluding remarks

Non-responders to exercise exist. As many as 20% of individ-
uals with type 2 diabetes do not respond favourably to exer-
cise training in terms of glycaemic control and muscle mito-
chondrial function [32, 52]. Non-response to exercise, how-
ever, is not unique to diseased or untrained populations,
emphasising the importance of selecting a response variable
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Fig. 1 A proposal for using both clinical andmolecular data to identify
non-responders at baseline and devise an intervention tailored to suit their
individual needs. For any given response variable, a change following an
exercise training intervention can be evaluated per individual participant.
In this example waterfall plot, each bar represents an individual’s re-
sponse, with responses in the upper and lower 20% (based on previously
published data from our group demonstrating that 20% of individuals
with type 2 diabetes did not respond favourably to exercise training in
terms of glycaemic control [32, 52]) highlighted in blue. The directions of
the hypothetical response and non-response are indicated by dashed ar-
rows. Using the upper and lower 20% of responses, basal molecular

profiles can be generated to distinguish the responders and non-re-
sponders at baseline and visualised via hierarchical clustering in a
heatmap. By combining deep clinical phenotyping of the exercise-train-
ing response with basal molecular profiles, personalised prescriptions
using exercise training (alone or in combination with nutritional and
pharmaceutical regimens also based on an individual’s clinical and mo-
lecular profiles) can be precisely implemented to maximise each person’s
success. The values in the waterfall plot were simulated for illustration
purposes. The simulated data in the heatmap were generated from a
masking microarray ‘hit-list’ dataset
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a priori. Once a response variable has been established, ana-
lytical rigour is paramount. The statistical power of the chosen
outcome should be assessed prior to classifying the exercise
response of participants in a study, thus ensuring that even the
subtlest differences in a biologically meaningful outcome can
be detected with confidence and investigated more thoroughly
to determine underlying mechanisms. Both endogenous fac-
tors (inherent to the individual and, potentially, a predictor of
the response) and exogenous factors (environmental and ma-
nipulated by the individual) contribute to exercise response
heterogeneity and can be exploited to achieve maximal bene-
ficial responses on an individual basis. Pharmaceutical thera-
pies and dietary weight-loss regimens have embraced this
concept of non-response to treatment and are well on their
way to leveraging an individual’s genomic and/or epigenomic
profile to tailor their treatments. As the exercise metabolism
field continues to combine the plethora of -omics data with
deep clinical phenotyping of study participants in clinical ex-
ercise trials, we will move closer towards shifting the

paradigm by allowing exercise prescriptions to be targeted at
those most likely to benefit and identifying novel approaches
to treat those who do not (Fig. 1).
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