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Background: The increased prevalence of obesity and its co-morbidities and their strong association with inactiv-
ity have produced an ‘exercise-deficient phenotype’ in which individuals with a particular combination of
disease-susceptible genes collide with environmental influences to cross a biological ‘threshold’ that ultimately
manifests as overt clinical conditions (i.e., risk-factors for disease states). These risk-factors have been linked to
impairments in skeletal muscle mitochondrial function.
Scope of review: The question ofwhether ‘inborn’mitochondrial deficiencies and/or defectivemitochondrialmetab-
olism contribute to metabolic disease, or if environmental factors are the major determinant, will be examined.
Major conclusions:We contend that impaired whole-body insulin resistance along with impaired skeletal muscle
handling of carbohydrate and lipid fuels (i.e.,metabolic inflexibility) is associatedwith a reduced skeletalmusclemi-
tochondrial content which, in large part, is amaladaptive response to an ‘inactivity cycle’which predisposes to a re-
duced level of habitual physical activity. While genetic components play a role in the pathogenesis of metabolic
disease, exercise is a powerful environmental stimulus capable of restoring themetabolic flexibility of fuel selection

and reduces risk-factors for metabolic disease in genetically-susceptible individuals.
General significance: Given the apathy towards voluntary physical activity in most Western societies, it is clear that
there is an urgent need for innovative, clinically-effective exercise strategies, coupled with changes in current atti-
tudes and methods of delivering exercise prescription and dietary advice, in order to improve metabolic health
and reduce metabolic disease risk at the population level. This article is part of a Special Issue entitled Frontiers of
Mitochondrial Research.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction and overview

Skeletal muscle comprises about 55% of individual body mass in
sedentary humans and plays important roles in locomotion, heat
production during periods of cold stress, and whole-body metabolism
[1]. There is a remarkable capacity for skeletal muscle to adapt to a
variety of external stimuli including habitual level of contractile activity,
substrate availability, and theprevailing environmental conditions [2,3].
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This phenomenon of plasticity, common to all vertebrates [4], explains,
in part, the marked differences observed in physical performance (such
as feats of endurance or strength) between individuals, and also under-
pins the vastly divergent health profiles observed within a population.
In this regard, skeletal muscle plays a major role in determining
whole-body energy homeostasis because in healthy individuals it is
the predominant site for post-prandial glucose disposal [5–7]. However,
in inactivity-related conditions such as obesity, insulin resistance and
type 2 diabetes, a reduction in insulin-stimulated glucose uptake into
muscle is often observed, and this reduction has been associated with
impairments in skeletal muscle mitochondrial content and/or function
[8,9]. The extent to which impaired skeletal musclemitochondrial func-
tion play a causal or coincidental role in metabolic disease progression
and whether these changes are secondary to lifestyle factors is a matter
of current debate. Here we provide a synopsis of studies that have
examined the relationship between skeletal muscle mitochondrial
energy production, whole-body aerobic capacity (maximal aerobic
capacity; VO2max) and metabolic disease risk, with a focus on some of
the intrinsic (genetic/epigenetic) and environmental factors that are
strongly associated with metabolic health status.

http://dx.doi.org/10.1016/j.bbagen.2013.12.004
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1.1. Physical inactivity andmetabolic disease states: ametabolic cross-road

The recent proliferation in the rate of diagnosis of many lifestyle-
related diseases stems from the readiness of industrialized nations to
adopt a sedentary lifestyle in the face of excess energy intake [10].
Accordingly, during the past 50 years there has been an explosion in
the prevalence of a number of chronic metabolic disorders including
obesity, type 2 diabetes and cardiovascular disease. The etiological
basis of these disorders is polygenic and highly dependent on the envi-
ronment (i.e., existing genes interact with environmental factors to re-
sult in phenotypic expression (Fig. 1) [11,12]). Although complex
interactions between intrinsic and environmental stimuli underpin an
individual's ability to respond to transient perturbations in energy avail-
ability, very fewnewmajor human genemutations have occurred in the
latter half of the 20th century to cause the greater frequency of chronic
metabolic disease; therefore, the increased incidence must principally
be due to alterations in environmental conditions. Thus, modulation of
factors linked to energy intake (i.e., the macronutrient composition of
thediet) and/or energy expenditure (i.e., level of habitual physical activ-
ity), have the potential to enhance, or conversely, impair overall meta-
bolic health [13,14].

One environmental factor to have changed dramatically in this time
and strongly associatedwith a plethora of chronicmetabolic disorders is
a decline in physical activity [11]. A recent systematic review highlights
that in healthy individuals, acute but persistent sedentary behavior
(inactivity for 2–7 h/day) can impair whole-body insulin sensitivity
and glucose tolerance [15]. Therefore, it is hardly surprising that an
inactive lifestyle initiates a cascade of physiological events that are
mechanistically linked to metabolic disease progression [16]. Indeed,
the results of several cross-sectional and epidemiological studies
provide direct evidence that a lack of physical activity is strongly
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associated with the prevalence of a number or risk-factors associated
with chronic metabolic disease [17–22]. In line with this notion, the
increased prevalence of obesity, insulin resistance and type 2 diabetes
and their strong association with inactivity has produced an ‘exercise-
deficient phenotype’ in which individualswith a particular combination
of disease-susceptible genes (i.e., risk factors) interact with undefined
environmental conditions (e.g., level of physical activity) and cross a
threshold of biological significance that results in overt clinical condi-
tions. Strong evidence in support of this premise comes from array
studies which show multiple genes involved in oxidative phosphoryla-
tion (94 out of 106 genes [23]), the tricarboxylic acid (TCA) cycle and
fatty acid oxidation [23], are coordinately down-regulated in skeletal
muscle from individuals with impaired glucose tolerance and type 2
diabetes, a feature which has been linked to the pathogenesis of several
metabolic disease states [23,24]. Thus, low cardio-metabolic fitness (i.e.,
VO2max) is now recognized as a strong independent risk-factor for not
only several cardiovascular conditions, but also all-cause mortality
[25,26]. In line with this notion, it is now well accepted that regular
physical exercise offers an effective therapeutic intervention to prevent,
improve, or in some instances reverse, many of the hallmark features of
metabolic disease [27,28]. Thus, an understanding of the mechanisms
that control how different biochemical pathways respond to physical
activity (or inactivity) is critical for establishing the biological basis of
obesity and its interrelated co-morbidities.

2. Mitochondrial metabolism matters!

The relationship between VO2max and metabolic health highlights
the importance of the body's capacity to deliver and utilize O2 in energy
producing pathways [29–32]. VO2max is primarily limited by O2 delivery
systems [33–35], although the capacity for mitochondrial energy
tics
ility

etics

tnatal

ment
utrition

 expenditure

 feeding

olic 
tatus

Energy expenditure
• Resting metabolic rate

• Habitual activity

• Planned exercise

ctors (i.e., genes) and the environment. Modulation of factors linked to energy intake (i.e.,
sical activity), has the potential to enhance, or conversely, impair overall cardio-metabolic



1287E.J. Stephenson, J.A. Hawley / Biochimica et Biophysica Acta 1840 (2014) 1285–1294
transformation in peripheral tissues, especially in skeletalmuscle, is also
of major importance [34]. Indeed, while the capacity for mitochondrial
energy transformation is not likely to be rate-limiting for the attainment
of VO2max [33], it is a fundamental requirement for the tolerance of
sustained submaximal physical activity typical of everyday tasks en-
countered in daily living [36–38]. Therefore, skeletal muscle mitochon-
drial function indirectly influences whole-body aerobic capacity by
determining the economy of exercise at different workloads [39] and,
subsequently, the extent to which the cardiovascular system is chal-
lenged andwhether or not adaptations occur in the O2 delivery systems
[35,40,41]. Moreover, this positive correlation between VO2max and the
aerobic capacity of skeletalmuscle [42] strongly suggests that any factor
with the potential to enhance skeletal muscle mitochondrial content
and/or functionwill positively affect VO2max (and possibly its correlated
traits). Thus, understanding how physical activity induces favorable
adaptations to the skeletal muscle mitochondrial network is essential
to our understanding of metabolic disease.

2.1. Mitochondrial function in health

To understand disease progression it is important to understand
what constitutes a ‘healthy muscle’. In individuals without metabolic
disease, skeletal muscle has the capacity to oxidize both carbohydrate-
and lipid-based fuels and to transition between these substrates in
response to hormones (predominantly insulin), substrate signals
(such as elevated fatty acid flux) and the contractile status of themuscle
(rest versus contraction) [43]. This ‘metabolic flexibility’ underpins the
major role that skeletal muscle has in whole-body energy homeostasis,
and highlights the importance of well-coordinated mitochondrial func-
tion in maintaining metabolic control [44]. Thus, functional defects in
the energy transforming systems of skeletal muscle mitochondria are
likely to have profound systemic effects on overall metabolic health.

Themain energy-transforming process in skeletal muscle (andmost
mammalian cells) is oxidative phosphorylation. Under fully aerobic
conditions, pyruvate (the end product of glycolysis) is converted to
acetyl coenzyme A (CoA) in the mitochondrial matrix, where it enters
the TCA cycle and undergoes a series of reactions that reduce the coen-
zymes nicatinamide adenine dinucleotide (NAD+) and flavin adenine
dinucleotide (FAD; Fig. 2A) [45]. Similarly, the oxidation of free fatty
acids (FFAs) occurs in the mitochondrial matrix and involves the re-
duction of NAD+ and FAD with the end product also being acetyl
CoA (Fig. 2A) [46]. These reduced coenzymes (from the TCA cycle and
β-oxidation pathway) then pass electrons to the electron transfer sys-
tem, a series of oxido-reductase enzymes located on the inner mito-
chondrial membrane where the transfer of electrons between enzyme
complexes ultimately reduces oxygen to water in a process that is
coupled to the production of adenosine triphosphate (ATP; Fig. 2B)
[47]. Essentially, the skeletal muscle mitochondrial reticulum acts as a
‘sink’ for incoming energy substrates and uses them for the transforma-
tion of cellular energy, switching between the oxidation of lipid and
carbohydrate substrates according to rates of supply and demand [48].
Therefore, rates of substrate uptake and the capacity for oxidation
once inside the mitochondria are crucial points of metabolic regulation
for not only skeletal muscle, but also whole-body metabolism.

2.1.1. Moving muscles make more mitochondria
The role and importance of mitochondrial function in endurance

training adaptation have long been recognized [49–53]. Classic work
undertaken by John Holloszy almost 50 years ago demonstrated the
potent role that exercise training plays in the biosynthesis of mitochon-
drial proteins [49]. For example, the capacity of the mitochondrial frac-
tion from trained muscle to oxidize pyruvate doubled in rats subjected
to a strenuous programof treadmill running.Mitochondria frommuscle
of trained animals also exhibited a higher level of respiratory control
and tightly coupled oxidative phosphorylation. Thus, the increase in
electron transport capacity was associated with a concomitant rise in
the capacity to produce ATP. This training-induced adaptation in mito-
chondrial function accounts for the increase in aerobic work capacity
that occurs with regularly performed, prolonged exercise. Of impor-
tance when examining the role of exercise training in promoting mito-
chondrial biogenesis is that a single bout of endurance exercise triggers
a cascade of molecular signaling events that ultimately lead to mito-
chondrial proliferation (Fig. 3A) [54–61] and other adaptations that
favor the transport and oxidation of carbohydrate and lipid substrates
[56,62,63]. Notably, a rapid but transient elevation in PGC-1α mRNA is
observed following each acute bout of exercise [64], and this is accom-
panied by a steady increase in PGC-1α protein, as well as an increase
in the activity of several oxidative enzymes (i.e., citrate synthase) over
a period of training (Fig. 3B [64]). Thus, the cumulative benefits of
each (acute) bout of exercise result in chronic adaptations in skeletal
muscle (i.e., increasedmitochondrial content) that favor improvements
in fuel uptake and utilization, exercise economy and, ultimately, whole-
body aerobic capacity.

2.2. Mitochondrial (dys)function in metabolic disease

Skeletal muscle energetics has long been implicated in the patho-
genesis of obesity and other lifestyle-related metabolic disorders in
both humans [8,65–67] and animals [68–72]. However, the extent of
mitochondrial involvement in metabolic disease progression, and
whether changes observed in mitochondria are secondary to lifestyle
factors (such as inactivity and/or diet) is a matter of much debate
[73–75]. One of the hallmark features of advancing metabolic disease
is insulin resistance in peripheral tissues such as skeletal muscle [5].
Insulin-resistant muscle demonstrates an impaired ability to transition
between carbohydrate and lipid fuels and, as such, is often described
as having ‘metabolic inflexibility’ [76]. For example, in both obesity
and type-two diabetes, the rate of skeletal muscle lipid oxidation does
not suppress effectively in response to a meal (i.e., with insulin stimula-
tion), whereas during the postprandial state, the rate of lipid oxidation
is incapable of increasing sufficiently [77,78]. This leads to the accretion
of triglyceride within both adipose and non-adipose tissues, the latter
being a pathology strongly associated with both the insulin resistant
state [79] and altered mitochondrial metabolism [80]. As such, patients
with type 2 diabetes [77], direct relatives (i.e., parents, siblings or off-
spring) of patients with type 2 diabetes [81,82] and obese individuals
[78,83,84] display an overt reduction in the capacity for lipid oxidation
and an impaired ability to transition between fuel sources when sub-
jected to changes in substrate availability [85,86].

Given that the mitochondria are almost entirely responsible for the
β-oxidation of FFAs, it is perhaps not surprising that mitochondrial ‘de-
ficiencies’ have been observed in the skeletal muscle of obese rodents
[68,87,88] and humans [8,89,90]. These findings have led to the notion
that abnormalities in skeletal muscle lipid metabolismmay play a caus-
ative role in the pathogenesis of obesity and insulin resistance
[8,9,68,69,91–93]. However, the issue of whether mitochondrial defi-
ciency and/or defective mitochondrial metabolism contributes to insu-
lin resistance has been questioned in light of two lines of evidence.
First, Boushel et al. [94] reported that when O2 flux (as measured
using high-resolution respirometry) was normalized for markers of mi-
tochondrial content (such as mitochondrial DNA content or citrate syn-
thase activity), adenosine diphosphate (ADP)-stimulated electron flux
through complex I of the respiratory chain, alone, and in parallel with
complex II; as well as the maximal capacity of the electron transfer
system, was not different in muscle extracts obtained from patients
with type 2 diabetes when compared to muscle from age-matched,
healthy control subjects. In other words, they found no evidence for a
decrease in the quality of the mitochondria in skeletal muscle from
type 2 diabetic patients. A key feature of the data presented by Boushel
et al. [94] was that ADP-stimulated respiration was indeed lower in the
muscle of patients with type 2 diabetes than in the healthy control
group, but that this was due to a reduction in muscle oxidative capacity
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(i.e., mitochondrial content) rather than mitochondrial function per se.
Aswehave previously noted [95], thisfindinghighlights the importance
of nomenclature when discussing aspects related to muscle mitochon-
drial function: a true mitochondrial ‘dysfunction’ implies an inherent
abnormality within the mitochondrial machinery rather than a decline
in mitochondrial number of density (mass per unit volume).
A second line of evidence that brings into question the issue of
whether or not there is a mitochondrial ‘dysfunction’ in muscle of indi-
viduals with a range of chronic metabolic disease states are the recent
reports clearly demonstrating high-fat diet-(HFD) induced increases in
mitochondrial protein abundance and enhanced oxidative enzyme ac-
tivities [96–102]. Indeed, HFDs cause elevated concentrations of
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circulating FFAs which, acting as ligands to peroxisome proliferator
activated receptors (PPARs), can induce mitochondrial biogenesis
through PPARγ-coactivator-1α (PGC-1α) [99,103–105], while
concomitantly causing rapid gains in whole-body adiposity, impaired
glucose tolerance and peripheral insulin resistance [99,102,106]. More-
over, recent studies indicate that increases inmitochondrial content are



1290 E.J. Stephenson, J.A. Hawley / Biochimica et Biophysica Acta 1840 (2014) 1285–1294
likely to precede insulin resistance in both rodents [107,108] and
humans [109]. However, this increase is a transient phenomenon
[107–109] that disappears as the insulin resistance becomes more se-
vere [107,108]. This indicates that a reduction in themitochondrial con-
tent of skeletal muscle is not likely to be a causative factor in the
pathogenesis of insulin resistance and rather, that it is severely impaired
insulin actionwhich disrupts mitochondrial biogenesis. In linewith this
notion, the rate of insulin-stimulatedmitochondrial protein synthesis is
blunted in obese, insulin resistant individuals when compared to their
lean counterparts [90]. Furthermore, in rodent models of diet-induced
obesity, attenuation of mitochondrial lipid metabolism appears
to improve insulin action and glucose tolerance [110–114]. Therefore,
although diet undoubtedly plays a major role in the pathogenesis of
obesity and insulin resistance, it is unlikely that ‘dysfunctional’ mito-
chondrial energy metabolism (and in particular, a reduced rate of lipid
oxidation) is a direct cause [74].

Instead, it may well be that impaired lipid metabolism and reduced
skeletal muscle mitochondrial function is, in part, an adaptive response
to an ‘inactivity cycle’, driven by diet-induced gains in adiposity coupled
with other environmental influences which predispose to a reduced
level of habitual physical activity. In support of this hypothesis, the
respiratory capacity of skeletal muscle from the lower limb (m. vastus
lateralis) is reduced in obese individuals and patients with type 2 diabe-
tes, whereas themuscle from the upper limb (m. deltoideus) shows ‘nor-
mal’mitochondrial function [115,116]. Furthermore, despite differences
in mitochondrial function in the leg musculature and a lower whole-
body VO2max, obese persons and patients with type 2 diabetes have a
normal capacity for fat oxidation during exercise [86,115], suggesting
that the reducedmitochondrial content observed in the legmusculature
of thesemetabolically challenged individuals is likely a result of reduced
habitual locomotor activity, rather than an intrinsic deficit per se. In-
deed, exercise training increases the oxidative capacity of lower limb
musculature in both otherwise healthy, lean individuals and obese,
insulin resistant individuals [117–120]. Moreover, despite improving
insulin action, non-exercise weight loss does not appear to improve
mitochondrial content/function [118,119]. Thus, it seems entirely possi-
ble that the low skeletal muscle oxidative capacities observed muscle
from obese or insulin resistant individuals reflect a lower level of habit-
ual physical activity (and therefore a reduced rate of ATP turnover in the
locomotormusculature) [121]. This line of reasoning is directly support-
ed by findings fromour laboratory inwhichwedeterminedwhole-body
insulin sensitivity, long-chain fatty acyl CoA content, skeletal muscle
triglyceride concentration, fatty acid transporter protein content, and
oxidative enzyme activity in patients with type 2 diabetes and healthy
control subjects matched for age, body mass index, percentage of body
fat and VO2max [122]. We found that despite markedly elevated skeletal
muscle lipid content in type 2 diabetic patients and different levels of
whole-body glucose disposal, the best predictor of insulin sensitivity
was skeletal muscle oxidative capacity rather than more ‘traditional’
markers of insulin resistance, such as lipid status or body composition.

We, and others [74], contend that the missing link connecting
muscle mitochondrial function with metabolic disease risk factors is
the level of habitual contractile activity. Chronic inactivity (or disuse)
results in a decrease in mitochondrial number [123], aberrant lipid
handling [79] and an impairedmetabolic health profile [14]. In contrast,
chronic activity (exercise training) results in marked mitochondrial
biogenesis [123], increased lipid oxidation and turnover [124] and an
improved overall health status. It therefore follows that interventions
that result in either a decrease or increase in mitochondrial content
should cause reciprocal changes in health/disease outcomes [14].

3. Do the genes fit?

We have proposed that an ‘inactivity cycle’ leads to a reduction in
mitochondrial content in skeletal muscle of individuals during the
progression of several metabolic disease states. However, it must be
acknowledged that a growingbodyof evidence is suggestive of a genetic
component underlying the complexity ofmetabolic disease [23,24,125].
In the last decade a number of studies have demonstrated that cultured
myotubes isolated from the skeletal muscle of obese individuals retain
the metabolic program of the donor tissue [84,126–128], even though
most of the adaptive factors have been removed (e.g., hormone and sub-
strate fluctuations, neural input, contraction). Therefore, the remaining
characteristics are primarily inherent, rather than due to environmental
influences. This important finding suggests that several key features of
metabolic inflexibility (such as impaired insulin action [126,129–131]
and a reduced capacity for lipid oxidation [84,85,126,128]) may, in part,
have a genetic or epigenetic origin [132]. In line with this notion, the
heritability of endurance exercise capacity is estimated to be 40% or
higher [133,134] and has been linked to skeletal muscle mitochondrial
gene expression [133]. However, familial environmental influence may
also be important [135], with the heritability of exercise participation
estimated to be as high as 70% [136]. Thus, while it is clear that a genetic
component may underlie many of the features of metabolic disease, it is
difficult to identify and attribute specific features to disease progression
in living humans because of the profound environmental influence.

Given the polygenic nature of complex disease, another approach to
study this problem has been to control for genetics in the hope of teas-
ing out which facets of metabolic disease are primarily environmental
and which are inherent. Whereas studies in monozygotic twins that
have been reared apart suggest a high degree of heritability for a
number of cardio-metabolic risk-factors [137], studies in discordant
monozygotic or same-sex dizygotic twins (where interpair differences
are almost entirely environmental) have indicated that independent
of genetic factors, acquired obesity and/or low aerobic capacity are asso-
ciated with insulin resistance and a reduced expression of mitochondri-
al genes essential to lipid oxidation and oxidative phosphorylation in
both muscle [138] and adipose tissue [138,139]. Additionally, these
reports have highlighted physical activity as a potent environmental
modulator of body mass and other heritable traits linked to metabolic
health [138–140]. However, the information obtained through these
investigations is hampered by the same limitations as other human
studies in that individuals are studied in a free-living environment
making factors such as diet and lifestyle difficult to control. While
these studies attempt to control genetics in order to investigate envi-
ronmental factors, they provide little insight into the underlying genetic
underpinning of metabolic health/disease.

Due to the heterogeneous nature of human populations and the
countless environmental variables, many factors confounds our ability
to distinguish between inherent features and environmental adapta-
tions. This makes it difficult to study specific gene/environmental inter-
actions in relation to health outcomes in humans, an effort which is of
utmost importance if we are to understand the mechanistic role played
by physical activity in determining metabolic health [141]. Therefore,
animal models that select for the phenotypic expression of polygenic
traits provide valuable insight into the gene/environmental interactions
that determine metabolic health. In 1996, Koch and Britton began a se-
lective breeding program in a population of genetically heterogeneous
rats, artificially selecting for high- and low-endurance running capacity
in the absence of exercise training [142]. Selection of opposing pheno-
typic extremes has concentrated contrasting allelic variation for run-
ning capacity from one generation to the next, leading to two extreme
divergent phenotypes. Remarkably, co-selecting for high- and low-run-
ning capacity also yielded divergent models of metabolic disease risk,
with low capacity runners (LCR) displaying many characteristics com-
mon to metabolic disease phenotypes (such as increased body mass
and adiposity, hyperinsulinemia, impaired glucose tolerance and car-
diovascular abnormalities) whereas high capacity runners (HCR) pres-
ent with superior metabolic health, characterized by resistance to
weight gain in the face of a HFD and an increased capacity for the uptake
and utilization of both glucose and fatty acids [143–148]. Importantly,
many of these opposing features appear to be linked to the metabolic
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characteristics of the skeletal muscle and, in particular, the mitochon-
drial content and capacity for substrate uptake and oxidation
[144,146,149]. Moreover, this feature is, in part, explained by differing
levels of habitual activity between LCR and HCR phenotypes
[102,145,150], a notion which is supported by the finding that many
of the metabolic impairments specific to LCR animals can be reversed
with exercise training [147,151]. Taken collectively, these findings sug-
gest that there may be a genetic predisposition towards participation in
physical activity and that the degree of habitual activity is linked to the
capacity of the skeletal muscle to take up and oxidize carbohydrate and
lipid fuels. However, whether differences in habitual activity are a cause
or a consequence of differing skeletal muscle oxidative capacities is a
question that remains unanswered.

4. Concluding remarks

There has been a recent explosion in the diagnosis of a host of chron-
ic metabolic diseases whose origins can be traced to the adoption of a
sedentary lifestyle in the face of excess food availability and energy
intake. Indeed, the increased prevalence of conditions such as obesity,
insulin resistance and type 2 diabetes and their strong association
with inactivity has produced an ‘exercise-deficient phenotype’ in
which individuals with a particular combination of disease-susceptible
genes collide with environmental influences to cross a biological
‘threshold’ that ultimately manifests in overt clinical conditions (i.e.,
risk factors for disease states). Evidence to support this premise comes
from studies that reveal that subsets of genes with roles in oxidative
phosphorylation are coordinately down-regulated in individuals with
obesity and associated conditions, and are linked to the pathogenesis
of these disorders. While a genetic predisposition undoubtedly plays a
role in the pathology of chronic metabolic disease, the issue of whether
‘inborn’ mitochondrial deficiencies and/or defective mitochondrial
metabolism contributes to obesity and/or insulin resistance is, in our
opinion, questionable. Rather, we contend that impaired whole-body
insulin resistance along with impaired skeletal muscle handling of
carbohydrate and lipid fuels (i.e., metabolic inflexibility) is largely a re-
sult of reduced skeletal muscle mitochondrial function which, in large
part, is a maladaptive response to an ‘inactivity cycle’, driven by diet-
induced gains in adiposity and other environmental influences which
predispose to a reduced level of habitual physical activity. The missing
link connecting muscle mitochondrial function with metabolic disease
risk factors is merely the level of habitual contractile activity! Given
the apathy towards voluntary physical activity in the majority of West-
ern societies, it is clear that there is an urgent need for innovative, clin-
ically effective exercise strategies, coupled with changes in current
attitudes and methods of delivering exercise prescription and dietary
advice in order to improve metabolic health and reduce the risk of
type 2 diabetes at the population level.
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