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Introduction

Type 2 diabetes is a progressive metabolic disorder that
develops as a result of both environmental and undefined
genetic factors [1]. While the precise molecular actiology of
this disorder remains elusive, there is general consensus
that type 2 diabetes has several hallmark features: (1) a
breakdown in lipid and carbohydrate metabolism, reflected
by elevated levels of circulating metabolites and culminat-
ing in excessive deposition of fat in various tissues [2]; (2)
skeletal muscle insulin resistance [3]; and (3) coordinated
defects in oxidative metabolism [4—6]. In conjunction with
these altered metabolic states is the impaired insulin
signalling observed in muscle of patients with type 2
diabetes [7]. At present, it is unclear whether these (and
other) defects are a consequence of the diabetic state or are
instrumental in its development. Unravelling this puzzle is
made more difficult because these impairments do not
occur in isolation but typically co-exist in the same
individual.

Skeletal muscle oxidative phosphorylation
and mitochondrial function

Skeletal muscle is richly endowed with mitochondria and is
heavily reliant on oxidative phosphorylation for regenerat-
ing ATP from carbohydrate- (predominantly glucose and
glycogen) and fat-based fuels (mainly fatty acids and
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ketone bodies). Oxidative phosphorylation is the term used
to describe the formation of ATP from ADP and inorganic
phosphate (P;) in association with the transfer of electrons
from fuel molecules to coenzymes and finally to O,. The
dynamic range for the change in the rate of ATP utilisation
is >100-fold in skeletal muscle [8], while there is a large
excess in the ATP production capacity, which allows for 5—
20-fold increases in ATP turnover during exercise [9].
Mitochondrial oxidative phosphorylation provides up to
90% of cellular ATP, with the balance coming from
substrate-level phosphorylation, such as glycolysis.

Muscle oxidative capacity and type 2 diabetes

A decade ago, Kelley et al. [10] reported an impairment of
insulin-stimulated glucose phosphorylation in skeletal mus-
cle of patients with type 2 diabetes. Soon after, Simoneau
and Kelley [11] showed that the ratio between the maximal
activities of glycolytic (hexokinase) and oxidative (citrate
synthase) enzymes in skeletal muscle of individuals with
type 2 diabetes was different from that in skeletal muscle of
obese or lean glucose-tolerant subjects. At the time, it was
suggested that a mismatch between mitochondrial oxidative
capacity and the capacity for glycolysis may be an
important factor in the development of insulin resistance
[11]. In 2002, Kelley et al. [12] reported that the overall
capacity of the electron transport chain (estimated using the
activity of rotenone-sensitive NADH:O, oxidoreductase)
was reduced by 40% in skeletal muscle from type 2 diabetic
patients compared with that in muscle from healthy
volunteers. In a series of studies, Shulman and colleagues
have demonstrated reduced mitochondrial density [13],
lower rates of mitochondrial phosphorylation [6] and
decreased insulin-stimulated ATP synthesis and phosphate
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transport [14] in muscle from insulin-resistant individuals
and/or type 2 diabetic subjects. Accordingly, the notion that
mitochondrial dysfunction [6, 12—16] and/or impaired
oxidative phosphorylation/metabolism [4, 5, 17] contrib-
utes to skeletal muscle insulin resistance has gained the
ascendancy. However, the precise mechanism by which
decreased rates of substrate oxidation in muscle may impair
insulin-stimulated glucose transport remains unclear. It has
been postulated that mitochondrial dysfunction leads to a
reduction in the volume of lipid targeted for oxidation,
thereby promoting the accumulation of fatty acids and their
metabolites in skeletal muscle [18]. Increased intracellular
levels of specific lipid metabolites (such as fatty acyl
coenzyme A species, ceramide and diacylglycerol) have
been functionally linked to impaired insulin-stimulated
glucose uptake in skeletal muscle [19], and provide an
indirect mechanism by which impaired mitochondrial lipid
oxidation may cause insulin resistance.

The basis of the apparent mitochondrial dysfunction
associated with insulin resistance is also yet to be identified.
Impairments in muscle oxidative capacity could potentially
arise from a defect in mitochondrial function and/or a
reduction in the number of mitochondria. In this issue of
Diabetologia, Boushel et al. [20] provide direct evidence to
refute the former premise by demonstrating that mitochon-
drial function is normal in the skeletal muscle of patients
with type 2 diabetes.

Study findings

The major finding of the study undertaken by Boushel et al.
[20] was that when O, flux was normalised for markers of
mitochondrial content (such as mitochondrial DNA content
or oxidative enzyme activity), oxidative phosphorylation
and electron transport capacity in muscle extracts obtained
from patients with type 2 diabetes were not different from
those observed in muscle of age-matched healthy control
subjects. In other words, the authors found no evidence for
a decrease in the quality of the mitochondria in skeletal
muscle from type 2 diabetic subjects. This is an important
observation, but one that seems incongruous with reports
from several other laboratories describing mitochondrial
dysfunction in skeletal muscle from patients with type 2
diabetes [6, 12, 15-17]. However, we suggest that the
findings from Boushel et al. [20] and others are not
incongruent, but instead should be viewed as inter-related
pieces of the same puzzle.

A key feature of the data presented by Boushel et al. [20]
was that mitochondrial respiration was indeed lower in the
muscle of patients with type 2 diabetes than in the healthy
control group, but this was due to a reduction in muscle
oxidative capacity (i.e. the number of mitochondria) rather
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than mitochondrial function itself. This finding highlights
the importance of nomenclature when discussing aspects
related to muscle mitochondrial function: a true mitochon-
drial ‘dysfunction’ implies an inherent abnormality within
the mitochondrial machinery rather than a decline in
mitochondrial number or density (mass per unit volume).
One question that remains to be answered is: ‘Do
individuals with type 2 diabetes have a genetic predispo-
sition to low muscle oxidative capacity, or does impaired
mitochondrial capacity arise from environmental/lifestyle-
related factors?’ Given the rapidly increasing prevalence of
type 2 diabetes over the past decade, we feel the latter is the
more likely scenario.

Contractile activity and muscle oxidative capacity:
the missing link

Boushel et al. [20] contend that the missing link connecting
muscle mitochondrial function with metabolic disease risk
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Fig. 1 Potential mechanism by which exercise training-induced
enhancement of skeletal muscle oxidative capacity may improve insulin
sensitivity. Muscle contraction increases the intracellular concentrations
of calcium ions ([Ca*']) and AMP, which in turn activate the calcium/
calmodulin-dependent protein kinase (CaMK) and AMP-activated
protein kinase (AMPK) signalling pathways, respectively. The
activation of these signalling cascades increases the expression of
nuclear transcription factors such as peroxisome proliferator-activator
receptor-y coactivator-1oc (PGC-1«) and nuclear respiratory factor-1
(NRF-1). These nuclear factors induce the transcription of mitochon-
drial proteins that promote mitochondrial biogenesis, resulting in
increased mitochondrial density in skeletal muscle. Increased mito-
chondrial density increases the muscle’s oxidative capacity, allowing
for the shuttling of fatty acyl coenzyme A (FA-CoA) into the
mitochondria for oxidation, thus preventing the accumulation of other
fatty acid species such as diacylglycerol (DAG) and ceramide, which
are known to impair insulin signalling and glucose uptake. CPT,
carnitine palmitoyltransferase I
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factors is the level of habitual contractile activity. We agree!
Chronic inactivity (or disuse) results in a decrease in
mitochondrial number [21], aberrant lipid handling [2] and
an impaired health profile [22]. In contrast, chronic activity
(exercise training) results in marked mitochondrial biogen-
esis [21], increased lipid oxidation and turnover [23], and an
improved health status [22]. It therefore follows that
interventions that result in either a decrease or increase in
mitochondrial content should cause reciprocal changes in
health/disease outcomes. Several lines of evidence suggest
that this is indeed the case. For example, decreased physical
activity precipitates a rapid and synchronous decline in
insulin-stimulated skeletal muscle glucose uptake, insulin
signalling and GLUT4 protein [24], while simultaneously
increasing triacylglycerol synthesis in adipose tissue [25].
In sedentary individuals with insulin resistance or type 2
diabetes, the expression of multiple genes involved in
aerobic metabolism is downregulated [4, 5]. In contrast, the
age-related declines in the rates of muscle fat oxidative
capacity and whole-body insulin sensitivity can be pre-
vented by exercise training [26], while exercise training in
patients with type 2 diabetes improves insulin sensitivity by
the same magnitude as in healthy control subjects [27]. Of
note was that the best predictor of insulin sensitivity in the
study of Bruce et al. [27] was muscle oxidative capacity
[28]. Exercise training improves the capacity for mitochon-
drial fatty acid uptake and oxidation while concomitantly
reducing muscle lipid content and changes in the saturation
status of specific lipids [23]. Indeed, the mitochondrial
biogenesis induced by repeated contractile activity provides
the most likely mechanism for the enhanced insulin action
observed with exercise training in patients with type 2
diabetes [27] and obese individuals [23] (Fig. 1).

Given the strong evidence for a direct role of exercise
training in preventing insulin resistance [22], improving
glucose tolerance and insulin action in individuals with
insulin resistance and type 2 diabetes [29], and promoting
mitochondrial biogenesis [21], the question of why such a
potent modulator of these conditions is not more commonly
prescribed is perplexing and should be of utmost concern to
medical healthcare professionals worldwide [22, 30]. The
increased prevalence of type 2 diabetes and its strong
association with inactivity is producing an ‘exercise-
deficient phenotype’ in which individuals with 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 conditions [31]. In
order to arrest the rising incidence of type 2 diabetes,
individuals must be willing to make major lifestyle
changes, including an increase in the amount of daily
physical activity. The message is loud and clear: use it or
lose it.
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