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Review
Insulin resistance is a key defect associated with obesity
and type-2 diabetes. The precise factors that lead to
insulin resistance have not been elucidated fully, but
there is a strong association between insulin resistance
and inappropriate lipid accumulation in insulin-target
tissues. Over the past decade, several studies have
reported changes in markers of mitochondrial metab-
olism in insulin-resistant individuals. These obser-
vations have led to the theory that compromised
mitochondrial oxidative function, particularly in skeletal
muscle, causes excess lipid deposition and the devel-
opment of insulin resistance. Here, we review the latest
findings regarding the link between mitochondrial
metabolism and insulin action and, in particular, high-
light several recent studies that call into question the
cause-and-effect relationship between mitochondrial
dysfunction and insulin resistance.

Introduction
Over the past three decades, there has been an explosive
increase in the prevalence of type-2 diabetes (T2D), and
current estimates suggest that by the year 2030, over 350
million people worldwide will be afflicted with this disease
[1]. The complications associated with diabetes (e.g. car-
diovascular disease, stroke, neuropathy and nephropathy)
are a major cause of premature morbidity and mortality,
and the rising epidemic of T2D represents one of the most
serious threats to human health. An early and important
defect associated with obesity and T2D is insulin resist-
ance, which is defined as ‘a relative impairment in the
ability of insulin to exert its effects on glucose and lipid
metabolism in target tissues’. The precise factors that lead
to decreased insulin action are still not completely
resolved; however, there is considerable work that
indicates that inappropriate lipid deposition in non-adi-
pose tissues (e.g. muscle or liver) contributes to the de-
velopment of insulin resistance (Box 1).

The rate at which lipid accumulates in tissues is deter-
mined by several factors, such as the rate of lipid uptake
from the circulation and the utilization of lipid within the
tissues. Several studies show that increased efficiency of
fatty acid uptake probably contributes to the lipid overload
observed in insulin-resistant states [2,3]. Another popular
theory that has gainedmomentum in recent years suggests
that defects inmitochondrial functionmight lead to obesity
and lipid accumulation, thereby playing an important part
in the pathogenesis of insulin resistance and T2D [4]. Most
studies investigating the potential relationship between
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mitochondrial dysfunction and insulin resistance have
concentrated on skeletal muscle, with some work also
indicating that mitochondrial dysfunction might exist in
association with insulin resistance in other tissues [5,6]. In
this review, we examine recent developments in the lit-
erature that study the link between muscle mitochondrial
metabolism and insulin resistance.

Regulation of mitochondrial biogenesis and function
In eukaryotic cells, the mitochondrion is the major plat-
form for energy transduction, producing ATP via oxidative
metabolism of nutrients. ATP production within the mito-
chondrion involves two major steps: (i) the oxidation of
reducing equivalents (NADH or FADH2) that are produced
by enzymatic pathways involved in the metabolism of
glucose, fatty acids and other substrates; and (ii) the
phosphorylation of ADP to ATP (i.e. oxidative phosphoryl-
ation) (Figure 1).

With such an elaborate series of processes involved in
oxidative metabolism of fuel substrates, it is not surprising
that the transcriptional programs involved in regulating
mitochondrial biogenesis and function are also complex.
Induction of mitochondrial biogenesis occurs rapidly (i.e.
within hours) in response to environmental stimuli (e.g.
exercise) and involves the coordinated action of both
nuclear- and mitochondrial-encoded genomes. The conduc-
tors of this orchestrated program of mitochondrial bio-
genesis are the peroxisome proliferator-activated
receptor gamma (PPARg) coactivator (PGC-1) family of
inducible transcriptional coactivators, which interact with
and activate an array of transcription factors (e.g. NRF-1,
PPARa and ERRa) to promote transcription of genes
involved in all aspects of mitochondrial metabolism and
function. As such, the PGC-1 coactivators are considered
key regulators of metabolic homeostasis within cells.
Links between mitochondrial dysfunction and insulin
resistance
The hypothesis that abnormalities in oxidative metab-
olism contribute to the development of insulin resistance
came to prominence approximately a decade ago with
several groups reporting that oxidative enzyme activity
and lipid oxidation were reduced in muscle of obese and
insulin-resistant subjects [7–9]. Closely following these
reports, Kelley et al. observed lower NADH:O2 oxidoreduc-
tase and reduced mitochondrial size in obese subjects with
insulin resistance and/or T2D [10]. Twomicroarray studies
were also published that showed a coordinated downregu-
lation of genes involved in mitochondrial biogenesis and
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Box 1. Insulin signalling, lipid overload and insulin

resistance

Insulin action is mediated through a complex signalling network

downstream of the insulin receptor. In brief, insulin binds to its

receptor on the plasma membrane, which increases insulin receptor

tyrosine kinase activity, resulting in the phosphorylation of insulin

receptor substrates (e.g. IRS-1) on tyrosine residues. IRS protein

phosphorylation results in the activation of two main signalling

pathways: the phosphatidylinositol-3-kinase (PI3K)-Akt/protein ki-

nase B (PKB) pathway, which mediates most of the actions of insulin

on nutrient metabolism, and the Ras-mitogen-activated protein

kinase (MAPK) pathway, which is largely responsible for the effects

of insulin on growth, mitogenesis and differentiation.

Abnormalities in the insulin-signalling pathway have been

reported in many insulin-resistant states. Defects in insulin signal-

ling often occur in association with excess intracellular lipid

accumulation, indicating a link between the two [75]. Indeed,

increased levels of intracellular lipid metabolites and defects in

insulin signalling have been found in established insulin-resistant

states, such as obesity, lipodystrophy and T2D [75], and also in

conjunction with insulin resistance that is produced acutely during

lipid infusions over several hours [76,77]. With regards to the lipid

moieties thought to be responsible for reducing insulin action,

elevated triglycerides are probably the most frequently reported

lipid abnormality in muscle and liver of insulin-resistant humans

and rodents [75,78]. However, excess triglycerides are now gen-

erally considered more of a marker of lipid oversupply to tissues,

whereas accumulation of metabolically active long-chain acyl-CoAs

and other cytosolic lipid metabolites, such as ceramides and

diacylglycerol (DAG), are thought to be more directly associated

with insulin resistance [75,78]. Several mechanisms that link these

lipid metabolites to reductions in insulin signalling have been

proposed, including activation of pathways and factors (e.g. protein

kinase C, c-jun N-terminal kinase [JNK], reactive oxygen species, the

nuclear factor kB [NFkB] pathway, protein phosphatase A2 [PPA2]

and cytokines) that ultimately antagonize insulin signalling by

reducing the levels of activating phosphorylation of insulin-signal-

ling proteins [75,78]. Other suggested mechanisms by which lipid

species might induce insulin resistance include inhibition of

enzymes of glucose metabolism and altered gene transcription

[75,78]. Thus, although a direct defect linking excess tissue lipid

levels with insulin resistance still requires delineation, identifying

the molecular mechanisms associated with lipid accumulation is

crucial in the search for strategies to treat insulin resistance.
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oxidative phosphorylation in non-diabetic individuals with
a family history of T2D and in subjects with overt diabetes
[11,12]. These landmark studies advanced the theory of a
potential role for mitochondrial dysfunction in insulin
resistance and T2D.

Since this time, a growing list of studies have reported
abnormalities in markers of mitochondrial metabolism in
various insulin-resistant states, including obesity, aging,
T2D and polycystic ovary syndrome (PCOS) (Table 1).
Several of these investigations analyzed muscle biopsies
from insulin-resistant subjects and demonstrated
reductions in mRNA levels for mitochondrial genes [11–

15], decreased mitochondrial DNA (mtDNA) [16,17], lower
protein expression of respiratory chain subunits [14],
reduced oxidative enzyme activities [10,14,17] and
decreases in mitochondrial size and density (by electron
microscopy) [10,13,17]. In addition to the defects observed
in muscle biopsies, several groups have conducted more
functional mitochondrial analyses in muscle from insulin-
resistant subjects. These studies either used non-invasive
magnetic resonance spectroscopy (MRS) with 31P or 13C to
measure in vivo ATP synthesis rates, phosphocreatine
resynthesis rates or TCA-cycle activity as an index of
mitochondrial function, or used ex vivo measurements of
mitochondrial respiration or substrate oxidation. In vivo
studies using MRS reported impaired basal and insulin-
stimulated mitochondrial metabolism in insulin-resistant
populations of elderly subjects [18], patients with T2D
[19,20] and first-degree relatives of subjects with T2D
[21–23]. Ex vivo studies that measured rates of respiration
or substrate oxidation in isolated mitochondria or in per-
meabilized muscle fibres from insulin-resistant popu-
lations show that functional capacity per mitochondrion
seems to be similar [16,24,25] or only mildly reduced [26]
compared to control subjects. However, when mitochon-
drial capacity is expressed per unit mass of skeletal
muscle, a substantial reduction is seen in insulin-resistant
subjects [16,24,25], which indicates that the defects
observed inmitochondrial function in vivowithMRSmight
be more strongly related to decreased mitochondrial num-
ber, rather than to substantial intrinsic mitochondrial
defects [16,24–26].

Despite the notable findings of the aforementioned stu-
dies, the cross-sectional nature of these investigations
means that they cannot decipher whether the observed
mitochondrial dysfunction was a primary cause of insulin
resistance or a consequence of insulin resistance. Several
recent intervention studies in humans and rodents have
provided evidence that supports a role for aberrant mito-
chondrial dysfunction in the development of insulin resist-
ance. In one study, healthy subjects treated for one month
with a nucleoside reverse-transcriptase inhibitor (part of a
highly active antiretroviral therapy used to suppress
human immunodeficiency virus infection) displayed a
reduction in mitochondrial DNA copy number in muscle
and reduced insulin sensitivity [27]. Other studies have
infused fatty acids into humans for 6–48 h and reported a
robust induction of whole-body insulin resistance along
with reduced expression of mRNA encoding PGC1a and
other mitochondrial genes in muscle, and lower rates of
insulin-stimulated ATP synthesis [28–30]. Consistent with
these findings, one group reported that three days of high-
fat feeding reduced mRNA levels of PGC1a, PGC-1b and
several other mitochondrial genes in muscle of healthy
male subjects [31]. Several rodent studies have also
reported reductions in mitochondrial gene expression,
protein expression and mitochondrial respiration in
skeletal muscle collected under conditions associated with
reduced insulin action (i.e. high-fat feeding for 3–16 weeks
or genetic obesity) [31–34]. Collectively, these studies
indicate that defects in mitochondrial function in muscle
occur in association with the induction of insulin resist-
ance.

In addition to studies that show a correlation between
mitochondrial dysfunction and the development of insulin
resistance, several interventions that improve insulin sen-
sitivity also enhance mitochondrial function. The most
obvious of these treatments is exercise, which has been
shown to stimulate mitochondrial function in muscle and
improve insulin action [35–37]. Caloric restriction has also
been reported to improve insulin sensitivity [38,39] and
robustly stimulate mitochondrial biogenesis in muscle
[40,41]. Another recent study showed that treatment of
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Figure 1. Pathways involved in mitochondrial energy metabolism. During the oxidative metabolism of glucose and fatty acids, reducing equivalents (NADH or FADH2) are

generated from glycolysis, the TCA cycle and b-oxidation. When NADH and FADH2 are oxidized to NAD+ or FAD, electrons pass along the mitochondrial respiratory chain

while proteins are pumped into the intermembrane space through complex I, complex II and complex IV. The electrons are transferred to oxygen at complex IV to produce

H2O. The pumped protons generate an electrochemical gradient across the inner mitochondrial membrane, which is used as the driving force for ATP synthase (complex V)

to produce ATP.
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mice with resveratrol induced PGC-1a activity, with sub-
sequent improvement inmitochondrialmetabolism [42]. In
parallel with these changes, mice also exhibited enhanced
insulin sensitivity. These studies provide further evidence
of a close link between mitochondrial function and insulin
action.

What factors might cause defects in mitochondrial
function?
Overall, the studies detailed above indicate that dimin-
ishedmitochondrial function inmuscle is commonly associ-
ated with insulin resistance. That several of these studies
have been conducted in lean individuals with a family
history of T2D indicates that, at least in those populations,
mitochondrial defects might be among the earliest factors
involved in the pathogenesis of insulin resistance. An
important question, therefore, is ‘What factor(s) contribute
to these mitochondrial defects?’

Genetic factors

Mitochondrial proteins are encoded by both nuclear and
mitochondrial genomes, and there is some evidence that
326
mtDNA deletions or mutations in nuclear-encoded genes
(e.g. PGC-1a and NDUFB6) are linked with insulin action
and T2D [43–45]. Additionally, muscle cell culture studies
provide evidence that genetic programming is a strong
determinant of the metabolic phenotype of human muscle;
primary human skeletal muscle cells grown for approxi-
mately five weeks in culture display similar metabolic
characteristics (e.g. gene expression and lipid partitioning
between oxidation and storage) to the in vivo phenotype of
the donor subject [46,47].

Sedentary lifestyle

Physical activity is a major regulator of mitochondrial
function in muscle, with exercise potently activating mito-
chondrial biogenesis and chronic inactivity associated with
reduced mitochondrial number [48]. Obesity and other
metabolic disorders are linked with reduced activity levels
and increased sedentary behaviour [49–51]. Thus, it is
likely that some mitochondrial defects reported in over-
weight or obese insulin-resistant subjects can be explained,
in part, by low levels of physical activity. Consistent with
such a notion, Rimbert et al. [35] showed that physical



Table 1. Studies investigating markers of mitochondrial function in insulin-resistant humans

Insulin-resistant population Marker of mitochondrial function Refs

Lean elderly # ATP synthesis (31P-MRS) [18]

Lean FH+ # ATP synthesis (31P-MRS) [22]

Lean FH+ # mRNA, # mitochondrial density, #/$ protein, $ mtDNA [13]

Lean FH+ # insulin-stimulated ATP synthesis (31P-MRS) [23]

Lean FH+ # TCA cycle activity (13C-MRS) [21]

Overweight or obese ND # mRNA, # protein, # enzyme activity [14]

Obese ND # fatty acid oxidation (per muscle) [25]

Obese ND (PCOS) # mRNA [15]

Overweight or obese FH+ and T2D # mRNA [11]

Overweight ND and T2D # mRNA [12]

Obese ND and T2D # enzyme activity, # mitochondrial size [10]

Obese ND and T2D # enzyme activity, # mitochondrial density, # mtDNA [17]

Obese ND and T2D # fatty acid oxidation (per muscle) [24]

Overweight T2D # phosphocreatine recovery (31P-MRS) [19]

Overweight T2D # basal and insulin-stimulated ATP synthesis (31P-MRS) [20]

Obese T2D # mitochondrial respiration (per mitochondrion), $ enzyme activity [26]

Obese T2D # mitochondrial respiration (per muscle), # mtDNA, $ enzyme activity [16]

Asian-Indian ND and T2D " mRNA, " mtDNA, " enzyme activity, " mitochondrial ATP synthesis [60]

Obese T2D $ phosphocreatine recovery (31P-MRS) [61]

Reduced (#), increased (") or no change ($) relative to control group. T2D, type-2 diabetes; FH+, family history of T2D; ND, non-diabetic; PCOS, polycystic ovary syndrome.
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activity levels were a major determinant of mitochondrial
fatty acid oxidative capacity and insulin sensitivity in
trained and non-trained individuals, regardless of age.

Oxidative stress

Another factor that might contribute to the mitochondrial
dysfunction observed in insulin resistance is oxidative
stress. Oxidative stress refers to an imbalance between
the production of reactive species and antioxidant defences
that leads to the damage of proteins, lipids and DNA.
Mitochondria are a major source of reactive oxygen species
(ROS), which are generated as a by-product of metabolic
reactions within this organelle [52]. Mitochondria have
also been shown to be a primary target for oxidative attack
[53,54]. Under conditions of glucose and fatty acid over-
supply, nutrient overflow into cells favours a state of
increased ROS production [55,56], with elevated ROS
levels potentially leading to oxidative damage within mito-
chondria and compromised function. In support of such a
relationship, Bonnard et al. [34] recently provided evidence
that oxidative stress is a major factor causing mitochon-
drial dysfunction in mice fed a diet rich in fat and sugar.

Insulin resistance

Several recent studies have shown that insulin itself has a
marked effect on mitochondrial function, giving rise to the
hypothesis that mitochondrial defects might be secondary
to insulin resistance. For instance, an 8-h insulin infusion
in humans increased mitochondrial oxidative capacity in
skeletal muscle, as determined by increases in mitochon-
drial mRNA transcript levels, mitochondrial protein syn-
thesis rates, enzyme activities of cytochrome c oxidase and
citrate synthase, and ATP production [57]. This response,
however, was blunted in patients with T2D. Recently,
Asmann et al. [58] used a 7-h low- and high-dose insulin
infusion (0.25 and 1.5 mU/kg of fat-free mass per min,
respectively) with euglycemia in subjects with T2D and
in age-, sex- and BMI-matched controls. At low insulin
levels, ATP synthesis rates were similar between diabetic
and non-diabetic subjects; however, at high insulin doses,
non-diabetic individuals showed increased mitochondrial
ATP production rate, but this response was impaired in
diabetic individuals. These diabetic individuals also had
reduced glucose disposal and diminished expression of
mitochondrial genes [58]. These same investigators also
recently examined the effect of acute insulin removal from
subjects with type-1 diabetes and found that insulin
deficiency caused reductions in mitochondrial ATP pro-
duction and in the expression of mitochondrial genes in
skeletal muscle [59]. Overall, these studies provide evi-
dence that insulin can affect mitochondrial gene expres-
sion and function and, therefore, support the idea that
decreased mitochondrial capacity might arise, in part, as a
consequence of impaired insulin action. However, it should
be noted that these results have been obtained using
extended periods (7–8 h) of high insulin; therefore, further
research is required to determine whether normal post-
prandial insulin excursions (3–4 h) have a similar effect on
mitochondrial metabolism.

Dissociation of mitochondrial dysfunction and insulin
resistance
The concept that dysfunction of mitochondria in skeletal
muscle might be a major factor leading to insulin resist-
ance is gaining wide acceptance. However, conflict still
exists in the field. In fact, a substantial number of recent
studies in both humans and rodents directly challenge the
notion that a reduction in mitochondrial oxidative capacity
is an essential part of the link between lipid accumulation
(obesity) and insulin resistance.

Nair et al. [60] recently reported that Asian Indians
displayed higher mtDNA content, elevated expression of
genes involved in oxidative phosphorylation, increased
oxidative enzyme activity and greater mitochondrial
ATP-production rates in muscle, despite being more insu-
lin resistant than age-, sex- and BMI-matched North
American counterparts. Furthermore, even though
Asian-Indian individuals with T2D exhibited reduced insu-
lin sensitivity and higher muscle lipid levels compared to
Asian Indians without T2D, markers of mitochondrial
oxidative capacity were not different between these two
groups [60]. This study, therefore, indicates that insulin
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resistance observed in Asian Indians compared to that in
North Americans of European descent cannot be explained
by mitochondrial dysfunction in skeletal muscle. Another
recent study examined whether deficits in mitochondrial
function were present in muscle from obese patients in
either early or advanced stages of T2D. Using post-exercise
phosphocreatine recovery kinetics as an index of mitochon-
drial function, this study found no differences in mitochon-
drial function between either group of T2D patients and
normoglycemic controls matched for age, body composition
and habitual physical activity levels [61]. These findings,
then, indicate that defective mitochondrial metabolism in
muscle was not responsible for the insulin resistance and
T2D observed in these subjects.

Several intervention studies in humans have also
reported findings that are discordant with the mitochon-
drial dysfunction theory of insulin resistance. In insulin-
resistant subjects with a family history of T2D, treatment
for one week with the anti-lipolytic agent acipimox
improved insulin sensitivity but resulted in decreased
mitochondrial gene expression in muscle [62]. In addition,
overweight and obese subjects who lost weight via dietary
restriction displayed improved insulin sensitivity in the
absence of any measurable change in mtDNA, cardiolipin
content or NADH-oxidase activity and, in fact, displayed a
subtle decrease in mitochondrial size [63]. Another study
found that in overweight patients with T2D, eight weeks of
treatment with the anti-diabetic agent rosiglitazone
induced a significant improvement in insulin sensitivity
without altering in vivo mitochondrial function (phospho-
creatine recovery rates) in muscle [64]. The above studies
show that improvements in insulin sensitivity can occur
without enhanced mitochondrial function in muscle.

Several recent studies using gene-manipulated mice
have directly tested whether tissue-specific alterations
in mitochondrial function influence insulin sensitivity.
In mice with the deletion of mitochondrial transcription
factor A, there is marked impairment in mitochondrial
oxidative capacity in muscle; however, these mice showed
improved glucose clearance during a glucose tolerance test
and normal insulin-stimulated glucose uptake in isolated
muscle strips [65]. In another study, conditional deletion of
apoptosis-inducing factor in muscle resulted in a pattern of
mitochondrial oxidative phosphorylation deficiency that
closely resembles that observed in human insulin resist-
ance [11,12], yet these mice were lean, insulin sensitive
and protected against high-fat-diet-induced insulin resist-
ance [66]. Mice with either muscle-specific deletion of PGC-
1a or with a loss-of-function mutation of PGC-1b also show
defects in markers of mitochondrial function in muscle;
however, in these animals, insulin sensitivity in muscle is
preserved or, in fact, slightly improved compared to control
mice [67,68]. In another study, mice with muscle-specific
transgenic overexpression of PGC-1a displayed improved
exercise capacity and increasedmitochondrial gene expres-
sion, mtDNA andmitochondrial enzyme activity compared
with control animals, but this increased mitochondrial
capacity did not alter glucose and insulin tolerance in
these mice [69]. Overall, these studies in gene-manipu-
lated mice have failed to demonstrate a clear effect of
altering mitochondrial function on insulin action. These
328
studies, however, must be interpreted with some caution
because they represent an extreme situation in which
there is a complete lack or substantial overexpression of
a specific protein; therefore, it is possible that the pheno-
type (or lack thereof) might be partially explained by
compensatory adaptations (e.g. activation of AMP-acti-
vated protein kinase) induced by these manipulations [65].

We and others have also used dietary animal studies to
show that high-fat feeding significantly increases mito-
chondrial fatty acid oxidative capacity, enzyme activity
and protein expression, despite inducing insulin resistance
at the whole-body and muscle level [70–72]. In line with
these findings, Koves et al. [73] reported increased fatty
acid oxidation in homogenates and mitochondria isolated
frommuscle of high-fat-fed insulin-resistant rodents. Their
findings led them to put forth a provocative theory, which
suggests that lipid excess results in an increase in fatty
acid flux through b-oxidation in the absence of a coordi-
nated increase in capacity of other oxidative pathways.
This process generates incomplete fatty acid oxidation
products, which then contribute to the insulin-resistant
state. Although it is not totally incongruous with some of
the studies mentioned above, further experimental evi-
dence is needed to substantiate this theory (in particular,
defining the mechanism by which incomplete fatty acid
oxidation products have a deleterious effect on insulin
action).

The studies detailed in this section illustrate that
despite the findings showing an association between mito-
chondrial dysfunction and insulin resistance in lean and
obese subjects, there are instances in which an uncoupling
between muscle mitochondrial dysfunction and insulin
resistance is observed. It should be acknowledged, how-
ever, that a myriad of experimental factors could account
for differences observed between studies, such as the
patient population studied (e.g. ethnicity and fitness level),
the particular muscle group examined (e.g. vastus lateralis
versus soleus), the specific measure of mitochondrial
metabolism employed and in rodent studies, the compo-
sition and content of the high-fat diet, in addition to the
length of feeding.

Concluding remarks and future directions
In recent years, abnormal mitochondrial metabolism has
been observed in insulin-resistant states, which has led to
the theory that mitochondrial dysfunction is a key factor
contributing to insulin resistance. Although this hypoth-
esis is appealing, there are still several unresolved issues.
For example, it is unclear whether defects inmitochondrial
function observed in insulin-resistant individuals are
inherited, are the result of environmental factors (e.g.
low physical activity and caloric excess) or are a con-
sequence of insulin resistance itself. Indeed, even though
mitochondrial defects have been shown to be among the
earliest defects observed in lean individuals with a family
history of T2D [13,21–23], these subjects were tested when
insulin resistance was already present and, therefore, it is
unclear whether mitochondrial abnormalities were a
primary defect or occurred secondary to or in parallel with
this insulin resistance. Determining the cause-and-effect
relationship between mitochondrial dysfunction and insu-



Review Trends in Endocrinology and Metabolism Vol.19 No.9
lin resistance in humans is challenging but could poten-
tially be resolved with a long-term longitudinal study that
examines changes in mitochondrial function and insulin
sensitivity in individuals over time. Another important
issue is whether the decrease in mitochondrial function
observed in insulin-resistant humans (i.e. �30%), would
limit the ability of muscle to oxidize fatty acids and lead to
lipid accumulation as proposed [4]. Under resting con-
ditions, the rate of oxygen utilization in muscle is low;
however, when energy demands are high, such as during
maximal exercise, muscle has an enormous capacity to
increase substrate oxidation over basal levels [74]. Con-
sidering there is such a substantial ‘spare’ capacity to
elevate substrate oxidation in muscle, it is questionable
whether mitochondrial deficiencies observed in insulin-
resistant subjects would have any impact on the rate of
fatty acid oxidation under normal, free-living conditions in
which energy requirements would be relatively low.

Despite these unanswered questions and several recent
reports that show little or no indication of mitochondrial
dysfunction in some states of insulin resistance, it seems
that in certain populations, defects in mitochondrial func-
tion are probably involved in the development and/or
maintenance of the insulin-resistant state. An important
challenge for future research is to determine whether
strategies aimed at specifically upregulating mitochon-
drial function might have therapeutic potential in the
treatment of insulin resistance and T2D in such individ-
uals.
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