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ABSTRACT

Insulin resistance is a key defect associated with obesity and type 2 diabetes. Although a number of different factors
have been proposed to conftribute to the development of insulin resistance, studies in humans and rodents indicate that
excess accumulation of lipid in insulin-target tissues is strongly associated with impaired insulin action. In recent times, a
number of investigations have reported that various markers of mitochondrial metabolism are impaired in skeletal muscle
from insulin-resistant individuals. These findings have led to the theory that defective mitochondrial function is an
important factor leading to inappropriate lipid accumulation and the development of insulin resistance. In this
contribution, we: (1) review the latest literature supporting a role for dysregulated mitochondrial metabolism in the
development of insulin resistance; (2) highlight several recent studies that call into question the cause and effect
relationship between mitochondrial dysfunction and impaired insulin action; and (3) discuss whether targeting

mitochondrial function is an effective strategy for the tfreatment of insulin resistance and type 2 diabetes.
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INTRODUCTION

In recent times, there has been a dramatic increase in
the prevalence of type 2 diabetes (T2D), with more than
350 million people predicted to have this disorder by the
year 2030 [1]. T2D is associated with a number of
comorbidities including cardiovascular disease, dislipi-
demia, obesity, and inflammation, often collectively
referred to as the metabolic syndrome. A common aspect
of these disorders is insulin resistance; defined as a
reduced ability of peripheral tissues to respond to
physiological levels of insulin. While the exact factors
leading to impaired insulin action are not fully eluci-
dated, experimental evidence suggests that one of the
earliest defects associated with insulin resistance and
T2D is lipid accumulation in non-adipose tissues,
particularly muscle and liver [2-6]. Several mechanisms
linking lipid metabolites to reductions in insulin action
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 (NFxB) pathway, protein phosphatase A2 (PPA2),
and cytokines) that antagonize insulin signaling and
glucose uptake, inhibition of enzymes of glucose meta-
bolism, and altered gene transcription [5, 7].

The level of lipid deposition within any given tissue
is determined by several factors. Under conditions of

elevated lipid availability, increased uptake of fatty
acids contributes to enhanced lipid accumulation
within tissues [8, 9]. Any impairment in the utilization
(oxidation) of lipids should also lead to increased
partitioning of lipids into storage pools. Indeed, a
popular theory that has emerged in recent years
suggests that defects in mitochondrial oxidative
metabolism lead to obesity and lipid accumulation,
and thus may play an important role in the pathogen-
esis of insulin resistance. The majority of the studies
investigating the potential relationship between mito-
chondrial dysfunction and insulin resistance have
examined skeletal muscle; however, other reports have
also shown links between insulin resistance and
defects in markers of mitochondrial function (e.g.,
respiration, mtDNA content) in other tissues such as
the heart, adipose tissue, and peripheral blood cells
[10-13]. In this review, we will focus on studies in
skeletal muscle and highlight recent developments in
the literature examining the link between mitochon-
drial function and insulin action in this tissue.

MITOCHONDRIAL STRUCTURE AND
FUNCTION

The mitochondrion is the key site for energy produc-
tion in cells, providing a platform for the oxidation of
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nutrients to produce adenosine triphosphate (ATP)
(Figure 1). Mitochondria are not static organelles,
but instead exist as a dynamic network capable of
fusion, fission, and movement throughout the cell. In
muscle cells, the mitochondrial network is arranged
into two distinct (yet interconnected) pools—the
subsarcolemmal (SS) pool near the cell surface and
the intermyofibrillar (IMF) pool in the interior of the
cell (for reviews, see [14, 15]). It has been suggested
that this assembly is important for efficient mitochon-
drial function; SS mitochondria have greater access to
oxygen and metabolic substrates, and the proton
gradient generated through substrate oxidation in
the SS pool may potentially contribute fuel for ATP
synthesis in the IMF pool, where energy demands are
highest [15].

The processes regulating mitochondrial function are
complex. Mitochondrial biogenesis can be induced
rapidly (i.e., within hours) in response to environmental
stimuli (e.g. exercise), and this involves a coordinated
interaction between the nuclear and mitochondrial
genomes. The peroxisome proliferator-activated recep-
tor gamma (PPARjy) coactivator (PGC-1) family of
transcriptional coactivators are considered master
regulators of mitochondrial metabolism, as they inter-
act with and coactivate key transcription factors (e.g.,
NRF-1, ERRa, PPAR«/0) that regulate the expression of
genes involved in mitochondrial substrate oxidation,

fiber-type determination, mitochondrial biogenesis, and
mitochondrial function [16, 17].

MITOCHONDRIAL DYSFUNCTION AND ITS
ASSOCIATION WITH INSULIN RESISTANCE

Approximately a decade ago, several groups demon-
strated that oxidative enzyme activity and lipid oxida-
tion were reduced in the muscle of obese and insulin-
resistant subjects [18-20], suggesting that defects in
mitochondrial metabolism may be involved in the
development of insulin resistance. In 2002, Kelley et al
[21] showed lower NADH:O, oxidoreductase activity
and reduced mitochondrial size in the muscle of obese
subjects with insulin resistance and/or T2D compared
with control subjects. A year later, two important
microarray studies reported a coordinated downregula-
tion of genes involved in mitochondrial biogenesis and
oxidative phosphorylation in subjects with T2D and
non-diabetic individuals with a family history (FH+) of
T2D [22, 23], further advancing the mitochondrial
dysfunction theory of insulin resistance.

In the subsequent period since these landmark
studies, abnormalities in mitochondrial metabolism
in muscle have been reported in numerous insulin-
resistant states, including obesity, aging, and T2D. In
muscle biopsies obtained from insulin-resistant sub-
jects, several markers of mitochondrial function have
been reported to be reduced compared with control

Fatty Acid

Glucose

Mitochondrial
Network

Figure 1. Pathways involved in mitochondrial energy metabolism. During the oxidative metabolism of glucose and fatty acids, reducing
equivalents (NADH or FADH,) are generated from glycolysis, the TCA cycle, and p-oxidation. The oxidation of NADH and FADH, to NAD"
or FAD drives the movement of electrons along the mitochondrial respiratory chain, while protons are pumped into the intermembrane
space. The electrochemical gradient produced by these protons is used by the ATP synthase (complex V of the electron transport chain)
to produce ATP
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subjects, including mitochondrial DNA (mtDNA) [24,
25], mRNA levels for mitochondrial genes [22, 23, 26—
28], oxidative enzyme activities [21, 25, 27], protein
expression of respiratory chain subunits [27], and
mitochondrial size and density (by electron micro-
scopy) [21, 25, 26]. Several investigators have also
measured in vivo ATP synthesis rates, phosphocreatine
resynthesis rates, or TCA cycle activity with non-
invasive magnetic resonance spectroscopy (MRS) to
obtain a more functional measure of mitochondrial
activity. These in vivo studies have shown impaired
basal and insulin-stimulated mitochondrial metabo-
lism in insulin-resistant populations of elderly subjects
[29], patients with T2D [30-32], and in first-degree
relatives of subjects with T2D [33-35]. Interestingly,
several studies have shown that, compared with
control subjects, functional capacity per mitochon-
drion appears to be similar [24, 36, 37] or only mildly
reduced [38] in insulin-resistant individuals, but when
mitochondrial capacity is expressed per unit mass of
skeletal muscle, a substantial reduction is seen in
insulin-resistant subjects [24, 36, 37]. These studies
have therefore suggested that the defects observed in
mitochondrial function in vivo with MRS may be more
strongly related to reductions in mitochondrial num-
ber than to substantial intrinsic mitochondrial defects
[24, 36, 37]. However, in an elegant recent study,
Phielix et al [32] measured in vivo mitochondrial
function (with MRS) and ex vivo mitochondrial
respiration in muscle from the same T2D subjects
and observed that, in this population of subjects, the in
vivo mitochondrial dysfunction was largely explained
by defective mitochondrial substrate oxidation.

One limitation of the above studies is that they
simply provide a snapshot of different populations at a
given time and therefore cannot delineate whether the
observed mitochondrial dysfunction was a primary
cause of insulin resistance. However, further evidence
for a potential link between mitochondrial dysfunction
and insulin resistance comes from intervention studies
in humans, rodents, and cell culture systems, where
various experimental manipulations cause both
defects in mitochondrial function and reductions in
insulin sensitivity. For example, in muscle cells where
mitochondrial function was disrupted by either
genetic (ethidium bromide) or metabolic (e.g., oligo-
mycin) stress, there were multiple insulin signaling
abnormalities, and insulin-stimulated glucose metabo-
lism was severely compromised [39, 40]. In humans,
infusion of fatty acids for 6-48 h resulted in a robust
induction of whole-body insulin resistance and
reduced insulin-stimulated ATP synthesis rates and
expression of mRNA encoding PGCla and other
mitochondrial genes in muscle [41-43]. Similarly,
several rodent studies using established models of
insulin resistance have also reported reductions in
mitochondrial gene expression, protein expression,
ATP synthesis rates, and mitochondrial respiration

in skeletal muscle from high-fat fed (3-16 weeks) or
genetically obese rodents [44-49]. A further example of
the link between mitochondrial dysfunction and
insulin resistance comes from a report showing that
antiretroviral therapy used to suppress human immu-
nodeficiency virus (HIV) infection reduces mitochon-
drial DNA copy number in muscle and concomitantly
causes insulin resistance [50]. Finally, a recent study
has shown that treatment of rodents with atrazine, a
herbicide used extensively in the USA, leads to
obesity, insulin resistance, and altered mitochondrial
morphology and function. This intriguing report
suggests that certain environmental factors (e.g.,
toxins) may play an as yet unappreciated role in the
current epidemic of obesity and insulin resistance,
through effects on mitochondrial function [51].
Overall, the above studies demonstrate that there are
many instances in which perturbations in insulin
action and mitochondrial metabolism in muscle occur
together.

WHAT FACTORS CONTRIBUTE TO
MITOCHONDRIAL DYSFUNCTION IN INSULIN-
RESISTANT MUSCLE?

It is clear that mitochondrial dysfunction is fre-
quently linked with insulin resistance, and an impor-
tant unresolved question is what factor(s) lead to these
mitochondrial defects?

Genetic and Epigenetic Factors

There is some evidence in the literature that genetic
factors may play a role in determining the metabolic
phenotype of human skeletal muscle. For example,
primary human skeletal muscle cells in culture display
many similar characteristics to the in vivo phenotype
of the donor subject (e.g., elevated lipogenic gene
expression, decreased insulin-stimulated glucose meta-
bolism, and lower lipid oxidation with obesity and
T2D), despite being subjected to similar culture
conditions for several weeks [562-55]. Of interest, a
recent gene expression profiling study reported that,
although primary human myotubes established from
T2D subjects displayed reduced insulin-stimulated
glucose metabolism and impaired lipid oxidation,
there was no difference in expression for genes
involved in oxidative phosphorylation or mitochon-
drial biogenesis [56]. While these findings do not
support a role for mitochondrial dysfunction being
an intrinsic defect in insulin-resistant muscle, it is also
possible that different biochemical pathways are not
affected equally when primary muscle cells are grown
in culture. Further evidence that genetic factors may
be involved in the mitochondrial dysfunction observed
in insulin resistance comes from studies showing that
mutations in mtDNA or nuclear-encoded genes (e.g.,
PGC-1o, NDUFB6) are linked to deficits in insulin
action and T2D [57-60]. Additionally, the expression of
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NDUFB6 and ATP50—two genes identified as down-
regulated in insulin-resistant skeletal muscle—was
also recently reported to be regulated by epigenetic
factors (e.g., DNA methylation) [57, 61]. Collectively,
the above studies support the notion that some of the
metabolic defects observed in skeletal muscle of
insulin-resistant and T2D subjects may, in part, be
inherited.

Oxidative Stress

Oxidative stress refers to an imbalance between the
production of reactive species and antioxidant
defenses, leading to damage of macromolecules.
Reactive oxygen species (ROS) are produced during
metabolic reactions within cells and, accordingly,
mitochondria are one of the major sources of ROS
[62]. It has been suggested that an oversupply of
glucose and fatty acids promotes a state of increased
ROS production [63, 64], and as mitochondria are
particularly susceptible to oxidative attack [65, 66],
this may lead to defects in mitochondrial function.
Although there is some support for this premise in the
literature [47], Mogensen et al [38] reported no
difference in lipid peroxidation (4-hydroxy-2-nonenal
levels) in muscle biopsies of T2D patients compared
with matched control subjects. Furthermore, another
recent study conducted ex vivo measured ROS produc-
tion and ATP synthesis in muscle mitochondria
isolated from lean control subjects, obese, insulin-
resistant subjects, and body mass index (BMI)-matched
T2D subjects and could find no clear pattern, suggest-
ing that mitochondrial ROS production was involved
in the generation of mitochondrial dysfunction or
insulin resistance in these individuals [67]. However, it
is worth noting that there is currently no reliable
method for determining oxidative stress in vivo and, as
ex vivo measures of ROS production or measurement of
one of the multitude of oxidative stress markers may
not necessarily reflect what is occurring in vivo, care
should be taken when interpreting the above findings.

Altered Mitochondrial Dynamics

A breakdown or inefficiency in the mitochondrial
network may play a role in the pathogenesis of insulin
resistance in skeletal muscle. Mitochondrial remodel-
ing is a complex process of breaking and reforming the
double membrane, which is mediated by fusion and
fission proteins. Reductions in key proteins mediating
these dynamic processes have been reported in insulin-
resistant and obese states [68, 69]. For example, the
expression of mitofusin 2 (MFN2), a fusion protein that
appears to have additional roles apart from mainte-
nance of the mitochondrial network [68, 70, 71],
correlates with the glucose oxidation rate [72] and is
reduced in the skeletal muscle of insulin-resistant
humans and diabetic Zucker rats [68]. Repression of
MFN2 also results in decreased glucose oxidation,

cellular respiration, and mitochondrial membrane
potential, and causes fragmentation of the mitochon-
drial network [68], suggesting that the reduced levels
of MFNZ2 observed in obesity may play some role in the
pathogenesis of insulin resistance.

Reduced Physical Activity

Exercise potently stimulates mitochondrial biogen-
esis in skeletal muscle, whereas chronic inactivity is
associated with reduced mitochondrial number [73].
Therefore, the mitochondrial defects reported in over-
weight or obese insulin-resistant subjects could be the
result of reduced levels of physical activity or an
impaired response to exercise. Obesity and other
metabolic disorders have been linked with decreased
activity levels and increased sedentary behavior [74—
76], whereas many [77-79], but not all [80], reports have
shown that subjects with a family history of T2D and
obese subjects with T2D have a normal response to
exercise training with regard to mitochondrial biogen-
esis in muscle. Therefore, although it is difficult to
answer definitively at present, it is likely that low
levels of physical activity partially contribute to the
mitochondrial dysfunction observed in insulin-resis-
tant subjects.

Insulin Resistance

A number of recent reports have shown that
mitochondrial function is directly influenced by
insulin, and thus it has been hypothesized that
mitochondrial defects may be secondary to insulin
resistance. For example, insulin infusion increases
markers of mitochondrial metabolism (e.g., enzyme
activity, ATP production, mitochondrial gene expres-
sion) in muscle, with this response being blunted in
insulin-resistant T2D patients [81, 82]. The converse is
also observed, with acute insulin removal from
subjects with type 1 diabetes leading to reductions in
mitochondrial ATP production and expression of
mitochondrial genes in skeletal muscle [83]. These
studies provide evidence that insulin can affect
mitochondrial gene expression and function, perhaps
indicating that decreased mitochondrial capacity may
arise, in part, as a consequence of insulin resistance. It
should be noted, however, that extended periods (7—
8 h) of high insulin have been used in the above
studies, and it is unclear whether normal postprandial
insulin excursions (3-4 h) have a similar effect on
mitochondrial metabolism.

MITOCHONDRIAL DYSFUNCTION IS NOT
ALWAYS LINKED TO INSULIN RESISTANCE

Despite the large number of studies in which
dysfunctional mitochondria have been associated with
insulin resistance, conflict still exists within the field.
In fact, there is a growing list of recent studies in both
humans and rodents that directly challenge the notion
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that defects in mitochondrial function are an essential
part of the link between lipid accumulation (obesity)
and insulin resistance.

Human Studies

De Feyter et al [84] recently examined post-exercise
phosphocreatine recovery kinetics with MRS as an
index of mitochondrial oxidative capacity in muscle
from obese patients in either early or advanced stages
of T2D. Mitochondrial function was found to be
similar between both groups of T2D patients and
normoglycemic control subjects matched for age, body
composition, and habitual physical activity levels [85].
Similarly, in another group of well-controlled T2D
patients, resting and maximal ATP turnover (mea-
sured with MRS) in muscle were not impaired
compared with physical activity-, age-, and weight-
matched control subjects [86]. Nair et al [87] recently
reported that Asian Indians were more insulin resis-
tant than their age-, sex-, and BMI-matched North
American counterparts, but at the same time exhibited
higher mtDNA content, elevated expression of genes
involved in oxidative phosphorylation, increased oxi-
dative enzyme activity, and greater mitochondrial
ATP production rates in muscle. Furthermore, within
the Asian Indians, markers of mitochondrial oxidative
capacity were not different in subjects with or without
T2D, even though the latter group had reduced insulin
sensitivity and higher muscle lipid levels compared
with individuals without T2D [87]. These studies
provide evidence that, at least in these populations,
insulin resistance cannot be explained by mitochon-
drial dysfunction in skeletal muscle.

Several human intervention studies have also shown
that changes in insulin sensitivity can occur in the
absence of improvements in muscle mitochondrial
function. For instance, dietary restriction in over-
welight and obese subjects resulted in improved insulin
sensitivity in the absence of any measurable change in
mtDNA, cardiolipin content, or NADH-oxidase activ-
ity and, in fact, a small decrease in mitochondrial size
was observed in these subjects [88]. One week of
treatment with the anti-lipolytic agent acipimox
improved insulin sensitivity in insulin-resistant sub-
jects with a family history of T2D, but resulted in
decreased mitochondrial gene expression in muscle
[89]. Rosiglitazone treatment for 8 weeks also induced
a significant improvement in insulin sensitivity with-
out altering in vivo mitochondrial function (phospho-
creatine recovery rates) in the muscle of overweight
patients with T2D [90].

Rodent Studies

A number of investigators have used gene-manipu-
lated mice to test directly whether alterations in
mitochondrial function are linked to changes in
insulin sensitivity. Mitochondrial transcription factor

A plays an important role in transcription of the
mitochondrial genome and, in mice with a deletion of
this protein, there is a marked impairment in mito-
chondrial oxidative capacity in muscle [91]. However,
these animals showed improved glucose clearance
during a glucose tolerance test and normal insulin-
stimulated glucose uptake in isolated muscle strips
[91]. In another study, a gene expression pattern of
mitochondrial oxidative phosphorylation deficiency
similar to that observed in human insulin resistance
[22, 23] was produced by conditional deletion of
apoptosis-inducing factor in muscle, yet these mice
displayed reduced adiposity, were insulin sensitive,
and protected against the deleterious effects of a high-
fat diet [92]. Defects in markers of mitochondrial
metabolism in muscle have also been produced
through muscle-specific deletion of PGC-1a or loss-of-
function mutation of PGC-1f; however, in these
animals, insulin sensitivity in muscle is preserved or
in fact slightly improved compared with control mice
[93, 94]. Interestingly, in independently generated mice
with muscle-specific overexpression of PGC-1a, mar-
kers of mitochondrial function display the expected
increase, yet these animals display impaired insulin
sensitivity because of either excessive fatty acid
delivery into muscle [95] or decreased GLUT4 expres-
sion [96]. In another recent study, mitochondrial
function was studied during the progression from
insulin resistance to T2D in Zucker diabetic fatty
(ZDF) rats, with normal in vivo muscle oxidative
capacity and improved activity of enzymes involved
in lipid oxidation observed in the ZDF rats, despite the
disturbances in glucose metabolism [84]. Overall, the
studies in gene-manipulated mice have failed to
demonstrate a clear link between mitochondrial func-
tion and insulin action. One must exercise caution
when interpreting the data from these mice, however,
as they represent an extreme situation in which there
is a complete lack of or substantial increase in the
content/function of a specific protein; therefore, it is
possible that the phenotype (or lack thereof) may be
partially explained by compensatory adaptations (e.g.,
activation of adenosine monophosphate (AMP)-acti-
vated protein kinase or increase in some other lipid
metabolism pathway) induced by these manipulations
[91, 95].

Several groups, including our own, have also con-
ducted dietary studies in rodents, demonstrating that
high-fat feeding significantly increases mitochondrial
fatty acid oxidative capacity, enzyme activity, and
protein expression, at the same time as inducing
insulin resistance at the whole-body and muscle level
[97-99]. Interestingly, Koves et al [100] have put
forward the theory that, under conditions of increased
lipid availability, the increase in mitochondrial fatty
acid oxidation results in the generation of incomplete
fatty acid oxidation products, which then contribute to
the insulin-resistant state. This provocative theory
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still requires further experimental substantiation,
particularly in light of the recent findings of Bruce et
al [101], in which in vivo skeletal muscle overexpres-
sion of CPT-1 increased fatty acid oxidation and
ameliorated diet-induced insulin resistance.

Thus, although there is substantial literature showing
an association between mitochondrial dysfunction and
insulin resistance in lean and obese subjects, there are
many instances in which alterations in muscle mito-
chondrial function are not accompanied by the “pre-
dicted” changes in insulin sensitivity. Obviously, there
are many experimental variables that may explain the
differences observed between studies, such as the
ethnicity and fitness level of the patient population
studied, the muscle group examined, the specific
technique used to measure mitochondrial function,
and factors relating to the dietary regime (e.g., duration
of feeding, fat content, and composition).

CAN MITOCHONDRIA BE TARGETED FOR THE
TREATMENT OF INSULIN RESISTANCE?

It 1s clear from the above section that there is still a
great deal of controversy surrounding the precise role
that mitochondria may or may not play in the
development of insulin resistance. This does not,
however, preclude mitochondria from being a poten-
tial therapeutic target for the treatment of insulin
resistance. Indeed, there are many instances in which
interventions improve mitochondrial function and
enhance insulin sensitivity. One obvious example is
exercise, which robustly stimulates mitochondrial
biogenesis in muscle and improves insulin action [77,
79, 102, 103]. Caloric restriction has also been shown to
have an insulin-sensitizing effect [104, 105] and to
improve markers of mitochondrial function in muscle
[106, 107]. Calorie restriction is thought to exert many
of its beneficial effects through the stimulation of
SIRT1, and activators of SIRT1 (e.g., resveratrol and
more potent specific activators) have been shown to
enhance mitochondrial metabolism in several tissues
and to improve insulin sensitivity in a number animal
models of insulin resistance and T2D [108-110].
Agonists for the nuclear receptor PPARS have also
been shown to increase mitochondrial fatty acid
oxidation in muscle and improve insulin action in
high-fat fed and genetically obese rodents [111, 112].

Although these studies all suggest that enhancing
mitochondrial function is an effective treatment for
insulin resistance, it is interesting to note that several
insulin-sensitizing agents, including metformin, thia-
zolidinediones, and berberine, all appear to exert their
effects, in part, by inhibiting mitochondrial respira-
tory Complex 1. Specifically, inhibition of Complex I
by these agents leads to alterations in the intracellular
AMP/ATP ratio and activation of AMPK in several
tissues (e.g., liver, muscle, adipose) [108,113-118]. The
subsequent interaction of AMPK with its multiple

downstream targets [119] is then likely responsible for
many, but not all, of the beneficial metabolic effects of
these compounds. Chronically, one of the effects of
AMPK activation 1s stimulation of mitochondrial
biogenesis in muscle and, while this has been observed
for metformin [117] and pioglitazone [120, 121], a
number of studies have reported that rosiglitazone
[90, 122] does not increase mitochondrial function. The
reason why pioglitazone and rosiglitazone have dis-
cordant effects on mitochondrial biogenesis, while
both improving insulin sensitivity, is intriguing and
warrants further investigation.

CONCLUSIONS AND FINAL REMARKS

The mitochondrial dysfunction theory of insulin
resistance proposes that defects in mitochondrial
metabolism are important in the pathogenesis of
insulin resistance. Specifically, a reduced capacity
for mitochondrial lipid oxidation has been suggested
to be a major factor leading to the build up of
deleterious lipid intermediates, which subsequently
impair insulin action. There are a number of unre-
solved issues with this theory, however. For example,
it is unclear whether defects in mitochondrial function
observed in insulin-resistant individuals are inherited,
are acquired (e.g., due to low physical activity or
caloric excess), or develop secondary to the insulin
resistance itself. Indeed, even though mitochondrial
defects are present in lean individuals with a family
history of T2D [26, 33-35], these studies have been
conducted in already insulin-resistant subjects and,
accordingly, cannot resolve whether mitochondrial
abnormalities were a primary defect or occurred
secondary to or in parallel with this insulin resistance.
A long-term longitudinal study in humans examining
changes in mitochondrial function and insulin sensi-
tivity in individuals over time may be the only way to
determine the cause and effect relationship between
mitochondrial dysfunction and insulin resistance,
although such an experiment would be challenging.
Another important issue that needs to be considered is
whether the reported decreases 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
[123]. Under resting conditions, the rate of oxygen
utilization in muscle 1s low; and even conservative
calculations for extremely unfit individuals suggest
that muscle has an enormous capacity to increase
substrate oxidation over basal levels [99]. This sub-
stantial “spare” capacity to elevate substrate oxida-
tion in muscle brings into question whether
mitochondrial deficiencies observed in insulin-resis-
tant subjects would have any impact on the rate of
fatty acid oxidation when energy requirements are
relatively low (e.g., normal free-living conditions).
Despite these unanswered questions, the fact that a
number of compounds that influence mitochondrial
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metabolism also have beneficial effects on insulin
action indicates that developing strategies to manip-
ulate the function of this important organelle should
be explored for the development of future therapies for
insulin resistance and its associated metabolic dis-
orders.
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