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Background: The prevalence of type 2 diabetes is rapidly increasing world-wide and insulin resistance is central to
the aetiology of this disease. The biology underpinning the development of insulin resistance is not completely un-
derstood and the role of impaired mitochondrial function in the development of insulin resistance is controversial.
Scope of review: This review will provide an overview of the major processes regulated by mitochondria, before
examining the evidence that has investigated the relationship between mitochondrial function and insulin action.
Further considerations aimed at clarifying some controversies surrounding this issue will also be proposed.

Major conclusions: Controversy on this issue is fuelled by our lack of understanding of some of the basic biological
interactions between mitochondria and insulin regulated processes in the context of insults thought to induce insu-
lin resistance. Aspects that have not yet been considered are tissue/cell type specific responses, mitochondrial re-
sponses to site-specific impairments in mitochondrial function and as yet uncharacterised retrograde signalling
from mitochondria.

General significance: Further investigation of the relationship between mitochondria and insulin action could reveal
novel mechanisms contributing to insulin resistance in specific patient subsets. This article is part of a Special Issue
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1. Introduction

Type 2 diabetes has been labelled as one of the greatest challenges to
human health of the 21st century [1]. At present, it is estimated that
over 350 million people worldwide suffer from this disease [2]. Most
alarmingly, this number is expected to rapidly increase in the future.
This disease imparts a huge burden on patients, carers and health care
systems and places enormous pressures on national and international
economies [1]. Its associated comorbidities, which include cardiovascu-
lar disease, stroke, kidney disease and cancer, contribute to ~4 million
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deaths worldwide each year that are due to type 2 diabetes [3]. With
the prevalence of chronic diseases such as type 2 diabetes rapidly in-
creasing, it has been predicted that life expectancies will decline for
the first time in over a century [4]. Historically, type 2 diabetes has
been perceived as a problem that affects only developed and prospering
nations, however new statistics reveal that 80% of people with type 2 di-
abetes now live in low and middle income countries [5]. These alarming
statistics and the increasing prevalence of type 2 diabetes worldwide
highlight that few effective treatment strategies exist to combat this
disease. This is due, in part, to the fact that aspects of the biology under-
pinning this disease are poorly understood. Whilst it is known that
resistance to the hormone insulin is central to the pathogenesis of
type 2 diabetes, the mechanisms driving insulin resistance are not
completely understood [6]. Perhaps one of the most contentious issues
in the field is whether impaired mitochondrial function is involved in
the development of insulin resistance [7,8]. This review will provide
an overview of the functional consequences of insulin resistance in
various tissues and will examine the available evidence that describes
the relationship between mitochondrial dysfunction and insulin action.
This will be done in the context of the known roles of mitochondria in
various cellular functions.

1.1. Insulin resistance and the pathogenesis of type 2 diabetes

Insulin is a hormone released by >-cells of the pancreas in response
to rising blood glucose levels. Insulin activates a canonical signalling
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pathway (see [9] and [10] for reviews) that regulates numerous cellular
effects in many different target tissues. A primary function of insulin is
to facilitate nutrient uptake and storage in states of nutrient excess,
such as after a meal [9]. Insulin is also able to control feeding behaviour
and energy expenditure via specific brain centres [11]. These diverse
functions make insulin critical for the integration of whole body metab-
olism with nutrient availability and demand.

Therefore, insulin resistance has numerous detrimental effects on
metabolism that are the basis for a number of chronic diseases, includ-
ing type 2 diabetes. Insulin resistance impairs glucose uptake into skel-
etal muscle, primarily due to the defective regulation of the facilitative
glucose transporter isoform 4 (GLUT4) facilitative glucose transporter
[12]. Insulin stimulation of skeletal muscle normally results in transloca-
tion of GLUT4 containing storage vesicles from intracellular sites to the
sarcolemma, where the GLUT4 protein is then inserted into the mem-
brane to facilitate glucose transport into the muscle cell [13]. Whilst
the exact defect in this process in insulin resistant states has yet to be
definitively established, and is likely to be multifaceted in heteroge-
neous forms of insulin resistance, impaired glucose uptake has signifi-
cant effects on whole body glucose homeostasis. Indeed, skeletal
muscle accounts for ~80% of post-prandial glucose disposal in healthy
individuals [14]. In the liver, suppression of glucose output is impaired
in the insulin resistant state, due to impaired suppression of gluconeo-
genesis and glycogenolysis [15]. Again, the exact mechanisms mediating
this defect are not yet completely resolved, but are thought to include
transcriptional dysregulation of the key gluconeogenic enzymes phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase; [16]). Whilst insulin resistance in skeletal muscle and the liver
has negative effects on glucose homeostasis, the major impact of insulin
resistance in adipose tissue is impaired suppression of lipolysis, which
contributes to the hyperlipidaemia seen in insulin resistant states [17].
This is most detrimental in visceral adipose tissue and is also thought to
alter the secreted adipokine profile to a pro-inflammatory state, which
in turn has detrimental systemic effects on numerous metabolic tissues
[18]. The heart is also susceptible to insulin resistance and this is associat-
ed with altered substrate metabolism, which similar to skeletal muscle,
involves defective GLUT4 translocation to and/or insertion into the plas-
ma membrane [19]. This results in a shift towards fatty acid oxidation at
the expense of anaerobic and oxidative glucose metabolism, which can
drive morphological and functional alterations in the heart [19]. Resis-
tance to insulin can also occur in the satiety centres of the hypothalamus,
such as the arcuate nucleus [20]. Insulin signalling in the arcuate increases
proopiomelanocortin (POMC) expression, whilst reducing neuropeptide
Y (NPY)/agouti related peptide (AgRP) expression, which via neuropep-
tide signalling to secondary neuronal nuclei, reduces food intake and en-
hances energy expenditure [20]. Insulin resistance in these centres,
therefore, contributes to hyperphagia and reduces energy expenditure.

Together, these features of insulin resistance in multiple tissues are
also hallmark features of type 2 diabetes. Indeed, the hyperglycaemia
and hyperlipidaemia associated with insulin resistance are thought to
be responsible for many of the co-morbidities associated with type 2
diabetes [21]. As insulin resistance appears central to the development
of type 2 diabetes, intense research efforts have been dedicated to un-
derstanding its molecular mechanisms. This research effort suggests
that the development of insulin resistance is multifactorial and involves
complex interactions between the environment and genetic susceptibil-
ity [22]. At a mechanistic level, ectopic lipid accumulation in non-
adipose tissues, chronic low grade systemic inflammation, endoplasmic
reticulum stress and altered gut microbiome have all been implicated in
the development of insulin resistance [23]. However, numerous associa-
tive studies have identified links between impaired function of mito-
chondria, the organelle responsible for the majority of cellular ATP
production, and the development of insulin resistance in multiple tis-
sues. The following sections will describe the role of mitochondria in
normal cellular function and review the evidence that implicates mito-
chondrial dysfunction in the development of insulin resistance.

2. Major cellular processes regulated by mitochondria

Mitochondria regulate numerous cellular processes and are a
critical contributor to cellular and organismal homeostasis. This
section will review some of the major processes in which mitochon-
dria are involved and will provide a superficial framework for un-
derstanding potential links between mitochondrial dysfunction
and insulin resistance.

2.1. ATP production

Mitochondria are the primary site of cellular ATP production, ac-
counting for up to ~90% of all ATP produced depending on tissue type
[24]. Aerobic ATP production uses a network of proteins, termed the
electron transport chain (ETC), which couples formation of an electro-
chemical gradient with oxidative phosphorylation to produce ATP
from ADP [25]. The proteins of the ETC reside in the inner mitochondrial
membrane, which surrounds the mitochondrial matrix. The matrix is
the site of the tricarboxylic acid (TCA) cycle, a fundamental metabolic
pathway that oxidises metabolites derived from carbohydrates, lipids
and proteins [26]. The citric acid cycle oxidises acetyl-CoA producing
NADH and FADH2, intermediate high-energy electron carriers that do-
nate electrons for the redox reactions of the ETC, which consists of
four protein complexes (1, II, I1I, and IV; [25]). Complexes I and II accept
electrons from NADH and FADH, respectively, which are then
passed to subsequent complexes down a favourable reduction po-
tential gradient. Molecular oxygen is used as the terminal electron
acceptor at complex IV [27]. The exergonic nature of these reactions
is used to pump protons out of the matrix by complexes I, Ill and 1V,
into the inter-mitochondrial membrane space, resulting in the for-
mation of a proton gradient across the mitochondrial membrane
[27]. This proton gradient is utilised by ATP synthase (also termed
complex V), which allows protons to flow back into the mitochon-
drial matrix down their concentration gradient, using the energy re-
leased from this reaction to drive oxidative phosphorylation of ADP
to form ATP [27].

Normal mitochondrial function is a complex interaction between res-
piration, or oxygen consumption by complex IV, mitochondrial mem-
brane potential (MMP), leak of protons across the inner mitochondrial
membrane, leak of electrons from the ETC in the form of reactive oxygen
species (ROS), substrate supply and energy demand [28]. Basal mito-
chondrial respiration is comprised of two components — consumption
of molecular oxygen that is coupled to ATP production and oxygen con-
sumption that is linked to proton leak across the inner mitochondrial
membrane, which is termed uncoupled respiration [29]. Although de-
pendent on cell/tissue type, respiration coupled with ATP production
is generally the largest quantitative contributor to basal mitochondrial
respiration [29], and is primarily driven by energetic demand, in the
form of local ADP concentration, rather than substrate supply [30].
The interactive nature of mitochondrial function is highlighted by the
interplay between the effects of uncoupled respiration on ATP produc-
tion. Assuming constant total respiration, increased uncoupled respira-
tion reduces the mitochondrial membrane potential, ATP synthase
activity and ATP production [29]. Furthermore, the decrease in mito-
chondrial membrane potential associated with uncoupled respiration
can reduce ROS production, which primarily occurs at complexes I
and I and is often driven by elevated mitochondrial membrane poten-
tial [31]. The complex interaction between these indices of mitochon-
drial function highlights the importance of measuring many of these
parameters to completely understand the response of mitochondria to
particular insults or physiological challenges.

2.2. Apoptosis

Mitochondria are also intimately involved in the regulation of
apoptosis, or programmed cell death [32]. Characteristics of apoptosis
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include chromatin condensation and nuclear fragmentation, blebbing of
the plasma membrane and cell shrinkage [32]. Apoptosis plays an es-
sential role in a vast array of cellular processes including development
and ageing, regulation of normal cell turnover and proper development
and function of the immune system [33]. Mitochondria control intrinsic
apoptosis through regulated mitochondrial permeability transition pore
(MPTP) opening and release of cytochrome c [34]. The release of cyto-
chrome cis governed by proteins of the Bcl-2 family, which are localised
to mitochondrial membranes [32]. Apoptotic signalling converges to the
Bcl-2 family of proteins and alters their physical interactions, which
contributes to MPTP opening, cytochrome c release and activation of
caspases, a family of intracellular cysteine proteases, to facilitate cell
death [35]. Induction of intrinsic apoptosis also affects other aspects of
mitochondrial function. For example, MPTP opening also reduces the
MMP, which can impair mitochondrial ATP production and in cases
where MMP is non-existent can also result in increases in ROS produc-
tion due to a mismatch between ETC reduction state and MMP that fails
to drive oxidative phosphorylation [36]. The permeability of the outer
mitochondrial membrane governed by the MPTP can also result in the
release of other mitochondrial proteins in addition to cytochrome c,
and provides another mechanism by which mitochondrial function
can signal to other compartments of the cell [37].

2.3. Calcium homeostasis

Mitochondria also play a key role in cellular calcium (Ca*) homeo-
stasis through regulated Ca?" influx and efflux [38]. Mitochondrial
Ca®™* regulation plays a key signalling role in cellular processes ranging
from ATP production to cell death [38]. The tight control of cellular Ca® "
levels is imperative for its role in numerous signal transduction path-
ways as a second messenger [39]. Cellular Ca®* also regulates flux
through a number of metabolic pathways, including oxidative phos-
phorylation [40]. Therefore, regulation of Ca?* homeostasis is critical
for normal cell function and the mitochondria's ability to store and re-
lease Ca®™" is important in this regulation.

The influx of Ca?* into the mitochondria is determined by the cyto-
solic Ca? ' concentration, the concentration of Ca? ™ in the mitochondri-
al matrix and the membrane potential across the mitochondrial inner
membrane [41]. Mitochondrial Ca®>* uptake is mediated by a mito-
chondrial Ca?* uniporter (MCU) termed the mitochondrial Ca?* up-
take 1 (MICU1), which consists of two transmembrane domains that
likely form a gated ion channel in the mitochondrial inner membrane
[42]. The pathway of mitochondrial Ca?* efflux involves H™/Ca?* and
Nat/Ca?™ exchangers. The Na*/Ca?™ exchanger was identified as
the Na*/Ca?*/Li*™ exchanger (NCLX) and is located on the mitochondri-
al inner membrane [43]. This exchanger allows for Na* and Li*-
dependent mitochondrial Ca?™ release and has ubiquitous expression
in most cell types examined, but is particularly active in excitable
cells, such as cardiac cells [41]. In contrast, the H"/Ca®>" exchanger
has been found to be prominent in nonexcitable cell types, and less is
known about its molecular identity. The Ca®™" efflux facilitated by
these exchangers prevents excessive Ca>" accumulation in the mito-
chondrial matrix and subsequent loss of the membrane potential of
the inner mitochondrial membrane [44]. However, there is potential
for the rate of Ca®>* influx to exceed the rate of efflux resulting in
Ca®™" overload, which can alter mitochondrial function. Excessive
Ca?* in the mitochondrial matrix can lead to prolonged opening of
the MPTP, thus increasing the permeability of the inner mitochondrial
membrane [45]. This results in depolarisation of the inner mitochondri-
al membrane, cessation of oxidative phosphorylation and a subsequent
cascade of events, including the release of apoptotic factors and cell
death [46]. In contrast, transient Ca®"-dependent MPTP opening has
been proposed as a method for fast release of Ca? ™ from the mitochon-
drial matrix to prevent overload, maintain Ca?>* homeostasis and pro-
tect against cell death [45].

3. Associations between mitochondrial function and
insulin resistance

Numerous observations have made an association between mito-
chondria, insulin resistance and type 2 diabetes, which have typically
been centred on reductions in mitochondrial capacity and/or function
in insulin resistant or diabetic patients and animal models. This section
will review the evidence linking impaired mitochondrial capacity and/
or function with insulin resistance in a number of key metabolic tissues.

3.1. Skeletal muscle

From a historical perspective, some of the first observations that im-
paired mitochondrial function and/or capacity are associated with insulin
resistance were made in skeletal muscle. Patients with mitochondrial my-
opathies also manifest peripheral insulin resistance and glucose intoler-
ance, and phenocopy a number of aspects of muscle in the diabetic
state, such as lipid and glycogen accumulation [47-49]. Whilst there are
also profound neuroendocrine abnormalities in most cases of mitochon-
drial myopathy, in the mid- to late 1990s, it was first found that the skel-
etal muscle of type 2 diabetes patients was characterised by impaired
oxidative capacity for both glucose [50] and lipids [51] and was related
to mitochondrial oxidative capacity [52]. The finding that type 2 diabetes
is associated with reduced oxidative capacity has been replicated in nu-
merous human and animal studies. Contention exists over whether this
reduced mitochondrial oxidative capacity is attributed to reduced mito-
chondrial density [53,54] and/or reduced oxidative phosphorylation ca-
pacity per mitochondria [55,56]. A study by Ritov et al. [55] found a
reduction in electron transport chain activity in the subsarcolemmal
mitochondrial fraction of muscle biopsies from obese and type 2 diabetic
patients. Mitochondrial content, as measured by mitochondrial DNA
(mtDNA), was also lower in both groups yet this loss was not
thought to fully account for the decrease in electron transport
chain activity. Boushel et al. [54] measured mitochondrial O, flux ca-
pacity in permeabilised muscle fibres from biopsy samples and
found that decreases in O, flux capacity in type 2 diabetic patients
were lost when normalised for mtDNA content or citrate synthase
activity. However, in comprehensive studies of skeletal muscle
from diabetic patients both in vivo and ex vivo, Phielix et al. [57]
showed that ADP-stimulated respiration and maximal respiratory
capacity were reduced in diabetic patients by 35% and 31% respec-
tively, independent of altered mitochondrial content. Furthermore,
in vivo mitochondrial function was reduced by ~25% in these same
patients. These findings suggest that intrinsic defects in mitochon-
drial function occur in type 2 diabetes. The origin of the mitochon-
drial phenotype observed in insulin resistant and type 2 diabetic
patients has also been thoroughly examined. The overall conclu-
sions drawn from these studies are that the impairments in mito-
chondrial capacity and/or function are not genetically acquired,
but are rather due to environmental factors [58-60]. A number of
studies have subsequently reported that physical inactivity is the
major contributor to the mitochondrial defects observed in the skel-
etal muscle of diabetic patients [61,62].

Whilst the exact nature of the mitochondrial impairment has been
debated, so too has been whether the defect in mitochondrial oxidative
capacity is a cause or consequence of insulin resistance. Evidence that
potentially supports a role for impaired mitochondrial oxidative capac-
ity as a driver of insulin resistance has come from studies involving
asymptomatic first degree relatives of diabetes patients. Although
these subjects were not diabetic, these studies have consistently
showed that these subjects also share defects in mitochondrial oxida-
tive metabolism. For example, insulin resistant offspring of patients
with type 2 diabetes showed a ~30% reduction in mitochondrial phos-
phorylation when compared with normal subjects [63]. A potential bio-
logical explanation for this phenomenon has been posited based on the
finding that non-diabetic subjects with a family history of the disease
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had reduced expression of peroxisome proliferator-activated receptor
coactivator 1 o (PGCla), a nuclear-encoded transcriptional coactivator
that is a key regulator of mitochondrial biogenesis, and multiple mito-
chondrial genes [64]. Similar findings were observed in type 2 diabetes
patients [65]. As skeletal muscle PGCla expression is exquisitely sensi-
tive to exercise and activity levels [66], reduced PGC1a expression in in-
sulin resistant and diabetic patients could be the link between inactivity
and the mitochondrial phenotype in these patients. However, another
study showed that insulin resistant offspring of patients with type 2 di-
abetes did not have reduced expression of PGC1ae mRNA or protein, but
did have decreased mitochondrial density of 38% as measured by elec-
tron microscopy [67]. Also, normo-glycemic first degree relatives of
type 2 diabetic patients were found to have comparable skeletal muscle
PGClae mRNA levels as control subjects [68]. In addition, gain of func-
tion studies have reported conflicting data on the role of PGCla in the
aetiology of insulin resistance [69]. Consequently, the biological mecha-
nisms responsible for the impaired mitochondrial capacity and/or func-
tion in insulin resistant patients remain elusive.

These observational studies have not resolved however, whether
mitochondrial dysfunction precedes insulin resistance. Other ap-
proaches have been used in an attempt to delineate whether mito-
chondrial dysfunction is a driver of insulin resistance in humans. For
example, studies in elderly subjects that were matched with young sub-
jects for body weight and composition revealed that insulin resistance
was associated with a 40% reduction in skeletal muscle mitochondrial
ATP synthesis [70]. Whilst these elderly subjects were insulin resistant,
they were not classified as diabetic, which suggests that the association
between impaired mitochondrial function and insulin resistance is not
dependent on the progression to type 2 diabetes. This is consistent
with reduced mitochondrial ATP synthesis in insulin resistant offspring
of diabetic patients that do not yet have diabetes [63]. Indeed, obese
and insulin resistant, but non-diabetic subjects also showed evi-
dence of reduced skeletal muscle mitochondrial content [71]. Inter-
estingly, this was evident in intermyofibrillar mitochondria, but not
sub-sarcolemmal mitochondria [71]. Weight loss has also been
examined in an effort to tease out whether there is a causal relationship
between mitochondrial dysfunction and insulin resistance. Many
of these studies have showed a disconnection in this relationship
[72-74]. For example, caloric restriction-induced weight loss that
enhanced insulin action and reduced skeletal muscle lipids was as-
sociated with no change in mitochondrial enzyme activities and re-
duced mitochondria size [74]. This could suggest that impaired
mitochondrial function is not a key determinant of insulin action.
Although these studies have enhanced our knowledge of the insulin
resistant phenotype, they have not provided definitive answers on
whether impaired mitochondrial function is central in the develop-
ment of insulin resistance.

Well controlled time course studies in rodent models have been
performed in an effort to determine whether impaired mitochondrial
function precedes the development of insulin resistance. Conclusions
drawn from these studies typically show that detectable alterations in
mitochondrial morphology occur after the onset of insulin resistance
[75]. An obvious limitation to these studies is that in the context of het-
erogeneous forms of insulin resistance, the conclusions drawn are likely
limited to the model being studied. Indeed, there are pronounced differ-
ences in the mitochondrial phenotypes of obese rodents and humans.
For example, diet-induced obesity in specific strains of mice and rats in-
creases mitochondrial gene expression and the capacity for mitochon-
drial fatty acid oxidation [76], whilst obese humans have reduced
mitochondrial gene expression and capacity for fatty acid oxidation
[77]. Another complicating factor when comparing many of these stud-
ies is that they have not standardised measures of mitochondrial func-
tion, making it difficult to determine whether a true functional deficit
exists. Genetic models of mitochondrial impairment have also added
to the controversy regarding the involvement of mitochondria in the
development of insulin resistance. For example, mice with muscle-

and liver-specific ablation of apoptosis-inducing factor (AIF), a compo-
nent of complex [, which leads to an oxidative phosphorylation deficien-
cy similar to that found in the human insulin resistant state, had
increased insulin sensitivity and resistance to diabetes and obesity
[78]. Furthermore, ablation of cytochrome c oxidase subunit VI peptide
2a (Cox6a2; [79]) and iron-containing enzymes of the ETC [80] also
protects against insulin resistance. So too does deficiency of transcrip-
tional regulators of mitochondrial biogenesis, such as mitochondrial
transcription factor A (Tfam; [81]) and the PGC1 family of transcription-
al coactivators [82]. The mechanisms mediating these effects remain
unknown, however a number of factors should be considered in
interpreting these studies. Indeed, complete gene ablation is a
non-physiological model of mitochondrial dysfunction that could
result in permanent shifts in substrate metabolism that would not
otherwise be observed in vivo. Many of the conclusions drawn from this
collection of studies also assume that ablation of proteins with very differ-
ent functions within the ETC results in a homogenous form of mitochon-
drial dysfunction. As previously highlighted, the dynamic and interactive
nature of various components of normal mitochondrial function suggests
that divergent impairments in the ETC could result in different forms of
mitochondrial dysfunction. Some of these studies have also included
models of whole body gene knockout, and as the exact role of mitochon-
drial dysfunction in various metabolic tissues has not yet been deter-
mined, nor the role of tissue cross-talk in this context, these data are
difficult to interpret.

Hence, although it is well established that there is a correlation be-
tween impaired mitochondrial function in skeletal muscle and type 2
diabetes, the absolute requirement for mitochondrial dysfunction in
the development of insulin resistance is questionable. However, it is
possible that mitochondrial dysfunction is sufficient for insulin resis-
tance in specific insulin resistance subtypes. Patients with mutations
in mitochondrial DNA that impair mitochondrial function and are insu-
lin resistant are a good example of this. There remain many unanswered
questions as to the specific mechanisms that might mediate these ef-
fects. Furthermore, it is unclear whether the findings observed in skele-
tal muscle can be applied to other insulin-sensitive tissues that have
markedly different metabolic functions.

3.2. Adipose, the liver and heart

The role of adipose tissue in the development of whole body insulin
resistance is complex, with the site of the adipose depot being an impor-
tant factor in the pathogenesis of insulin resistance. A wealth of evi-
dence suggests that dysfunction of visceral adipose tissue is more
closely associated with insulin resistance and the development of type
2 diabetes than dysfunction of subcutaneous adipose tissue [83]. For ex-
ample, impaired suppression of lipolysis and adipokine release in vis-
ceral tissue is thought to play a major role in the aetiology of insulin
resistance, whilst expansion of subcutaneous adipose tissue has been
proposed to be somewhat protective by acting as a sink for free fatty
acids and glucose [84]. It has been established that there is a clear link
between insulin resistance and reduced mitochondrial capacity/func-
tion in both visceral and subcutaneous adipose tissues. Markers of mito-
chondrial capacity, including gene expression, are reduced in the
visceral epididymal fat pad of ob/ob mice [85]. Similar findings have
been observed in the subcutaneous inguinal fat pad of db/db mice
[86,87]. However, the functional significance of this mitochondrial de-
fect in adipose tissue is unknown, and could be markedly different in
various adipose depots based on their proposed role in the development
of insulin resistance. Functional insights into the role of adipose mito-
chondria have been gleamed from studies with anti-diabetic agents.
Treatment of diabetic mice with the anti-diabetic drug rosiglitazone in-
creased the expression of mitochondrial genes and improved mitochon-
drial function [85-87]. Similarly, treatment of human subjects with
pioglitazone showed similar improvements in mitochondria, in subcu-
taneous adipose tissue [88]. Notwithstanding the associative nature of



S.D. Martin, S.L. McGee / Biochimica et Biophysica Acta 1840 (2014) 1303-1312 1307

these studies, these data could suggest that improvements in adipose
mitochondrial function are linked with improved whole body insulin
action. These findings are not only restricted to anti-diabetic drugs, as
another study in a rodent model of insulin resistance and type 2 diabe-
tes showed that physical activity normalised white visceral adipose tis-
sue mitochondrial content and improved glucose homeostasis [89].
Despite these associative findings, the causality of the relationship be-
tween adipose mitochondrial dysfunction and the development of insu-
lin resistance has also been questioned by observations that reduced
mitochondrial content in visceral white adipose tissue occurs after the
development of hyperglycaemia [89,90]. Together, these studies high-
light that the contentious role of mitochondria in insulin resistance is
not restricted to skeletal muscle.

Despite the central role of the liver in whole body glucose homeosta-
sis and insulin action, there are few studies that have examined the role
of hepatic mitochondrial dysfunction in insulin resistance and type 2 di-
abetes. Of course, such data from human subjects is extremely scarce as
tissue biopsy samples are limited. However, a study by Szendroedi et al.
[91] found that patients with type 2 diabetes had reduced absolute he-
patic ATP concentrations as well as inorganic phosphate levels, which
were associated with hepatic but not peripheral insulin resistance. A
follow-on study by the same group showed that type 2 diabetic individ-
uals had reduced hepatic ATP turnover at rest that correlated positively
with both peripheral and hepatic insulin resistance [92]. Intriguingly,
these observations correlated negatively with waist circumference,
BMI and fasting plasma glucose, which could suggest that greater com-
plexity underlies the involvement of hepatic mitochondrial dysfunction
and integration of whole body energy homeostasis [92]. An association
between hepatic mitochondrial dysfunction and insulin resistance has
also been observed in animal models. A recent study by Bouderba
et al. [93] of Psammomys obesus, a polygenic animal model of type 2 di-
abetes, found that diabetic animals had reduced oxidative capacity in
isolated mitochondria from the liver. The scarcity of data in this area
highlights the need for further studies into the role of mitochondrial
dysfunction in the liver in the aetiology of insulin resistance and type
2 diabetes.

Although there are many studies examining mitochondrial function
in the type I diabetic heart, this is not the case for type 2 diabetes, where
studies are somewhat limited by comparison. Two initial studies exam-
ined mitochondria isolated from the db/db heart, finding dysfunctional
oxidative metabolism and reduced pyruvate dehydrogenase activity
[94,95]. Further studies observed increased fatty acid oxidation associ-
ated with increased myocardial oxygen consumption and decreased
cardiac efficiency in rodent models of obesity and type 2 diabetes
[96-98]. Boudina et al. [99] showed that mitochondrial oxidation and
ATP synthesis were uncoupled by fatty acids in the db/db heart and like-
ly contribute to these metabolic deficiencies. Another study by the same
group examined the direct contribution of impaired insulin signalling to
altered mitochondrial respiration and found that mice with a cardio-
myocyte deletion of insulin receptors had increased uncoupled respira-
tion [100]. Supporting a central role for mitochondrial dysfunction in
diabetic cardiomyopathy comes from a study that administered the
anti-oxidant metallothionein, which restored cardiac function in a
model of diabetes [101]. However, the exact role of mitochondria in
this response has not been completely resolved. From these few studies,
the involvement of mitochondrial abnormalities in the pathophysiology
of the insulin resistance in the diabetic heart remains unclear [102].

4. Potential mechanisms linking impaired mitochondrial function
and insulin resistance

The complex nature of mitochondrial function and the various puta-
tive defects in mitochondria in insulin resistant and diabetic states have
led to the development of a number of theories describing the mecha-
nisms linking mitochondria and insulin resistance. This section will dis-
cuss the most common theories posited to explain this relationship.

4.1. Ectopic lipid accumulation

A number of theories describing potential mechanistic links be-
tween mitochondria and insulin resistance have been proposed since
the first discoveries that impaired mitochondrial function and/or capac-
ity are associated with insulin resistance (Fig. 1). Initial theories pro-
posed that impaired mitochondrial capacity results in compromised
lipid oxidation, which in turn leads to ectopic tissue lipid accumulation
[103]. In particular, increases in specific lipid metabolites such as
ceramides and diacylglycerol have been linked to activation of kinases,
such as Protein Kinase C isoforms, which can impair insulin signalling,
most notably at the level of the insulin receptor substrates (IRS;
[104]). This theory has been supported by interventionist studies
where rates of fatty acid oxidation have been increased with a resultant
protection against insulin resistance. For example, skeletal muscle
overexpression of carnitine palmitoyltransferase 1 (CTP-1), the trans-
porter responsible for fatty acid import into the mitochondria, enhances
fatty acid oxidation and preserves insulin sensitivity [105]. A number of
counter arguments to this theory have been put forth, however. Firstly,
many insulin resistance states, such as that observed with diet-induced
obesity in rodents for example, are associated with increased fatty acid
oxidation and an increase in the capacity of mitochondria to oxidise
fatty acids [76]. Whilst there have been few human studies to replicate
these findings, they suggest that impaired mitochondrial capacity for
fatty acid oxidation is not universally required for insulin resistance.
Secondly, skeletal muscle maximal mitochondrial respiratory capacity
is often many-fold higher than basal respiration rates [106]. The large
spare respiratory capacity of skeletal muscle mitochondria is required
for the large ATP demand associated with muscle contraction, but sug-
gests that a relatively small reduction in respiratory capacity should
not impact basal fatty acid oxidation. However, it is unclear whether
this is also true for other cell/tissue types. The idea that mitochondrial
capacity should impact on fatty acid oxidation also ignores basic princi-
ples of bioenergetics, which states that ATP demand, rather than the
oxidative capacity for substrates, is the primary determinant of mito-
chondrial flux and substrate oxidation rates [28]. Thirdly, a number of
studies have shown that reducing fatty acid oxidation by mitochondria
can actually protect again the development of insulin resistance. It has
been proposed that in states of fatty acid oversupply, incomplete fatty
acid oxidation can result in accumulation of lipid metabolites that
have inhibitory effects on insulin action [107]. Finally, it has been
shown that insulin resistance can occur independently of defects in in-
sulin signalling at the level of IRS proteins [108]. Whilst this does not
necessarily preclude lipid-mediated insulin resistance due to reduced
mitochondrial capacity as a valid mechanism, it does cast doubt over
the proposed molecular mechanisms involved and also suggests that in-
sulin resistance is heterogeneous in nature and multifactorial. These ar-
guments are further confounded by recent evidence that mitochondrial
capacity in human diabetic subjects is most closely related to inactivity,
rather than an intrinsic mitochondrial defect, either genetic or environ-
mental [62]. This could be interpreted that mitochondria in these sub-
jects adapt to the energetic requirements demanded of them and that
energy imbalance is the major driver of insulin resistance, which
would contribute to ectopic lipid accumulation in the absence of an in-
trinsic defect in mitochondrial function.

4.2. Reactive oxygen species (ROS) production

More recently, ROS production by mitochondria has emerged as a
link between mitochondria and insulin action (Fig. 1). Redox balance
is known to play a critical role in cellular homeostasis, however imbal-
ances in redox state are also associated with a number of dysfunctional
cellular processes. A universal link between ROS and insulin resistance
was first recognised by Houstis et al. [109], who showed that antioxi-
dants could prevent multiple, notionally heterogeneous forms of cellu-
lar insulin resistance. Administration of these same antioxidants to
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Fig. 1. Proposed mechanisms by which impaired mitochondrial function inhibits insulin action. Physical inactivity or intrinsic impairments in mitochondrial function and/or number
reduce oxidative capacity, leading to reduced R-oxidation and accumulation of lipid species such as diacylglycerides and ceramides, which can ultimately impair the canonical insulin
signalling pathway and GLUT4 translocation to the plasma membrane in skeletal muscle, adipose and the heart that results in insulin resistance. Alternatively, lipid oversupply increases
{>-oxidation that leads to hyper-reduction of the electron transport chain, increased mitochondrial membrane potential (MMP) and electron leak in the form of reactive oxygen species
(ROS). Elevated ROS levels can impair insulin signalling either directly through as yet unresolved mechanisms, or through inflammasome activation. Elevated ROS levels also increase
PDH activity that will lead to decreased {3-oxidation and accumulation of intracellular lipids, which can also activate the inflammasome to induce insulin resistance.

insulin resistant ob/ob mice enhanced glucose and insulin tolerance
[109]. However, cellular redox regulation is compartmentalised and mi-
tochondrial ROS production is known to be regulated differently to that
by plasma membrane bound oxidases for example. These initial discov-
eries did not specify the exact source of ROS that induced insulin resis-
tance, but subsequent studies have focussed on the role of mitochondria
in this response. Indeed, it has been observed that the mitochondria
of obese and insulin resistant rodents and humans release greater
ROS when compared with lean counterparts [110]. This has been
hypothesised to be due to increased substrate delivery to the mitochon-
dria under states of nutrient oversupply, which in turn results in hyper-
reduction of the electron transport chain when there is subsequent
increase in ATP demand. The resulting increase in mitochondrial mem-
brane potential contributes to the leak of electrons from the electron
transport chain, in the form of ROS [111]. These studies have been sup-
ported by studies using mitochondrial specific anti-oxidants, which
ameliorate skeletal muscle insulin resistance induced by high fat feed-
ing [110]. However, opposing findings on this approach have also
been reported [112]. Subsequent studies have proposed that mitochon-
drial ROS production is a unifying mechanism describing a number of
different forms of insulin resistance, including insulin resistance due
to inflammation, hyperinsulinaemia and glucocorticoids, in addition to
nutrient oversupply [113]. Furthermore, these findings were replicated
in both myotubes and adipocytes [113]. The signalling events that these
diverse insults engage to increase mitochondrial ROS production are not
completely understood. It is known that inflammatory cytokines such as
tumour necrosis factor oo (TNFa) increase cytosolic ROS production
through activation of NADPH oxidase (Nox) isoforms [114]. As the ki-
netics of cytosolic TNFa-induced ROS production precedes that of mito-
chondrial TNFa-induced ROS production, it has been proposed that
oxidative damage to mitochondria from Nox-derived ROS is the driver
of the TNFa-induced mitochondrial ROS response [115]. More recently,
the synthetic glucocorticoid dexamethasone has been shown to directly
inhibit complexes II and III of the electron transport chain, which is

associated with increased mitochondrial ROS production [116]. The
mechanism of insulin-induced mitochondrial ROS production remains
elusive.

The exact mechanism by which mitochondrial ROS impairs insulin
action is also not yet resolved. It has been proposed that an overall alter-
ation in the cellular redox state towards oxidation could reduce global
serine/threonine phosphatase activity, which would result in greater ac-
tivity of the serine/threonine stress kinases that are thought to inhibit
the canonical insulin signalling pathway, thereby reducing insulin ac-
tion [111]. However, it has also been noted with experimental evidence
that ROS is required for insulin sensitivity through the oxidation and in-
activation of the protein tyrosine phosphatase (PTP) member phospha-
tase and tensin homolog (PTEN), which inactivates components of the
insulin signalling pathway [117]. Alternative theories have also been
posited, including the idea that oxidation of mitochondrial protein
thiols enhances pyruvate dehydrogenase activity, which increases gen-
eration of acetyl-CoA from pyruvate for entry into the TCA cycle whilst
simultaneously inactivating enzymes of 3-oxidation, ultimately leading
to ectopic lipid accumulation and impairments in insulin signalling
[118,119]. Whilst experimental evidence is only just beginning to
emerge to support this theory, it is consistent with much of the meta-
bolic remodelling seen in insulin resistant states in humans.

4.3. Inflammation

As noted previously, chronic low grade inflammation is associated
with insulin resistance. In a number of models across multiple species,
insulin resistance is associated with macrophage accumulation in adi-
pose tissue and tissue inflammatory responses in the liver and hypo-
thalamus [120]. Similar to mitochondria, the role of inflammation in
the development of insulin resistance is controversial, with some
insulin resistant states being independent of any inflammatory re-
sponse [121]. However, it is known that mitochondria can activate the
inflammasome (Fig. 1), which is a multiprotein complex that initiates
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and controls inflammatory reactions in response to stress insults, in-
cluding oxidative stress [122]. Mitochondrial ROS is sufficient for
inflammasome activation via the thioredoxin-interacting protein
(TXNIP), which in turn activates a host of inflammatory signalling path-
ways and gene expression responses [ 123]. Many of the signalling path-
ways activated by the inflammatory response are serine/threonine
kinases that can impair canonical insulin signalling, such as the c-Jun
N-terminal kinase (JNK; [124]). Furthermore, release of mitochondrial
DNA is sufficient for inflammasome activation, providing another
link between mitochondria and the inflammatory response [125].
Inflammasome activation can also occur in response to elevation in
lipids such as ceramides [126]. As increases in ceramides have
been associated with impaired mitochondrial function [127], this
provides yet another link between mitochondrial regulation of inflamma-
tion and provides a potential mechanistic link between ceramides and the
development of insulin resistance. The exact role of mitochondrial control
of inflammation in the aetiology of insulin resistance remains to be mech-
anistically established, however this provides another potential mecha-
nism by which altered mitochondrial function could impact on insulin
action.

5. Speculative mechanisms potentially linking mitochondria and
insulin action

Despite many years of intensive research, the previous sections
highlight that controversies still exist regarding the involvement of mi-
tochondrial dysfunction in the development of insulin resistance. A
clear contributor to this controversy is deficiencies in our understanding
of aspects of mitochondrial biology in the context of insulin action. For
example, a common assumption in this debate is that all deficiencies
in mitochondrial function equate to a homogenous, unified response
on insulin action. An obvious exception to this assumption is the
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mild inhibition of complex I by some anti-diabetic drugs, such as the
biguanide [128] and thiazolidinedione [129] families of compounds.
The biguanide metformin is the most widely prescribed anti-diabetic
agent and is the first line of treatment for patients with insulin resis-
tance [130]. This compound primarily exerts its effects in the liver and
is associated with enhanced insulin suppression of glucose production
[131]. It is thought that complex I inhibition by these drugs is sufficient
to result in reduced hepatocyte energy status, whilst at the same time
sparing substrate oxidation through complex II. The reduction in energy
status activates the AMP-activated protein kinase (AMPK), which exerts
a number of anti-diabetic actions [132], including the transcriptional
downregulation of key gluconeogenic enzymes [133]. Alternatively,
the reduction in energy status and associated increase in ADP and
AMP nucleotides could allosterically regulate gluconeogenic enzyme ac-
tivity directly [134]. Although the exact mechanism of action of these
drugs continues to be debated [135], these data suggest that impair-
ments in complex I function might not have detrimental effects on insu-
lin action. One would predict that impairments in the function of other
complexes of the electron transport chain might result in more detri-
mental effects on insulin action (Fig. 2). As the efficacy of these drugs
is also largely restricted to the liver, this could suggest that tissue or
cell type specific differences exist in how mitochondria impacts insulin
action. Indeed, an aspect not widely considered when investigating the
role of mitochondria and insulin action is the specific metabolic role of
the tissue being examined and potential metabolite feedback responses
that mitochondrial dysfunction would impart. Again, the metabolite sig-
nature might be specific for the site of mitochondrial impairment and
the tissue in which it occurs.

Although mitochondrial ROS production has received the most at-
tention as a putative retrograde signal linking mitochondrial dysfunc-
tion with insulin resistance, a host of other known mitochondrial
retrograde signals have yet to be mechanistically studied in this context.
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Fig. 2. Speculative mechanisms by which impaired mitochondrial function regulates insulin action. In adipose tissue, skeletal muscle and the heart, lipid oversupply, physical inactivity or
intrinsic impairments in mitochondrial function and/or number could alter Ca?>* handling and insulin activation of CaMKII, reducing GLUT4 translocation and inducing insulin resistance.
In addition, other mitochondrial retrograde signalling, such as mitochondrial stress protein release into the cytoplasm, could have similar effects. In the liver, acute mitochondrial dysfunc-
tion, such as that induced by anti-diabetic agents, could enhance insulin action through alterations in cellular energy balance that has allosteric inhibitory effects on insulin-regulated
gluconeogenic enzymes. Alternatively, altered cellular energy balance that inhibits gluconeogenic gene expression via the AMP-activated protein kinase (AMPK) could also enhance

hepatic insulin action.
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These include Ca®*, Fe? ™, nitric oxide and carbon monoxide, in addition
to peptides released by mitochondria [37; Fig. 2]. For example, insulin-
stimulated translocation of GLUT4 to the plasma membrane in adipo-
cytes is dependent on calcium/calmodulin kinase II (CaMKII) phosphor-
ylation of myosin-1c (Myolc), a motor protein component of the
cytoskeleton [136]. CaMKII activation is typically sensitive to increases
in cellular Ca?* concentration and whilst not specifically assessed in
the context of insulin action, mitochondrial dysfunction that alters the
Ca? ™ buffering capacity of mitochondria could alter insulin-stimulated
CaMKII activity and glucose transport (Fig. 2), the key measure of insu-
lin action in these cells. Alterations in mitochondrial calcium handling
have also been linked to the induction of ER stress and insulin resistance
in the liver [137].

In addition, peptides released by the mitochondria under conditions
of cellular stress could impact on insulin action (Fig. 2). Deletion of AIF
from both the liver and muscle protects against the development of in-
sulin resistance in response to high fat feeding [78]. As its name sug-
gests, AIF was first characterised as a peptide that induces chromatin
condensation and DNA fragmentation after its release from mitochon-
dria in response to apoptosis signals [138]. However, AIF also forms
part of complex I of the electron transport chain and therefore plays a
role in oxidative phosphorylation and cell redox regulation. Deletion
of AIF in mice reduced respiration in both muscle and liver and
protected both tissues against insulin resistance. In addition, no differ-
ences were detected in the oxidative stress response in wild type and
AIF knockout mice when fed a high fat diet [78]. It could be that the ef-
fects of AIF knockout on insulin action are mediated through similar elu-
sive mechanisms to anti-diabetic agents that inhibit complex L
However, it could also be possible that AIF has unappreciated signalling
roles that impact on cellular insulin action. Indeed, the idea that mito-
chondrial derived peptide release is critical for an integrated cellular re-
sponse to stress is beginning to gain wider acceptance [37]. Further
studies will be required to characterise the mitochondrial peptide sig-
nalling response to insults that induce insulin resistance in multiple
cell and tissue types.

6. Summary

This review provides an overview of the hotly debated role of mito-
chondria in the development of insulin resistance and type 2 diabetes.
Whilst there is no doubt of an association between impaired mitochon-
drial function and insulin resistance, the causality of this relation-
ship remains controversial. This controversy is fuelled by our lack
of understanding of some of the biological interactions between mi-
tochondria and insulin regulated processes in the context of insults
thought to induce insulin resistance. Furthermore, aspects that have
not yet been considered are tissue/cell type specific responses, mito-
chondrial responses to site-specific impairments in mitochondrial
function and as yet uncharacterised retrograde signalling from
mitochondria. The complexity of mitochondria and the heteroge-
neous nature of insulin resistance will likely mean that unifying
all-encompassing theories to describe the relationship between mi-
tochondria and insulin action is not possible. Furthermore, argu-
ments on this issue should not focus on whether impairments in
mitochondrial function are universally required for the development of
insulin resistance, but whether diverse and unique impairments in mito-
chondrial function are sufficient to contribute to insulin resistance.
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