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Abstract
The western dietary habits and sedentary lifestyle largely contributes to the growing epidemic of obesity.
Mitochondria are at the front line of cellular energy homoeostasis and are implicated in the pathophysiology of
obesity and obesity-related metabolic disease. In recent years, novel aspects in the regulation of mitochondrial
metabolism, such as mitochondrial dynamics, mitochondrial protein quality control and post-transcriptional
regulation of genes coding for mitochondrial proteins, have emerged. In this review, we discuss the recent findings
concerning the dysregulation of these processes in skeletal muscle in obesogenic conditions.
Key words: metabolic disease, microRNAs, mitochondria, obesity, skeletal muscle.

INTRODUCTION
Over the last 30 years, the prevalence of overweight and obesity
combined has increased by 27.5 % for adults and by 47.1 % for
children [1]. Excessive caloric intake, often in combination with a
sedentary lifestyle, underlies the augmentation in fat deposition,
which not only occurs in adipose tissue but also in non-adipose,
ectopic sites such as skeletal muscle. In turn, the accumulation of
lipids in skeletal muscle is tightly correlated to insulin resistance
of that tissue, an important hallmark in the development towards
type 2 diabetes mellitus (T2DM) [2]. Since skeletal muscle accounts for the majority of post-prandial glucose uptake, this tissue is considered as a major player in obesity-related metabolic
disturbances [3].
Clearly, the main determinant of ectopic fat storage is the balance between the supply and the oxidation of fatty acids. With
respect to the latter, an extensive amount of research reports were
published over the last decade showing that skeletal muscle from
obese (insulin-resistant) subjects is characterized by smaller mitochondria, reduced mitochondrial content, (fat) oxidative capacity and respiratory chain activity as well as increased production
of reactive oxygen species and intramyocellular triacylglycerol
content [4–7].

In recent years however, new insights highlighted the importance of additional aspects of mitochondrial function, also in relation to obesity and obesity-related metabolic disturbances. Thus,
it has become increasingly clear that mitochondria are not single
organelles, but combine into tightly regulated, dynamic networks
that are constantly built, renewed and subjected to quality control
mechanisms [8]. To maintain proper mitochondrial morphology
and overall function, dysfunctional parts of mitochondria can be
split off (fission), and degraded via a process called mitophagy.
Furthermore, new functional mitochondria can fuse with other
mitochondria (fusion), in order to adapt to changes in energy
demand. Furthermore, the mitochondrial proteome is subject to
quality control mechanisms, primarily performed by chaperone
proteins, that assist in the folding of misfolded or unfolded proteins, as well as by proteases that degrade misfolded proteins [9].
Finally, miRNAs, small non-coding RNA strands that regulate
the stability and translation of conventional messenger RNAs by
base pairing with protein-coding transcripts, add a new level of
regulation and fine-tuning for gene expression and protein output,
also with respect to mitochondrial metabolism.
This review will focus on these ‘novel’ aspects influencing skeletal muscle mitochondrial metabolism and will discuss
the recent findings in relation to obesity and related metabolic

Abbreviations: ClpXP, ATP-dependent caseinolytic mitochondrial matrix protease complex; Drp-1, dynamin-related protein 1; ETC, electron transport chain; Fis1, fission protein 1;
FOXJ3, Forkhead Box J3; IMS, mitochondrial intermembrane space; LC3, microtubule-associated protein 1A/1B-light chain 3 proteins; lncRNA, long non-coding RNA; LonP, Lon
protease; mff, mitochondrial fission factor; Mfn-1, mitofusin-1; Mfn-2, mitofusin-2; MID49/51, mitochondrial dynamics proteins of 49 and 51 kDa; Mrps-5, mitochondrial ribosomal
protein subunit 5; mtDNA, mitochondrial DNA; MTS, N-terminal matrix-sequence; mtTFA, mitochondrial transcription factor A; mtUPR, mitochondrial unfolded protein response; Opa1,
optic atrophy 1; PARP-2, poly(ADP-ribosyl) transferase-like 2 protein; PBMC, peripheral blood mononuclear cell; PINK1, PTEN-induced putative kinase 1; RISC, RNA induced silencing
complex; ROS, reactive oxygen species; T2DM, type 2 diabetes mellitus; UPR, unfolded protein response.
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disease. Thus, we will discuss the processes of mitochondrial
dynamics and protein quality control in skeletal muscle and review the relevant literature on their dysregulation in obesity and
obesity-related metabolic disturbances. Additionally, we will discuss miRNAs that have emerged as potential regulators of mitochondrial dynamics, metabolism and biogenesis.

MITOCHONDRIAL DYNAMICS
Rather than being single organelles, mitochondria are organized
in a dynamic network to maintain proper physiological function
in cells. Perpetual cycles of fission and fusion associated with mitochondrial remodelling is the core of mitochondrial dynamics.
These tightly regulated processes involve specific protein machineries to adapt to changes in the cellular environment. Mitochondrial fusion allows the integration of the organelle’s contents
and the maintenance and restoration of its membrane potential.
On the other hand, mitochondrial fission is activated to provide
the cells with the appropriate amount of mitochondria and is the
first step to prime damaged mitochondria for removal through mitophagy [10]. In physiological conditions, mitochondrial fission
and fusion are balanced and provide the cells with a safeguard to
keep a healthy and functional mitochondrial population [10].
Mitochondrial dynamics is a well-conserved mechanism, governed by GTPases that facilitate the mitochondrial remodelling associated with the fusion/fission processes. The mitofusins (Mfn-1, Mfn-2) are embedded in the outer membrane via
their transmembrane domains and regulate the fusion of the mitochondrial outer membranes. Once outer membranes fuse, optic
atrophy 1 (Opa1) proteins, mostly present at the inner membrane, participate in the mitochondrial morphological remodelling and the fusion of the inner membranes [11]. Altogether this
mechanism ensures the communication between mitochondria,
the (re)distribution of the mitochondrial DNA (mtDNA) pool
and is part of the damage removal process. Mitochondrial fission
is mainly mediated via the dynamin-related protein 1 (Drp-1)
and its outer membrane receptors, fission protein 1 (Fis1), mitochondrial fission factor (Mff) and mitochondrial dynamics proteins of 49 and 51 kDa (Mid49/51). Drp-1 can be recruited by
one of the four receptors. Although the mechanisms are incompletely understood, it has been shown that Mid49/51 can promote
Drp-1 mediated fission without the presence of Mff and Fis1.
Furthermore, Mff and Fis1, more than being mere receptors also
enhance Drp-1 phosphorylation and oligomerization hence promoting and strengthening mitochondrial fission [12]. Following
fission, healthy mitochondria will enter a short solitary period
before being reintegrated into the mitochondrial network via the
fusion mechanism. Unhealthy mitochondria depolarize and are
disposed of by mitophagy [13]. The continuous cycle of mitochondrial fusion and fission, including mitophagy, is depicted in
Figure 1.

Mitochondrial dynamics in lipid overload
A good balance between fusion and fission is crucial for the
maintenance of a proper mitochondrial function, also in skeletal
muscle. It is therefore not surprising that the link between meta-
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bolic disorders, associated with mitochondrial dysfunction, and
mitochondrial dynamics has been addressed in a number of
studies.
Incubating cultured C2C12 myotubes with palmitate, a commonly used in vitro approach to mimic the lipid overload that characterizes obesity, increased the levels of the fission proteins Drp1 and Fis1 by ∼50 %, which was accompanied by an increased
number of small, fragmented mitochondria as observed by electron microscopy. Furthermore, the fragmented mitochondria also
generated more reactive oxygen species (ROS) while producing
less ATP. Interestingly, C2C12 myotubes, treated with palmitate
and Mdivi-1, a Drp-1 inhibitor, displayed reduced mitochondrial
fission and partially recovered their basal ROS production, membrane potential and glucose uptake in vitro and in vivo [14].
With respect to the fusion process, palmitate-incubated C2C12
myotubes did not display a change in mitofusin and Opa1 protein
expression levels [14]. However, when incubated with a higher
concentration of palmitate for a more prolonged period, L6 rat
skeletal muscle cells showed a 48 % reduction in Mfn-2 protein levels associated with a 32 % reduction in insulin-stimulated
glucose uptake [15]. Similar to previous observations, palmitate
incubation of these L6 cells led to lower mitochondrial membrane
potential and higher ROS production [15]. Together, these studies suggest that high palmitate levels can lead to mitochondrial
fragmentation via activation and inhibition of fission and fusion,
respectively.
Furthermore, in vivo animal studies revealed that 40 weeks
of high-fat feeding decreased both protein levels of Mfn-1 and
Mfn-2 in skeletal muscle by 20 %, which was associated with
a 50 % increase in Fis1 and Drp-1 protein levels [16]. These
high-fat diet-induced changes were paralleled by a 25 % reduction in ADP-stimulated oxygen consumption rate, a lower respiratory control ratio, a reduced ATP production and a reduced
mitochondrial content exchange (i.e. the dynamic propagation of
a GFP-tagged mitochondrial protein through the mitochondrial
network), as observed using confocal microscopy to study mitochondrial dynamics in living animals [16]. Although focused
on the liver, another study compared high-fat diets with different
fat composition (lard compared with fish-oil) and found that rats
fed a high-lard diet, showed an increased number of small and
fragmented liver mitochondria as well as reduced Mfn-1, Mfn2 and Opa1 and increased Drp-1 and Fis1 levels, as compared
with both the high fish-oil and chow diet [17]. Furthermore, oxygen consumption rates were reduced whereas ROS production
was augmented in the high-lard diet group compared with both
the high fish-oil and chow diets [17]. Similar observations were
made in skeletal muscle from both leptin-deficient (ob/ob) mice
fed on normal-diet and wild-type mice fed on high-fat diet [14].
In both conditions, electron microscopy revealed the presence of
small fragmented mitochondria in muscle biopsies. At the protein
level, Drp-1 and Fis1 levels were increased in both genetically
and diet-induced obese mice. However, fusion proteins were not
affected in these obese animals compared with controls. Furthermore, in vivo inhibition of mitochondrial fission using Mdivi-1,
restored insulin-resistance indexes (i.e. the product of the areas
under the glucose and insulin curves) during an oral glucose
tolerance test in ob/ob mice [14].

Muscle mitochondria in obesity and metabolic disease

Figure 1

Healthy and impaired mitochondrial dynamics
Following mitochondrial biogenesis, continuous cycles of fusion and fission result in pooling of the mitochondrial contents,
allowing mitochondrial adaptation to the environment. Upon damaging of the mitochondria, mitochondrial fusion consists
of two steps. First, the outer membranes of two mitochondria fuse, which is mediated by two isoforms of the GTPases
Mfn-1/2. Subsequently, the inner membranes fuse, mediated by the dynamin-related protein Opa1. The process of
mitochondrial fission requires the activation of Drp-1. Oligomerization and phosphorylation of Drp-1 on the mitochondrial
surface causes constriction of the mitochondria and eventual division of the organelle into two fragmented organelles. Drp-1
is recruited to the outer membrane by its receptors. Finally, healthy mitochondria can reintegrate into the mitochondrial
network whereas damaged organelles are removed through mitophagy. The selection and degradation process is mediated
via ubiquitination of the mitochondria, which is then sensed by p62 and loaded into the autophagosome by LC3-II. Under
obesogenic conditions, expression of fusion proteins Mfn-1 and Mfn-2 is reduced, which may lead to a decreased fusion
rate between mitochondria. Together with an increased ROS production and an elevated fission protein expression this
leads to a fragmentation of the mitochondrial pool hampering mitochondrial function.

Animal models genetically modified for key components of
the fission and fusion machinery have been studied for their role
in glucose homoeostasis and mitochondrial morphology. Thus,
Mfn-2 knockout mice presented fragmented mitochondria, impaired glucose tolerance, high plasma insulin levels and insulin
resistance after 14 weeks of high-fat diet, compared with wild
type mice [18]. Additionally, at the age of 54 weeks, the Mfn-2
knockout mice showed increased plasma insulin levels during a
glucose tolerance test, whereas blood glucose values were similar
to the control group [18]. In line with these findings, overexpression of Mfn-2 in rats fed a high-fat diet restored insulin sensitivity
and GLUT4 to a level comparable to animals on a chow diet [19].
Thus, rats overexpressing Mfn-2 through adenovirus infection
were fed a high-fat diet for 8 weeks and compared with both high-

fat and chow fed controls [19]. Similar to the previously described
studies, the high-fat diet reduced Mfn-2 protein levels in the control rats. This was accompanied by a reduced glucose infusion
rate during a hyperinsulinaemic–euglycaemic clamp, indicating
insulin-resistance, as well as reduced total GLUT4 protein and
GLUT4 translocation [19]. However, in another study, overexpression of Mfn-2 by transient muscle electroporation in healthy,
non-obese, chow-fed rats did not change the rate of mitochondrial
oxygen consumption and did not improve the production rate of
hydrogen peroxide [20]. Recently, mice with liver-specific knockout of Drp-1 (Drp1LiKO) were shown to be protected against
high-fat diet induced obesity compared with the wild type controls. Hepatic mitochondria were less abundant and displayed
a swollen phenotype in the Drp1LiKO mice. However, blood
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glucose, triacylglycerol and cholesterol were lowered in
Drp1LiKO mice associated with a net improvement in glucose
tolerance and insulin signalling assessed by intraperitoneal glucose tolerance test [21].
In line with the findings in cell and animal models, normoglycaemic obese human subjects also displayed reduced protein levels of Mfn-2 in skeletal muscle, which were shown to be
negatively correlated with BMI [22]. Furthermore, following a
12-week aerobic training intervention, a decrease in the phosphorylated (active) form of Drp-1 and an increase in Opa1 levels
were reported in skeletal muscle from obese subjects with type 2
diabetes [23]. In addition, both whole-body fat oxidation, assessed by indirect calorimetry, and insulin sensitivity negatively
correlated with the change of Drp-1 phosphorylation [23].
In conclusion, mitochondrial fusion and fission are tightly
controlled in order to keep a healthy pool of mitochondria in
the skeletal muscle cells. Several studies have consistently reported that under obesogenic conditions, proteins associated with
fusion were down-regulated whereas fission-associated proteins
were elevated. These changes are generally accompanied by more
fragmented, less effective, ROS-producing mitochondria that
may contribute to reduced insulin-sensitivity in skeletal muscle
(Figure 1). Indeed, interventions such a physical activity and
polyunsaturated fatty acid-enriched diets, clearly associated with
metabolic improvements, also restore the protein levels associated with mitochondrial fusion and fission, indicating an improved control of mitochondrial dynamics.

MITOCHONDRIAL PROTEIN QUALITY
CONTROL AND STRESS RESPONSE IN
OBESITY
The unfolded protein response (UPR) is a protein quality control
mechanism, which has been characterized in several subcellular compartments such as the cytosol, the endoplasmatic reticulum but also in mitochondria. The role of the mitochondrial
unfolded protein response (mtUPR) is to maintain the mitochondrial proteome via the production, folding and degradation of
proteins and/or to resolve proteotoxic stress such as protein aggregation. Of all mitochondrial proteins, approximately 1500 are
transcribed in the nucleus, whereas only 13 are actually derived
from the mtDNA. This implies that the vast majority of proteins has to be translocated from the nucleus to the mitochondria
[24], for which precise coordination and communication with the
nucleus is necessary. To ensure successful shuttling, mitochondrial proteins are labelled with an N-terminal matrix-sequence
(MTS), which is recognized by the mitochondrial protein import machinery. Subsequently, the MTS is cleaved off and the
newly imported proteins undergo chaperone-assisted folding facilitated by mitochondrial heat shock protein 70 (mtHSP70) immediately upon entering the mitochondrial intermembrane space
(IMS) and by the HSP60–HSP10 machinery when these proteins
reach the mitochondrial matrix (Figure 2) [25]. Proteotoxic stress,
i.e. harmful protein aggregates formed by damaged and/or misfolded proteins, occurs either when the protein import exceeds the
capacity of the chaperones to correctly fold them, or through pro-
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tein damage caused by stressors such as heat or ROS. To resolve
this proteotoxic stress, mitochondrial proteases such as the Lon
protease (LonP) and the ATP-dependent caseinolytic mitochondrial matrix protease complex (ClpXP) are activated. Whereas
LonP recognizes misfolded proteins in general, the ClpXP protease complex recognizes specific recognition motifs, unfolds
the misfolded protein and mediates subsequent proteolysis [26].
Although the mechanisms are not fully elucidated, the short peptides that result from the mitochondrial proteolysis are exported to the cytoplasm and ultimately regulate the transcription
of stress response genes to aid in the restoration of mitochondrial homoeostasis [9,26,27]. Misfolded mitochondrial proteins
in the cytoplasm that are directed for transport to the IMS, are
ubiquinated and degraded by the cytoplasmic 26S proteasome
before being imported into the mitochondria. Misfolded proteins
that still reach the IMS are degraded by the protease HTRA2
[27].
The activation of the mtUPR can be triggered by various conditions such as protein damage, interference with protein quality
control, interference with mitochondrial import and architecture,
mtDNA depletion, interference with mitochondrial translation,
loss of electron transport chain (ETC) subunits, sirtuin activation and mitochondrial biogenesis [9]. Recently, it was shown
though, that the mtUPR could also be activated by a so-called
mito-nuclear protein imbalance, i.e. an imbalance between the
production of mitochondrial proteins encoded by the nuclear and
the mitochondrial DNA [24]. The production of nuclear-encoded
ETC components without the correct supply of their counterparts
encoded by the mtDNA, or vice versa, will result in unassembled
ETC components that stay associated with chaperones, activating
the mtUPR [9,24]. Although these conditions seem detrimental
for mitochondrial health, moderate amounts of stress have in fact
shown to be beneficial. Thus, the induction of a mito-nuclear
protein imbalance, via knockdown of mitochondrial ribosomal
proteins (Mrps5), resulted in a reduction in mitochondrial respiration, activation of the mtUPR and an increased lifespan in worms
[24]. Using well-characterized BXD mouse strains, a combination of C57BL/6J and DBA/2J genomes that display different
susceptibilities in traits such as aging and metabolic disorders
[28], a robust inverse correlation was found between Mrps5 expression and lifespan [24].
When mitochondria are damaged beyond the capabilities
of the repair mechanisms they are removed through a process
of mitochondrial autophagy (also called mitophagy) to limit
damage caused by dysfunctional mitochondria. The removal of
dysfunctional mitochondria is important to maintain efficient
mitochondrial energy metabolism, to protect cells against the
release of proapoptotic proteins, such as bcl-2, and to prevent
excessive reactive oxygen species production [29]. During mitophagy, mitochondria are sequestered into double-membrane
structures called autophagosomes and perhaps the most essential
signalling molecule in the formation of these autophagosomes is
the mTOR kinase (reviewed in [31]). The process of mitophagy
is further regulated via PTEN-induced putative kinase 1 (PINK1)
and parkin. Thus, when mitochondria are healthy and have a normal membrane potential, PINK1 is constitutively imported into
the mitochondria for degradation [29]. However, upon loss of

Muscle mitochondria in obesity and metabolic disease

Figure 2

Mitochondrial unfolded protein response in humans
Mitochondrial chaperones and proteases work in concert to repair or abolish misfolded or dysfunctional proteins. In the
cytosol, unfolded proteins are assisted by the chaperone HSP72 and its cochaperone HSP40 to acquire their functional
structure. Furthermore, on the outer mitochondrial membrane, heat shock protein 70, HSP70, assists in the folding of
proteins upon entry into the mitochondria from the cytosol, followed by additional folding by HSP60 and HSP10 in the
mitochondrial matrix. When proteotoxic stress occurs, due to stressors such as oxidative stress, carbonylation or heat,
proteins can be damaged or unfolded, which in turn leads to the formation of harmful protein aggregates. During proteotoxic
stress, damaged or misfolded proteins are taken care of by two distinct pathways. First, the HSP60–HSP10 complex will
properly fold the proteins back into their functional structure. If the chaperones system fails to do so, unfolded proteins
accumulate in the matrix and proteases are activated. These proteases degrade the unfolded proteins into short peptides
that trigger, via a still unclear mechanism, the transcription of stress response genes within the nucleus.

mitochondrial membrane potential, PINK1 is no longer
imported into the IMS, and is recruited by Mfn-2 to accumulate
at the outer mitochondrial membrane [29]. This initiates the subsequent recruitment and activation of parkin E3 enzyme activity,
resulting in the ubiquination of mitochondrial substrates [30]. The
elongation of the phagosome membrane and the incorporation of
the ubiquinated mitochondria are regulated by the autophagyrelated proteins, the microtubule-associated protein 1A/1B-light
chain 3 proteins (LC3) and the multi-functional adaptor molecule p62 [31]. Subsequently, the autophagosomes fuse with
lysosomes and the damaged mitochondria are degraded (Figure 1)
[31].
Until recently, it was thought that mitochondrial quality control at the protein level (mtUPR) and the organelle level (mitophagy) are separate control mechanisms. Interestingly though, it

has been demonstrated that excess loading of unfolded proteins
in the mitochondrial matrix is able to initiate PINK1/parkinmediated mitophagy, without the loss of mitochondrial membrane
potential [30]. These results suggest an integration of mitochondrial quality control processes at the protein and the organelle
level.

Mitochondrial protein quality control in obesity and
type 2 diabetes mellitus
Dysfunction of mitochondrial protein quality control has been
associated with obesity. In a mouse model for obesity/diabetes
(db/db), it has been reported that 42 % of all mitochondrial heat
shock protein transcripts showed reduced expression in adipose
tissue as compared with lean control mice [32]. This finding
was also observed in adipose tissue of high-fat diet-fed mice,
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although to a lesser extent [32]. Furthermore, these results were
accompanied by reduced levels of mitochondrial ribosomal proteins and mitochondrial inner and outer membrane translocase
proteins in both groups, indicating that both the mtUPR and mitochondrial biogenesis are dysregulated [32].
In addition, genetic ablation of the cytosolic HSP72 (the inducible isoform of HSP70) chaperone in animals has been shown
to lead to enlarged, dysmorphic mitochondria, reduced oxidative enzyme activity (βHAD), increased intramuscular lipid accumulation and reduced oxidative capacity in skeletal muscle
tissue as well as insulin resistance and increased adiposity [33].
In the absence of HSP72, Parkin translocation to depolarized
mitochondria was diminished, identifying HSP72 as a crucial
mitochondrial stress sensor regulating mitophagy via the Parkin–
Mfn axis [33]. On the other hand, increasing HSP72 by exercise,
genetic overexpression or pharmacological stimulation has been
shown to result in an increased mitochondrial number and increased oxidative enzyme activity (citrate synthase and βHAD)
[34]. Additionally, targeting HSP72 in skeletal muscle also increased whole-body energy utilization and fatty acid oxidation,
preventing lipid accumulation and insulin resistance, independent
of changes in proinflammatory signalling [34].
Limited information is available on the status of the mtUPR
in skeletal muscle of human obese subjects. However, some evidence for dysfunction of mitochondrial protein quality control has
been reported in humans. Thus, protein levels of the cytosolic HSP72 were lower in skeletal muscle of obese and T2DM
subjects as compared with lean, healthy age-matched controls,
both in the basal state and upon the induction of cellular stress
known to activate HSP72 [35,36]. Furthermore, in a relatively
large group of overweight type 2 diabetic patients compared with
normoglycaemic controls, plasma HSP60 levels were undetectable in 48 % of all subjects. Interestingly, of all subjects with
undetectable levels of HSP60 the number of subjects with T2DM
was 2-fold higher, suggesting a role for HSP60 in the pathology
of T2DM [37].
Furthermore, mitochondrial HSP60 and GRP75 (a HSP70
family member) protein expression were shown to increase significantly in vastus lateralis muscle upon a 2-year lifestyle (diet
+ exercise) intervention in a large group of middle-aged obese
subjects with impaired glucose tolerance, whereas cytosolic heat
shock proteins such as HSP72 or HSP90 remained unchanged
[38]. Additionally, a positive correlation was observed between
the increase in HSP60 and the increase in oxygen radical absorbing capacity (ORAC) values, indicating a possible connection
between mitochondrial protein quality control and antioxidant
capacity [38].
In another study, the gene and protein expression of the heat
shock-related gene DNAJB3 was shown to be down-regulated in
both peripheral blood mononuclear cells (PBMCs) and adipose
tissue from non-diabetic obese compared with normal-weight
control subjects [39]. DNAJB3 is a HSP40 family member and
acts as a co-chaperone for HSP70, a major player in the protein quality control network. In addition, a 3-month supervised
exercise intervention, known to positively affect mitochondrial
metabolism, was able to restore the expression of DNAJB3 in
adipose tissue.
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Partly in contrast with the previously mentioned studies however, increased HSP60, HSC70, HSP72, HSP90 and GRP94 and
decreased DNAJB3 levels (mRNA and protein) were reported in
adipose tissue and PBMCs of obese compared with lean control
subjects [40]. Again, a 3-month exercise intervention was able to
restore the gene expression of most HSPs to levels comparable
to lean control subjects in adipose tissue [40].
In conclusion, mitochondrial protein quality control mechanisms play an important role in the maintenance of a healthy
mitochondrial population in several metabolic tissues. Although
the available data in skeletal muscle are limited and far from
conclusive, animal and human studies indicate that important
regulators of the mitochondrial protein quality control are altered
in obesity and T2DM and can be normalized by physical activity,
known to positively affect skeletal muscle mitochondrial metabolism. Additionally, also the cytosolic chaperone HSP72 was
linked to obesity-related metabolic disease. This is underscored
by the fact that BGP-15, an activator of HSP72, is currently the
subject of a multicentre human clinical trial for the treatment of
type 2 diabetes [34].

miRNAs INVOLVED IN THE REGULATION OF
MITOCHONDRIAL FUNCTION
miRNAs are small, single-stranded noncoding RNAs that regulate the production of cellular proteins. miRNAs are initially transcribed from their own genes or from introns, as part of a larger
miRNA precursor termed pri-miRNA, which is subsequently processed within the nucleus to form pre-miRNA. This pre-miRNA
is then exported to the cytoplasm, bound and cleaved by the
endoribonuclease DICER, resulting in a double-strand miRNA
duplex. The duplex is then targeted by the RNA-induced silencing complex (RISC), which processes one strand (the passenger
strand), resulting in a single-strand, mature miRNA. Bound to the
Argonaute 2 protein (AGO2) mature miRNA binds to its target
messenger RNA via a complementary base pairing mechanism,
binding a small sequence mainly – but not exclusively – located
at the 3 untranslated region (UTR) of the mRNA. Upon binding, miRNAs can regulate gene expression either by inhibiting
the translation of the protein or by promoting the degradation
of the mRNA. A single miRNA can target over 100 mRNAs,
illustrating their wide influence over cellular processes. On the
other hand, a single gene can be targeted by up to a thousand
miRNAs, adding complexity to the understanding of the regulation of gene expression. The biology behind miRNA regulation
of gene expression has been extensively studied and reviewed
[41].

miRNAs in obesity and type 2 diabetes mellitus
miRNAs have also been linked to the regulation of skeletal muscle
metabolism in the context of obesity and diabetes (Table 1).
Thus, miRNA expression profiles were determined in muscle
biopsies from obese T2DM patients and compared with an ageand BMI-matched healthy control group [42]. Using miRNA
microarrays, 62 miRNAs were found to be differentially expressed between the healthy obese and T2DM populations.

Muscle mitochondria in obesity and metabolic disease

Table 1

Overview of miRNAs linked to obesity, T2DM and the regulation of muscle mitochondrial function. *Indicates if
the paper provided experimental support for the putative underlying mechanism, i.e. which mRNA is targeted by
the miRNA of interest.
Study

MiRNA

Species

Tissue/cell
type

Gallagher et al.
[42]
Bork Jensen
et al. [43]

MiR-133a

Human

Muscle

MiR-133a

MiR-15b
MiR-16
MiR-106b
MiR-135a

Human

Muscle

Human

Muscle

MiRNAs in T2DM vs. healthy twin pairs,
MiRNAs negatively correlated with high HbA1c
MiR-15/16 involved in the insulin signaling pathway
MiR-135a 1.5-fold in T2DM

Mouse

Muscle

Mouse

Muscle

Agarwal et al.
[44]

Gao et al. [45]

Let-7

Human

Muscle

Cui et al. [48]
El Azzouzi et al.
[49]
Yamamoto et al.
[50]
Aoi et al. [51]

MiR-140
MiR-199a214
MiR-494

Rat
Mouse

Heart
Heart

Mouse

C2C12

MiR-696

Mouse

Muscle

Target*

Treatment

IRS2

Mohamed et al.
[54]

MiR-106b

MiR-149

Mouse

MiR-135a 2.5-fold

PPAR
mtTFA
FOXJ3
PGC1

C2C12

Mouse

Muscle

MiR-140 overexpression
Anti-miR-199a and miR214
Anti-miR-494

Let-7 in T2DM, insulin signaling
and glucose
uptake
Mfn-1 , fragmented mitochondria
PPAR
, mitochondrial fatty acid oxidation
and
cardiac function
Mitochondrial content

Physical activity

MiR-106b
overexpression
TNF induced insulin
resistance
TNF + anti-miR-106b

MiR-149 overexpression
PARP-2

More specifically, the muscle-specific miRNA miR-133a was
down-regulated in type 2 diabetic subjects and miR-133a expression displayed a tight relationship with fasting glucose level
[42]. Furthermore, a recent study, revealed differential expression of miRNAs between monozygotic twins with T2DM and
their non-diabetic co-twins [43], although it should be noted that
80 % of the non-diabetic co-twins were already characterized by
impaired glucose tolerance [43]. Nonetheless, 20 miRNAs, including miR-15b, miR-16 and miR-106b, of the 571 studied were
down-regulated, whereas no miRNAs were up-regulated in this
cohort [43]. Interestingly, a strong negative correlation between
miR-15b expression and HbA1c was observed and subsequent
pathway analysis of changes in miRNAs expression revealed that
the miR-15/16 family may regulate the insulin-signalling pathway [43]. This relation was subsequently confirmed in vitro, using
both L6 rat myoblasts and human primary skeletal muscle cells.
However, the mechanisms behind the regulation of the insulinsignalling pathway remain unclear.
Nevertheless, several other studies also linked the regulation
of glucose metabolism in skeletal muscle to specific miRNAs.
Thus, after a microarray screening, miR-135a has been identified
to target the insulin receptor substrate 2 (IRS2) in the insulinsignalling pathway thereby regulating glucose uptake [44]. Furthermore, in skeletal muscle, miR-135a expression level was
increased 2.5-fold and 1.5-fold in diabetic mice and humans,
respectively, compared with healthy controls and treating mice
with anti-miR-135a for 3 days restored blood glucose levels and
glucose tolerance. Finally, the long non-coding RNA (lncRNA)
H19 was shown to be decreased in skeletal muscle of type 2
diabetic humans and animals, leading to higher bioavailability

in T2DM db/db mice

Blood glucose

Insulin
receptor

C2C12

Mouse

in T2DM vs. healthy control subjects

Anti-miR-135a

Immobilization
Zhang et al. [53]

Main outcomes

High fat diet

and glucose tolerance

MiR-696 , fat oxidation
biogenesis
MiR-696

and mitochondrial

Insulin-stimulated glucose uptake
translocation
MiR-106b

and GLUT-4

Insulin stimulated glucose uptake , partially
restored mitochondrial morphology, mfn2 , ATP
synthesis
and ROS production , compared to
just TNF .
NAD+ and SIRT1 protein
via targeting of PARP-2,
PGC1 deacetylation , mitochondrial density
MiR-149

, associated with PARP-2

of the miRNA let-7, impairing the mRNA coding for the insulin
receptor, a let-7 target. This finding was linked to diminished
insulin signalling and decreased glucose uptake [45].

miRNAs in the regulation of mitochondrial
metabolism
Recent studies have shown the involvement of miRNAs in the
regulation of mitochondrial metabolism (Table 1). Thus, using
deep sequencing techniques on total RNAs extracted from mitochondria isolated from human HEK293 and HeLa cell lines,
Sripada et al. [46] demonstrated that 2–5 % of the sequences
were miRNAs. Interestingly, the authors showed co-localization
of miRNA and Argonaute proteins within the mitochondria supporting the presence of active silencing complexes within the
organelle. Also, in isolated mitochondria from human skeletal
muscle cells, the presence of at least 50 different miRNAs and
pre-miRNAs has been demonstrated [47].
Furthermore, besides being present in mitochondria, miRNAs
have also been shown to regulate several aspects of mitochondrial function. In cardiac tissue, overexpression of miR140 in rat cardiomyocytes negatively regulated the mRNA
coding for Mfn-1, which translated into more fragmented mitochondria [48]. This finding clearly illustrates that miRNAs
are capable of regulating mitochondrial dynamics. Furthermore,
silencing the miR family 199-214 in vivo increased the protein level of its molecular target PPARδ, restored cardiac mitochondrial fatty acid oxidation and improved cardiac function
in transverse aortic constriction (TAC)-induced heart failure in
mice [49].
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Besides cardiac tissue, miRNAs have also been implicated
in skeletal muscle mitochondrial metabolism. Thus, in C2C12
muscle cells, miR-494 was identified as an activator of mitochondrial biogenesis via the regulation of mitochondrial transcription
factor A (mtTFA) and Forkhead Box J3 (FOXJ3), both involved in
mitochondrial biogenesis and muscle growth [50]. Furthermore,
the expression of miR-696, which targets the mitochondrial biogenesis factor PGC-1α, was reduced in skeletal muscle upon
physical activity whereas immobilization of mice increased the
expression of miR-696 [51]. The changes in the expression of
miR-696 were paralleled by changes in mitochondrial biogenesis
and fatty acid oxidation [51].
Given the clear association between skeletal muscle mitochondrial capacity and insulin sensitivity [52], the interrelation
between miRNAs, muscle mitochondria and insulin sensitivity
is of great interest. However, the available research data on this
topic are scarce, although some reports exist. Thus, in C2C12
muscle cells, Zhang et al. [53], showed that the overexpression of miR-106b reduced insulin-stimulated glucose uptake and
GLUT4 translocation. Furthermore, miR-106b was induced in
TNF-α induced insulin-resistant C2C12 and silencing of miR106b restored insulin-stimulated glucose uptake upon TNF-α
treatment, which was associated with an improved GLUT4 translocation [53]. Interestingly, TNF-α challenged, insulin-resistant
cells presented smaller and denser mitochondria while silencing miR-106b partially restored these aberrations in mitochondrial ultra-structure, paralleled by an increase in Mfn-2 protein
levels, a partly restored ATP synthesis rate and a decreased ROS
production [53].
Furthermore, Mohamed et al. demonstrated that miR-149 –
via its main target poly(ADP-ribosyl) transferase-like 2 protein
(PARP-2) – was able to manipulate the levels of NAD+ and
SIRT-1 [54]. Indeed, C2C12 myotubes overexpressing miR-149
showed increased NAD+ and SIRT-1 proteins levels, which translated into a higher PGC-1α deacetylation, increased mitochondrial density and increased translation and transduction of genes
involved in oxidative capacity (COX1, COX2, Cytc, SDH) [54].
In line with this, insulin-resistant skeletal muscle from high-fat
fed mice displayed lower levels of miR-149 associated with increased PARP-2 protein levels.
Taken together, several studies support a strong involvement
of miRNAs in the regulation of mitochondrial metabolism and
insulin sensitivity – also in skeletal muscle – and targeting these
miRNAs may in turn affect metabolic health, in the context of
obesity.

ventions such a physical activity and specific diets – known to
augment skeletal muscle mitochondrial metabolism as well as
metabolic health – also positively impact markers of mitochondrial dynamics and mtUPR activity in skeletal muscle. Finally,
miRNAs bring another dimension to the regulation of skeletal
muscle metabolism and miRNA expression profiles are changed
upon obesity and T2DM. Furthermore, there are indications that
(silencing) specific miRNAs can positively affect mitochondrial
metabolism, also in skeletal muscle. Given the positive relationship between skeletal muscle mitochondrial oxidative capacity
and metabolic health, it could be postulated that targeting these
particular miRNAs may also improve glucose homeostasis.
Although this research field is rapidly developing, the available information on these novel aspects of skeletal muscle mitochondrial metabolism is still fairly limited and experiments
that establish cause and effect relations, determine the human
relevance and reveal the therapeutic potential of targeting these
pathways are eagerly awaited.
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