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Abstract: Skeletal muscle is essential to maintain vital functions such as movement, breathing, and
thermogenesis, and it is now recognized as an endocrine organ. Muscles release factors named my-
okines, which can regulate several physiological processes. Moreover, skeletal muscle is particularly
important in maintaining body homeostasis, since it is responsible for more than 75% of all insulin-
mediated glucose disposal. Alterations of skeletal muscle differentiation and function, with subse-
quent dysfunctional expression and secretion of myokines, play a key role in the pathogenesis of
obesity, type 2 diabetes, and other metabolic diseases, finally leading to cardiometabolic complica-
tions. Hence, a deeper understanding of the molecular mechanisms regulating skeletal muscle func-
tion related to energy metabolism is critical for novel strategies to treat and prevent insulin re-
sistance and its cardiometabolic complications. This review will be focused on both cellular and
animal models currently available for exploring skeletal muscle metabolism and endocrine func-
tion.
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1. Introduction

Skeletal muscle is one of the most fascinating mammalian organs. Muscles represent
about half of total body weight and are essential to maintain vital functions such as move-
ment, postural support, breathing and thermogenesis [1,2]. In addition, skeletal muscle
represents one of the most dynamic and plastic tissues in humans. Mammalian skeletal
muscle is mostly composed of long, postmitotic, multinucleated myofibers, whose selec-
tive functional recruitment allows muscles to accomplish their functional duties. Interest-
ingly, myofibers are able to perform adaptive changes in terms of structure and function,
thanks to endogenous sensors that act as detection system [3]. Such ability is essential to
properly respond to stimuli arising from neural stimulation, energy substrates, and hor-
monal signals [4]. Notably, muscles are primary sites for glucose uptake and storage, and
they also represent a reservoir of amino acids in the form of proteins. Skeletal muscle has
a major contribution to whole-body energy metabolism, since it is a crucial consumer of
glucose; therefore, its metabolic derangements play a pivotal role in the development of
insulin resistance and type 2 diabetes (T2D) [5].
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Due to skeletal muscle properties, the establishment of adequate models to investi-
gate molecular signaling pathways, regulating muscle differentiation and metabolic/en-
docrine function, might allow identifying novel targets for pharmacological therapies
against skeletal muscle metabolic dysfunctions. This review aims to summarize the most
important in vitro and in vivo models developed to investigate the role of skeletal muscle
in glucose homeostasis and insulin resistance, focusing on the molecular mechanisms re-
lated to muscle differentiation and endocrine function.

2. Skeletal Muscle: A Veritable Endocrine Organ

Skeletal muscle secretes a variety of molecules (cytokines and peptides), denomi-
nated “myokines”, which act in an autocrine, paracrine, or endocrine hormone-like man-
ner [6]. For this reason, skeletal muscle is now recognized as an endocrine organ. In par-
ticular, such active secretion plays a pivotal role in the cross-talk between skeletal muscle
and different organs, including white and brown adipose tissue, liver, pancreas, heart,
vessels, bones, and brain. Notably, several myokines are synthesized and released by my-
ocytes in response to muscular contractions [7]. More specifically, acute and chronic phys-
ical activity result in different modulations of myokine expression and secretion [8]. In-
deed, the release of myokines mediates the healthy effects of physical exercise, whereas
physical inactivity seems to impair myokines secretion and represents a potential mecha-
nism to explain the correlation between sedentary lifestyle and many chronic diseases [9].
On the other hand, altered secretion of several myokines has been shown to be a hallmark
of skeletal muscle in T2D, suggesting a potential role of myokines in the response of skel-
etal muscle to impaired insulin sensitivity and mitochondrial dysfunction [10]. Myokines
are implicated in the autocrine regulation of muscle metabolism as well as in the paracrine
regulation of other organs expressing myokines receptors, such as brain, liver, and adi-
pose tissue [11] (Figure 1). Myostatin (MSTN) was the first myokine identified in 1997 [12].
Human skeletal muscle is known to secrete more than 600 myokines [13]. Of note, alt-
hough a large number of myokines has been described in proteomic studies, we currently
have a rather limited knowledge of their biological activity and function. Among the most
studied myokines, MSTN, also known as growth differentiation factor 8, is a member of
the transforming growth factor-beta super-family and is expressed in the developing and
adult skeletal muscle, acting as a negative regulator of muscle development [14]. Mice
overexpressing MSTN in skeletal muscle show decreased muscle mass with a parallel in-
crease in adipose tissue mass [15]. Conversely, MSTN-null mice show muscle hypertro-
phy as well as hyperplasia associated to reduced intramuscular adipose tissue compared
to controls. Interestingly, such phenotype has been correlated with increased energy ex-
penditure, despite reduced leptin circulating levels in these mice [12,16,17]. Accordingly,
MSTN deletion resulted in enhanced peripheral tissue fatty acid oxidation and increased
thermogenesis, also promoting brown adipose tissue (BAT) activation in mice fed a high-
fat diet [18]. Nevertheless, the impact of MSTN is still controversial, with evidence that
this myokine may trigger different effects on adipogenesis in vivo and in vitro [16,19].
However, it has been shown that pharmacological administration of MSTN does not re-
duce adipose mass in adult mice [20], whereas another study demonstrated that recombi-
nant MSTN promotes the differentiation of multipotent mesenchymal cells into the adi-
pogenic lineage, thereby inhibiting myogenesis [21]. In particular, it has been demon-
strated that MSTN can mimic glucocorticoid proadipogenic effect in vitro if added to the
culture medium of mesenchymal cells at very early stages of adipogenic differentiation,
although MSTN-induced white adipocytes appeared smaller compared to those obtained
under classical differentiation protocol. Accordingly, mice overexpressing MSTN under
the control of the aP2 promoter (which is active in mesenchymal cells of mouse bone mar-
row) show reduced white adipocyte size and improved glucose tolerance as well as insu-
lin sensitivity [22]. On the other hand, several studies indicate that MSTN inhibition can
induce browning in white adipose tissue (WAT), i.e., the process of formation of brown
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adipocyte in WAT depots [23]. Indeed, MSTN deletion has been shown to induce BAT-
specific protein and gene expression in adipose tissue and skeletal muscle in vivo [24].
Follistatin (FST) is expressed by the liver in response to physical activity and is
known to antagonize MSTN and to promote browning, inducing the expression of ther-
mogenic markers and increasing respiratory function both in vitro and in vivo [25,26].
Interestingly, it has been shown that MSTN inhibition induces the browning of WAT
through activating the AMPK-PGC1a-FNDC5 pathway in skeletal muscle [27]. Irisin,
identified in 2012 by Spiegelman’s group as a new myokine driving thermogenesis and
the browning of white fat, is the result of the proteolytic cleavage of the FNDC5 protein
[28]. It is secreted by skeletal muscle in response to high-intensity or resistance exercise
[29], thus mediating some beneficial effects of physical training in humans, including
weight loss, thermoregulation, and improved glucose tolerance. In addition to physical
exercise, diet and hormones regulate irisin secretion [30]. To date, no specific receptor for
irisin has been identified, but in some tissues, such as bone and fat, irisin exerts its action
through integrins, which are widely expressed transmembrane receptors [31]. In addition
to its capability to induce browning in adipose tissue, with subsequent favourable meta-
bolic consequences, irisin also plays an important role in the central nervous system ex-
erting anti-inflammatory effects and protecting from neuronal damage induced by oxida-
tive stress [32]. Moreover, it exerts beneficial effects on bone development in mice [33].
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Figure 1. Skeletal muscle as an endocrine organ: paracrine and autocrine effects of muscle contrac-
tion-induced myokines. Exercise stimulates the release of myokines with autocrine, paracrine, or
endocrine functions (green arrows, induction). In particular, several myokines play a role in the
maintenance of whole-body metabolic homeostasis. GDF-15, IL-6, and irisin stimulate intramyocel-
lular triacylglycerol lipolysis. Irisin and FGF-21 induce browning in adipose tissue. Irisin and IL-6
also stimulate fatty acid oxidation. Myonectin affects adipose tissue and liver functions, increasing
fatty acids uptake. Myostatin is a negative regulator of skeletal muscle mass and inhibits muscle
hypertrophy: exercise induces a downregulation of myostatin (red arrow), thus promoting muscle
development. In addition, follistatin, expressed by the liver in response to physical activity (green
arrow, induction), is able to antagonize myostatin (red line, inhibition), promoting browning of
WAT (dotted red arrow). Black arrows indicate positive (up) or negative (down) modulation of
downstream targets. Abbreviations: FGF21, fibroblast growth factor 21; IL-6, interleukin-6; GDF-15,
growth differentiation factor 15.
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Fibroblast growth factor 21 (FGF21) is a brown adipokine that promotes non-shiver-
ing thermogenesis response in humans. In 2014, Lee et al. compared the effect of cold
exposure on irisin and FGF21 secretion, demonstrating that both show similar capacities
to induce fat browning [34]. Interestingly, transgenic mice with ectopic expression of un-
coupling protein 1 (UCP1) in skeletal muscle showed increased secretion of FGF21 from
skeletal muscle, leading to increased browning of WAT [35]. Circulating FGF21 levels are
elevated in metabolic diseases such as obesity, insulin resistance, and T2D mellitus [8,36—
38]. In skeletal muscle, FGF21 is an insulin-regulated myokine, but it is released also in
response to exercise, as well as mitochondrial dysfunction and endoplasmic reticulum
(ER) stress. Indeed, FGF21 has been proposed as a biomarker of mitochondrial dysfunc-
tion in skeletal muscle [39]. FGF21 is produced and released into the circulation also by
other organs, such as the liver, WAT, and heart [40]. It has been recently demonstrated
that mice with specific deletion of FGF21 in skeletal muscle are protected against starva-
tion-induced muscle atrophy and weakness, indicating that skeletal muscle represents a
target of muscle-derived FGF21. On the other hand, in vivo overexpression of FGF21 in
skeletal muscle induces autophagosome formation and muscle loss, supporting a role for
FGF21 in skeletal muscle remodelling [40]. The Growth Differentiation Factor 15 (GDF-
15) is a biomarker of cellular stress and it has been identified as an exercise-regulated my-
okine released upon muscle contraction. Regulation of GDF-15 production by exercise has
been investigated by a recent preclinical study showing high levels of GDF-15, in the con-
ditioned media from exercised human myotubes, activating lipolysis in human adipo-
cytes in vitro [41-43], to support a role for this myokine in regulating adipose tissue func-
tion.

Myonectin, alternatively known as Clq tumor necrosis factor a-related protein iso-
form 15 (CTRP15), is upregulated in skeletal muscle during exercise as well, and it affects
adipose tissue and liver functions. Indeed, myonectin-knockout mice fed a high-fat diet
showed a significant increase in adiposity due to greater lipid storage, resulting in hyper-
thorpic adipocytes. In parallel, myonectin deletion also modified lipid accumulation in the
liver, in terms of a significant decrease in triglycerides and cholesterol content, thus re-
sulting in reduced liver steatosis. Such observations revealed that the absence of myonec-
tin leads to different lipid distribution between adipose tissue depots and the liver [44].

Skeletal muscle produces and releases interleukin-6 (IL-6) after prolonged exercise.
More specifically, IL-6 is secreted by both adult skeletal muscle and satellite cells in re-
sponse to muscle stress, thus contributing to modulate the classical myogenic process as
well as to muscle regeneration [45]. Interestingly, skeletal muscle release of IL-6 is regu-
lated by substrate availability (glycogen) during exercise, thus indicating that it acts as an
energy sensor [46]. It has been shown that in humans, IL-6 contributes to hepatic glucose
production and enhances fat oxidation and lipolysis in skeletal muscle during exercise
[47-49]. Interestingly, despite the well described pro-inflammatory effects of systemic IL-
6 in obesity and metabolic diseases, clinical studies show that IL-6 secreted by contracting
skeletal muscle exerts anti-inflammatory effects and promotes favourable metabolic re-
sponses, also increasing insulin sensitivity [50]. IL-6 plays a pivotal role in the regulation
of both adipose tissue and skeletal muscle metabolic processes, also contributing to the
cross-talk between these tissues. In particular, IL-6 released from skeletal muscle com-
municates with adipose tissue to induce lipolysis during fasting or exercise [51]. Moreo-
ver, IL-6 derived from skeletal muscle has been shown to suppress macrophage infiltra-
tion in adipose tissue [52]. On the other hand, in adipose tissue, IL-6 signaling pathway
activation promotes macrophage infiltration, leading to a chronic state of low-grade in-
flammation, as well as to obesity-related insulin resistance [51,52].

It is important to highlight that despite the large number of identified myokines, to
date, only few of them have been fully characterized. Therefore, it is important to investi-
gate their role in skeletal muscles under physiological and pathophysiological conditions.
Of note, irisin and FGF21 have attracted increasing attention in recent years due to their



Int. J. Mol. Sci. 2021, 22, 9327

50f18

potential beneficial roles in metabolic homeostasis, but more studies are necessary to clar-
ify their role [28,53]. Therefore, taking advantage of in vitro and in vivo models is manda-
tory to investigate the molecular mechanisms driving skeletal muscle metabolic dysfunc-
tions. Appropriate preclinical models are available (see below) to study the impact of al-
tered skeletal muscle function and myogenesis on myokine production.

3. Myogenesis Regulation and Skeletal Muscle Quality Maintenance

Skeletal muscle is composed by different tissues including myofibers, blood vessels,
nerve fibers, and connective tissue. Each skeletal muscle shows three layers that surround
it, which are composed by connective tissue, whose function is to protect as well as to
provide structure to the muscle and to arrange muscle fibers. Such structural and function
complexity is essential to accomplish the task of generating contraction, force, and move-
ment. In vertebrates, abnormal nutritional environments have been demonstrated to in-
hibit myoblast differentiation, decreasing myofibers’ number [54-56]. Indeed, skeletal
muscle originates from cells found in the mesoderm, and myogenic commitment, during
development, is regulated by signaling factors released by the surrounding tissue [57]. It
has been shown that maternal obesity enhances the expression of adipogenic markers in
fetal skeletal muscle, also promoting systemic inflammatory response [58]. Accordingly,
another in vivo study demonstrated that low-grade inflammation, which occurs in obe-
sity, downregulates myogenesis and results in reduced fetal muscle fibers’ size [55].

In physiological conditions, myogenesis is characterized by an initial phase of pre-
cursor cells” proliferation, followed by the expression of muscle-specific markers, and fi-
nally, the fusion of differentiating myoblasts into mature myotubes. Indeed, plenty of sig-
naling molecules drive myogenesis during embryonic development and in postnatal life.
Such signals are mediated by cell surface receptors, which in turn trigger intracellular
pathways culminating in the activation of transcription and chromatin-remodeling fac-
tors. More specifically, in the developing embryo, the paraxial mesoderm forms blocks of
cells called somites, which give rise to dermomyotome cells, expressing paired box tran-
scription factors (Pax3/Pax7) and a family of transcription factors known as myogenic reg-
ulatory factors (MRFs), which assign myogenic identity to muscle progenitors [59]. The
primary myotome originating from dermomyotome disintegration contains committed
muscle cells expressing MyoD and Myf5, which are basic helix-loop-helix (bHLH) tran-
scription factors, downstream of Pax3 and Pax7, and are considered markers of terminal
specification to the muscle lineage [60-62]. Notably, progenitors forming primary myo-
tome include satellite cells, residing in the quiescent state within mature muscles and un-
dergoing myogenesis when muscle fibers are damaged, in order to repair the tissue and
re-establish homeostasis [63,64].

In summary, during development, MRFs regulate the progression of skeletal muscle
lineage with a specific hierarchy: Pax3/Pax7 are master regulators of early lineage specifi-
cation, while Myf5 and MyoD are responsible for myogenic commitment. Subsequently,
two more terminal MRFs are required for the myocytes’ fusion and myotube generation:
myogenin (Myog) and MRF4 (also known as Myf6). In skeletal muscle, fiber size depends
on balancing cell number and cell size to generate multinucleated muscle fibers, each one
containing the appropriate number of nuclei. Such a delicate task is carried out by Myog,
which regulates myofiber maturation and size, acting later than MyoD, Myf5, and MRF4
[65,66]. In vivo studies showed that among MRFs, Myog is necessary for embryonic mus-
cle differentiation. Indeed, Myog-null mice die before birth or early in postnatal life due
to defective muscle differentiation [67,68]. Interestingly, Knapp et al. abolished Myog ex-
pression 3 days after birth in mice, i.e., after embryonic skeletal muscle growth, and ob-
served normal skeletal muscle development but reduced body size, thus indicating that
Myog is important for skeletal muscle growth in postnatal life [69]. Although each MRF
gene plays a specific role during myogenic development, a functional redundancy be-
tween Myf5 and MyoD has been described. Indeed, a null mutation of MyoD into the
mouse germline resulted in an upregulation of Myf5 and normal muscle development
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[70], suggesting that if MyoD is inactive, Myf5 is able to compensate for it, carrying out
the normal myogenic program. Nevertheless, satellite cells lacking both Myf5 and MyoD
fail to regenerate a healthy muscle, confirming that these two factors are crucial for skele-
tal muscle differentiation [71]. Notably, MyoD has been suggested as a potential negative
regulator of brown adipogenesis due to the observation that MyoD deletion in murine
myoblasts promotes brown adipogenic transdifferentiation [72]. Myogenic bHLH pro-
teins form heterodimers with ubiquitous basic helix-loop-helix proteins known as E pro-
teins, and they activate several other downstream muscle factors binding E boxes in reg-
ulatory regions of muscle target genes [73]. In addition, MRFs associate with members of
the myocyte enhancer factor 2 (MEF2) family, which show binding sites in the promoters
and enhancers of several skeletal muscle specific genes [74]. Although MEF2 alone does
not show myogenic activity, it is essential for differentiation due to its property to poten-
tiate bHLH activity [75,76]. Indeed, in Drosophila, a loss of function mutation of the Mef2
gene only inhibits skeletal muscle differentiation [77]. Myogenic transcription is also con-
trolled by different co-activators and co-repressors, which cooperate with MRFs to drive
muscle gene expression. More precisely, histone acetyltransferases (HATs) and histone
deacetylases (HDACsSs) both interact with MyoD, showing opposite effects. HAT activity
is increased during myogenesis, and histone acetylation promotes MyoD binding to spe-
cific promoters [78]. On the other hand, HDACs negatively regulate myogenic differenti-
ation through a direct interaction with MEF2 and MyoD [79].

Once myogenesis is completed, the contractile unit of skeletal muscle is represented
by the sarcomere, which is composed of actin, myosin, and associated proteins such as
troponin and tropomyosin. Skeletal muscle myosins are classified as class II, and they
consist of two heavy chains (MyHCs), two essential light chains (MLCs), and two regula-
tory MLCs each. Most myosins are encoded by genes expressed in the developing skeletal
muscle and are known as embryonic and neonatal myosins [80]. Notably, MyHC protein
expression determines skeletal muscle phenotype. Indeed, four predominant MyHC genes
are expressed in adult skeletal muscle (type I, Ila, IId/x, and IIb), which are associated with
fiber types with corresponding names, showing different contractile speed and aerobic or
anaerobic properties [81]. As discussed by Pette et al., MyHCI fibers (slow twitch) pre-
dominantly rely on oxidative metabolism and use lipids as fuel, whereas MyHCIIDb fibers
(fast-twitch) are mainly characterized by glycolytic metabolism and use glucose as an en-
ergy source. MyHClIla and MyHCIIx show metabolic properties which are intermediate
between type I and IIb fibers [82]. Notably, skeletal muscle fibers are capable of changing
their phenotype, undergoing transitions from fast-to-slow and slow-to-fast in response to
increased or decreased neuromuscular activity, mechanical loading or unloading, altered
hormonal profiles, and aging [82]. Mammals have skeletal muscle groups with variable
composition in fiber types, leading to specific functional properties [81]. Interestingly, the
existence of different fiber types represents a form of skeletal muscle adaptation to whole
body metabolism. In the presence of hyperglycemia, slow-oxidative muscle fibers are
more efficient in removing glucose from blood compared to fast-glycolytic fibers. Indeed,
an altered fiber types distribution with the prevalence of fast-glycolytic fibers is often as-
sociated with obesity, potentially contributing to the development of insulin resistance
[83].

Mice carrying mutations in different MyHC genes show different phenotypes. For
instance, MyHC-IId null mice exhibit chronic limb weakness, whereas mice null for the
MyHC-IIb and IId genes are viable and fertile, but their weight is lower compared with
wild-type controls of the same age [84]. Interestingly, Nielsen et al. demonstrated that
resistance exercise induces an increase IL-15 mRNA levels in muscle groups dominated
with a higher proportion of type 2 fibers in healthy subjects, although plasma-circulating
levels were not increased [85]. Such an observation suggests that muscle fiber type com-
position could local affect myokine production in skeletal muscle, leading to potential dif-
ferent contributions to local and systemic metabolic regulation.
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4. Skeletal Muscle Cell Cultures

Due to the complex structural arrangement of skeletal muscle, it is difficult to identify
the specific contribution of muscle cells to muscle physiology as well as study intra-
myocellular processes in vivo. For this reason, primary human cells represent the best-
established model so far. Human myogenic cell cultures can be obtained by skeletal mus-
cle biopsies from adult donors and can undergo differentiation to form mature myotubes
[86]. As already mentioned, they represent a valuable model to study many aspects of
muscular function and disease, including insulin resistance. In addition, induced Pluripo-
tent Stem Cells (iPSCs) reprogrammed into an embryonic-like pluripotent state allow the
establishment of different cell type cultures, including myoblasts [87]. In particular, IPSCs
display unlimited expansion potential, together with a marked ability to be differentiated
in vitro, representing a unique opportunity to study several dysfunctions, including im-
paired insulin signaling, altered glucose tolerance, and decreased mitochondrial oxidation
[88].

Rat L6 and mouse C2C12 cells, together with primary myogenic cells, represent the
most commonly used cellular models to study skeletal muscle in vitro. Established my-
oblast cell lines, such as C2C12 cells, are skeletal myoblasts derived from the thigh muscle
of mice and genetically modified to proliferate indefinitely and differentiate into myo-
tubes cultures. Indeed, these cells are able to differentiate into myofibers expressing con-
tractile proteins [89]. C2C12 myoblasts can be grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing glucose, fetal bovine serum (FBS), and antibiotics. At conflu-
ence, cell differentiation can be induced by switching to a low FBS or Horse Serum (HS)
culture. Similarly, L6 cells have been isolated by Yaffe from cultures of the thigh muscle
of newborn rats, and they are able to generate multinucleated myotubes [90].

There is evidence that such cell lines may be considered an appropriate model to
investigate skeletal muscle metabolism as well as altered molecular pathways that pro-
mote muscle dysfunctions. Unfortunately, comparative studies of these cellular models
are scarce. However, cell culture studies highlighted that similar stimuli are able to differ-
entially modulate the metabolic response in distinct skeletal muscle cells models [91-93].
For instance, Mahfouz et al. demonstrated that sphingolipids treatment promotes insulin
resistance in vitro by activating different pathways in C2C12 and L6 myotubes, probably
depending on cell membrane structure or composition [92]. Similarly, glucocorticoids ad-
ministration induces different muscle wasting responses in cultured L6 and C2C12 myo-
tubes [94]. Given the well-established role of skeletal muscle mitochondria metabolism in
insulin resistance as well as in T2D development, a recent study investigated mitochon-
drial respiration in L6 and C2C12 myoblasts and myotubes. Interestingly, L6 cells exhib-
ited attenuated respiration rates compared with C2C12 myoblasts which, on the other
hand, showed greater capacity for lipid-supported respiration [93].

These observations should be taken into account in order to choose the most appro-
priate model to investigate specific metabolic aspects.

5. Cellular Models to Investigate Insulin Resistance in Skeletal Muscle

Skeletal muscle insulin resistance represents a main driver of T2D and metabolic syn-
drome [95]. Myofibers represent the predominant site of insulin-mediated glucose uptake
in the postprandial state in humans, and increased levels of circulating free fatty acids
(FFAs) and inflammatory cytokines directly affect the insulin signaling network [96]. In
this context, muscle bioenergetics failure significantly contributes to systemic metabolic
dysfunctions.

In the past two decades, myoblast cell lines have been recognized as valuable exper-
imental tools in several conditions including obesity, diabetes, and insulin resistance [97].
Both C2C12 and L6 myoblasts are able to undergo differentiation into elongated myo-
tubes, expressing the insulin responsive glucose transporter 4 (GLUT-4) protein, which
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promotes insulin-stimulated glucose uptake [98,99]. In physiological conditions, high-glu-
cose circulating levels stimulate pancreatic (3-cells to secrete insulin, which drives, to-
gether with muscle contraction, glucose uptake into target cells, including myofibers
[100]. Such a fine molecular mechanism is dependent on insulin binding to its receptor
(IR), which in turn activates tyrosine phosphorylation cascade, eliciting GLUT-4 protein
increase and translocation from the cytoplasm to the cell membrane [101,102]. In the pres-
ence of insulin resistance, skeletal muscle insulin sensitivity is reduced due to impaired
IR function and GLUT-4 translocation [103]. The development of in vitro models of skel-
etal muscle insulin resistance provides useful tools to investigate the mechanisms under-
lying metabolic dysfunction. Different protocols have been proposed to mimic insulin re-
sistance in vitro. Importantly, insulin resistance can be developed in both appropriate
treatments of cell cultures during myogenesis or in terminally differentiated myotubes in
vitro. It has been shown that C2C12 myoblast cultures’ exposure to high glucose (15
mmol/L) combined with high insulin concentration (50 nm/L) impairs the insulin-like
growth factor-1 (IGF-1) signaling pathway in mature myotubes [104]. Interestingly, the
administration of high insulin concentration is able to induce C2C12 myoblast differenti-
ation only under high glucose conditions [105]. In the absence of insulin, high glucose
levels are toxic due to ROS production, and they induce protein degradation in cell cul-
tures [106]. As already mentioned, insulin is essential in mediating glucose uptake, but
chronic exposure to high insulin concentrations impairs myoblasts metabolism. A preclin-
ical study described the effects exerted by 72 h of insulin treatment in C2C12 myoblasts
during differentiation or in mature myotubes. Insulin-stimulated glucose uptake was al-
tered in myoblasts exposed to chronic insulin during differentiation, as revealed by atten-
uated Akt phosphorylation, indicating an impaired signaling upstream of Akt. Of note,
chronic insulin exposure did not exert the same effect in mature C2C12 myotubes [107].
These findings indicate long-term incubation with insulin during differentiation as a val-
uable method to induce insulin resistance in C2C12 myoblasts. Similar effects have been
observed in L6 cell cultures under high glucose/high insulin conditions for 24 h, where a
significant defect in insulin-mediated glucose uptake, impairment in IR and IRS-1 phos-
phorylation, as well as Akt phosphorylation were observed in mature myotubes [108].
Increased plasma FFA levels are observed in obese/diabetic subjects, and several
studies provided evidence that FFAs play a role in insulin resistance development
[109,110]. In vitro insulin resistance can be induced by saturated fatty acids administration
(Figure 2). Indeed, treatment of C2C12 myotubes with 0.75 mM palmitate and 2% bovine
serum albumin for 24 h induced a significant reduction of insulin-stimulated Akt phos-
phorylation as well as GLUT-4 mRNA expression, leading to an insulin-resistant pheno-
type in vitro [111]. In addition, palmitate promoted myotubes loss in C2C12 myotubes
and impaired the expression of myokine, such as irisin, myonectin, and FGF-21, whose
role in metabolic homeostasis has been already discussed above [111]. Similarly, both
chronic and acute palmitate exposure significantly reduced GLUT4 mRNA and protein
expression in L6 myotubes, leading to an inflammatory state and insulin resistance, [112-
114] with potential involvement of endoplasmic reticulum (ER) stress. In fact, acute pal-
mitate treatment promotes ER stress, resulting in unfolded and misfolded proteins. Dis-
turbed ER homeostasis activates an adaptive process called unfolded protein response,
leading to the formation of the IREa—-TRAF2-IKK complex, which in turn activates NFkB
to translocate into the nucleus, downregulating GLUT-4 gene expression [114]. Notably,
in muscle cells, palmitic acid treatment also impairs mitochondrial function in association
with decreased insulin response. Both C2C12 and primary rat skeletal muscle cells cul-
tures, upon FFA exposure, show decreased insulin-induced glycogen synthesis, glucose
oxidation, and lactate production with a parallel impairment in mitochondrial function
and reduced ATP generation in response to mitochondrial substrate pyruvate [115] (Fig-
ure 2). Similarly, TNF-a has been reported to induce insulin resistance in skeletal muscle
cells. Indeed, differentiated primary muscle cells isolated from rats and cultured for 24 h
in the presence of TNF-a showed impairment of both insulin-stimulated glucose uptake
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and GLUT-4 translocation [116]. Notably, chronic oversupply of metabolic fuel through
glucose/palmitate administration was able to induce insulin resistance in L6 myotubes,
promoting pro-inflammatory signaling with a parallel reduction in mitochondrial respi-
ration capacity and key mitochondrial proteins expression as well as mitophagy increase
[117] (Figure 2). Such observations indicate that all these stimuli not only induce an im-
pairment in insulin signaling and glucose uptake but directly impact several signaling
pathways regulating mitochondrial fuel oxidation and respiration, negatively affecting
skeletal muscle energy homeostasis [118,119].
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Figure 2. Schematic representation of insulin resistance induction in skeletal muscle cells. In the
presence of insulin resistance, skeletal muscle insulin sensitivity is reduced due to impaired IR func-
tion and GLUT-4 translocation. Moreover, chronic exposure to high insulin concentrations impairs
myoblasts metabolism. Palmitate is known to induce insulin resistance by impairing glucose uptake
and reducing GLUT4 expression in skeletal muscle. Indeed, palmitate induces a significant reduc-
tion of insulin-stimulated Akt phosphorylation as well as GLUT-4 mRNA expression. In addition,
palmitate promotes myotubes loss and impaired expression of irisin, myonectin, and FGF-21. More-
over, acute palmitate treatment promotes ER stress; disturbed ER homeostasis activates an adaptive
process called unfolded protein response, leading to the formation of the IREa—TRAF2-IKK com-
plex, which activates NFkB to translocate into the nucleus, downregulating GLUT-4 gene expres-
sion. Similarly, TNF-a has been reported to induce insulin resistance in skeletal muscle cells. Indeed,
differentiated primary muscle cells cultured in the presence of TNF-a showed GLUT-4 translocation
impairment. Red arrows indicate positive or negative modulation of downstream targets. Red line
indicates an inhibitory effect mediated by DAG and ceramide on fatty acids oxidation. Abbrevia-
tions: ER, endoplasmatic reticulum; FGF21, fibroblast growth factor 21; ROS, reactive oxygen spe-
cies; TNF-a, tumor a necrosis factor; NFKB, nuclear factor kappa B; TRAF2, TNF receptor-associ-
ated factors; IKK, I kappa B kinase; DAG, diacylglycerols; IRea, serine/threonine-protein kinase/en-
doribonuclease.

As mentioned above, iPSCs have been recently extracted from patients with T2D and
differentiated into myoblasts and exhibit a clear phenotype of insulin resistance in vitro.
These cells are characterised by altered insulin signaling, decreased insulin-stimulated
glucose uptake, and reduced mitochondrial oxidation [88]. iPSCs, isolated from T2D pa-
tients” biopsies, can be induced to differentiate into skeletal muscle myoblasts (iMyos) in
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a two-step protocol, as previously described by Caron et al. [120]. Notably, iMyos dis-
played defective insulin response in vitro with no requirement to apply specific stimuli to
trigger insulin signaling impairment. This brilliant model is able to reproduce skeletal
muscle insulin resistance, occurring in patients with T2D, in a culture dish, opening novel
unexpected perspectives to explore the mechanisms of insulin resistance in peripheral tis-
sues.

6. In Vivo Models to Investigate Insulin Resistance in Skeletal Muscle

Due to skeletal muscle structural and functional complexity, a deeper comprehension
of its contribution to glucose homeostasis and local and systemic metabolic dysfunction
development requires animal models. To date, several models are available to investigate
insulin resistance in vivo. Rodents (mice and rats) represent the most common models
employed in metabolic studies. Interestingly, the generation of mice defective for the in-
sulin receptor (IR) showed that IR is essential for postnatal fuel homeostasis but not for
embryonic muscle growth and metabolic control. Indeed, IR KO mice die after birth due
to B-cell failure followed by diabetic ketoacidosis [121]. On the other hand, muscle-specific
IR KO mice develop metabolic syndrome features, including high triglycerides and free
fatty acids circulating levels, although they do not show altered glucose tolerance, thus
indicating that other organs, such as the liver and adipose tissue, are able to compensate
skeletal muscle insulin resistance to avoid hyperglycaemia and hyperinsulinemia, leading
to T2D [122].

In humans, obesity and T2D are closely linked. Similarly, many animal models of
insulin resistance are characterized by the occurrence of obesity. The most commonly used
models include Leperob and Lepdr/d mice, which are deficient in leptin and leptin receptor,
respectively, and thus are defective in leptin signaling. Both these models are hyperphagic
and show a typical phenotype characterized by weight gain, hyperinsulinemia, hyper-
lipidemia, dysfunctional thermoregulation and reduced physical activity. Similarly,
Zucker fatty rats and Zucker diabetic fatty rats are deficient in leptin receptor and show
hyperphagia, obesity, hyperinsulinemia, hyperlipidemia, and hypertension [123]. Nota-
bly, muscle atrophy in type 2 diabetic rodent models is less consistent than in humans.
Several preclinical models, including mice with diet-induced obesity or IR KO mice, ex-
hibit a mild decrease in muscle size compared to Lepetc> mice, which show a severely
reduced muscle size [124-126]. In particular, leptin gene deletion induces altered fiber
proportions in obese mice muscles, displaying a prevalence of slow-type myofibers.
Changes in myofiber types are responsible for a significant prolongation of contraction
and relaxation times in this model. Obesity-associated physical inactivity plays a crucial
role in generating the effects on myofiber type composition observed in Lep°b°b mice.
[127]. Similarly, Lepd/d mice display muscle atrophy, as well as slow contraction and re-
laxation [128]. Skeletal muscles in these mice show an increase in protein degradation due
to both dowregulated PI3K/Akt signaling and increased proteolytic activity of the ubiqui-
tin—proteasome proteolytic pathway (UPP) [129]. In addition to reduced contraction in-
duced by atrophy, the slower relaxion rate observed in this model is probably due to a
decreased content in the muscle sarcoplasmic reticulum Ca? adenosine triphosphatase
protein (SERCA) pump [128]. Muscle atrophy and altered activation of insulin-dependent
signaling pathways (PI3K/Akt) may contribute to impaired glucose metabolism in Lepob/eb
and Lepd®dmice. IR substrates (IRS1 and IRS2) belong to the IRS protein family and play
a pivotal role in insulin/IGF-1-signaling, regulating Akt/mTOR and FoxO pathways [130].
Interestingly, double knockout mice with combined deficiency of IRS1 and IRS2 in muscle
display reduced skeletal muscle growth due to dysregulated glucose metabolism, which
may also be a consequence of reduced muscle mass and insulin sensitivity.

Of note, a considerable proportion of normal-weight subjects shows insulin re-
sistance features [131], suggesting that obesity is not required to trigger a condition of
insulin resistance. Thus, the availability of non-obese mice with altered insulin signaling
provides models suitable for investigating pathophysiological mechanisms underlying
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the insulin-resistant lean phenotype. Transgenic mice with muscle-specific overexpres-
sion of lipoprotein lipase (LPL), a well-known rate-controlling enzyme involved in triglyc-
eride hydrolysis [132], represent a valuable model to selectively increase fatty acids deliv-
ery to skeletal muscle and investigate insulin signaling in this tissue. Importantly, mice
overexpressing LPL in skeletal muscle show impaired glucose tolerance with a 50% de-
crease in insulin-stimulated glucose uptake in gastrocnemius, confirming the key role of
skeletal muscle in the regulation of systemic glucose metabolism. Skeletal muscle insulin-
stimulated glycolysis and glycogen synthesis were also significantly decreased, which is
in accordance with the impaired insulin signalling of this model. Notably, despite a de-
crease in insulin-stimulated PI3-kinase activation, insulin receptor function was intact in
muscle-specific LPL overexpressing mice, indicating that insulin resistance is due to a
mechanism occurring downstream the IR [133].

Physical activity is a potent mediator of insulin sensitivity [134]. Prolonged physical
inactivity correlates with obesity, insulin resistance, and T2D mellitus [135]. On the other
hand, it is well established that regular physical activity reduces inflammation and im-
proves insulin resistance [136]. Of note, several studies demonstrated that skeletal muscle
short-term disuse reduces lean mass more severely in older subjects than in young sub-
jects, independently from baseline muscle sizes [137-139]. These findings have been con-
firmed in rats after 4248 h of immobilization, resulting in a decreased insulin-stimulated
glucose uptake in both fast-twitch and slow-twitch red fibers in muscles of immobilized
mice. In this study, reduced insulin sensitivity in skeletal muscle was independent of glu-
cose transporter, insulin receptor abundance, or receptor kinase activity, and it was res-
cued by the combined action of insulin and physical exercise [140].

7. Conclusions

For several years, skeletal muscle has been an underestimated target in metabolic
disease investigation, although its contribution to overall body mass and structural con-
formation, as well as its ability to regulate metabolism via interorgan cross-talk, have been
demonstrated to significantly impact general health and well-being.

It is well established that decreased muscle contraction and impaired skeletal muscle
metabolism in terms of altered insulin signaling and/or mitochondrial dysfunction play a
major role in the development of metabolic diseases such as obesity, insulin resistance,
and T2D, leading to cardiometabolic complications [141]. A detailed knowledge of the
molecular pathways regulating muscle differentiation and metabolism is a critical re-
quirement for developing strategies to treat the above-mentioned diseases. To date, em-
ployment of human as well as murine cellular models has provided a growing body of
evidence that helped to elucidate the contribution of skeletal muscle to energy homeosta-
sis. In particular, myoblasts cultures differentiated in vitro are fundamental tools for un-
derstanding the molecular mechanisms regulating myofiber differentiation, which, in
turn, determine muscle ability to perform physiological contraction, secrete myokines,
and regulate glucose tolerance in this tissue. In addition, cell cultures allow mimicking
insulin resistance conditions in vitro thanks to several stimuli affecting different molecu-
lar pathways involved in insulin signaling.

On the other hand, studies with animal models are required to investigate the multi-
ple metabolic connections between skeletal muscle and other tissues involved in glucose
homeostasis, such as heart, fat, and liver. In summary, the use of proper preclinical models
of skeletal muscle dysfunction is mandatory to explore the molecular pathways causing
insulin resistance and to help the development of proper pharmacological, nutritional,
and physical rehabilitation interventions in the context of the cardiometabolic syndrome.

Author Contributions: Conceptualization, A.F.; A.A. and M.C,; writing —original draft preparation
AF; A A and M.C,; writing—review and editing, A.F.; S.G.; A.A.; E.C.; M.R. and M.C. All authors
have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2021, 22, 9327 12 0f 18

Funding: This study was supported by the Italian Ministry of Health (Ricerca Corrente), and by
MIUR (Progetti di Ricerca di Interesse Nazionale 2017 —project code 2017A5TXC3—to MC, Work
Package Leader). Figures generation has been performed by using BioRender program.

Conflicts of Interest: The authors declare that the present article was written independently. MR is
Editor-in-Chief of the Section Molecular Endocrinology and Metabolism in the International Journal
of Molecular Sciences; he is full-time Professor of Internal Medicine at University of Palermo, Italy
and currently Medical Director, Novo Nordisk Eastern Europe. MR has given lectures, received
honoraria and research support, and participated in conferences, advisory boards, and clinical trials
sponsored by many pharmaceutical companies including Amgen, AstraZeneca, Boehringer Ingel-
heim, Kowa, Eli Lilly, Meda, Mylan, Merck Sharp & Dohme, Novo Nordisk, Novartis, Roche Diag-
nostics, Sanofi and Servier. None of the above-mentioned companies had any role in this article,
which has been written independently, without any financial or professional help, and reflects only
the opinion of the author, without any role of the industry. The other authors have no conflict of
interest related to this article.

Abbreviations
T2D Type 2 diabetes
MSTN  Myostatin
BAT Brown adipose tissue
WAT White adipose tissue
EFST Follistatin

AMPK  AMP-activated protein kinase

PGCla  Peroxisome proliferator-activated receptor-gamma co-activator
FNDC5  Fibronectin type III domain-containing protein 5
FGF-21  Fibroblast growth factor 21

UCP-1  Uncoupling protein 1

GDF-15  Growth differentiation factor-15

IL-6 Interleukin-6

Pax3 Paired box 3

Pax7 Paired box 7

bHLH Helix-loop-helix

MRF Myogenic regulatory factors

MyoD Myoblast determination protein 1

Myog Myogenin

Myf5 Myogenic factor 5

MEF2 Myocyte enhancer factor 2

MyHC  Myosin heavy chain

GLUT-4 Glucose transporter 4

IR Insulin receptor
IGF-1 Insulin-like growth factor-1
IRS-1 Insulin receptor substrate 1
IRS-1 Insulin receptor substrate 1
iPSCs Induced pluripotent stem cells
LPL Lipoprotein lipase
FFA Free fatty acid
References
1.  Hargreaves, M.; Spriet, L.L. Skeletal muscle energy metabolism during exercise. Nat. Metab. 2020, 2, 817-828, d0i:10.1038/s42255-
020-0251-4.
2. Thyfault, J.P.; Bergouignan, A. Exercise and metabolic health: Beyond skeletal muscle. Diabetologia 2020, 63, 1464-1474,
doi:10.1007/s00125-020-05177-6.
3.  Blaauw, B.; Schiaffino, S.; Reggiani, C. Mechanisms modulating skeletal muscle phenotype. Compr. Physiol. 2013, 3, 1645-1687,
do0i:10.1002/cphy.c130009.
4.  Pratesi, A.,; Tarantini, F.; Di Bari, M. Skeletal muscle: An endocrine organ. Clin. Cases Min. Bone Metab. 2013, 10, 11-14,
doi:10.11138/ccmbm/2013.10.1.011.
5. Ferrannini, E.; Smith, ].D.; Cobelli, C.; Toffolo, G.; Pilo, A.; DeFronzo, R.A. Effect of insulin on the distribution and disposition
of glucose in man. J. Clin. Invest. 1985, 76, 357-364, doi:10.1172/JCI111969.
6.  Pedersen, B.K. Muscles and their myokines. |. Exp. Biol. 2011, 214, 337-346, d0i:10.1242/jeb.048074.



Int. J. Mol. Sci. 2021, 22, 9327 13 0f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Pedersen, B.K.; Akerstrém, T.C.; Nielsen, A.R.; Fischer, C.P. Role of myokines in exercise and metabolism. |. Appl. Physiol. 2007,
103, 1093-1098, doi:10.1152/japplphysiol.00080.2007.

Garneau, L.; Aguer, C. Role of myokines in the development of skeletal muscle insulin resistance and related metabolic defects
in type 2 diabetes. Diabetes Metab. 2019, 45, 505-516, doi:10.1016/j.diabet.2019.02.006.

Leal, L.G.; Lopes, M.A_; Batista, M.L. Physical Exercise-Induced Myokines and Muscle-Adipose Tissue Crosstalk: A Review of
Current Knowledge and the Implications for Health and Metabolic Diseases. Front. Physiol. 2018, 9, 1307,
doi:10.3389/fphys.2018.01307.

Ciaraldi, T.P.; Ryan, A.J].; Mudaliar, S.R.; Henry, R.R. Altered Myokine Secretion Is an Intrinsic Property of Skeletal Muscle in
Type 2 Diabetes. PLoS ONE 2016, 11, e0158209, doi:10.1371/journal.pone.0158209.

Carson, B.P. The Potential Role of Contraction-Induced Myokines in the Regulation of Metabolic Function for the Prevention
and Treatment of Type 2 Diabetes. Front. Endocrinol. 2017, 8, 97, d0i:10.3389/fend0.2017.00097.

McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-beta superfamily member.
Nature 1997, 387, 83-90, doi:10.1038/387083a0.

Gorgens, S.W.; Eckardt, K.; Jensen, J.; Drevon, C.A.; Eckel, ]. Exercise and Regulation of Adipokine and Myokine Production.
Prog. Mol. Biol. Transl. Sci. 2015, 135, 313-336, d0i:10.1016/bs.pmbts.2015.07.002.

Aiello, D.; Patel, K.; Lasagna, E. The myostatin gene: An overview of mechanisms of action and its relevance to livestock ani-
mals. Anim. Genet. 2018, 49, 505-519, doi:10.1111/age.12696.

Reisz-Porszasz, S.; Bhasin, S.; Artaza, ].N.; Shen, R.; Sinha-Hikim, I.; Hogue, A.; Fielder, T.].; Gonzalez-Cadavid, N.F. Lower
skeletal muscle mass in male transgenic mice with muscle-specific overexpression of myostatin. Am. J. Physiol. Endocrinol. Metab.
2003, 285, E876-E888, doi:10.1152/ajpendo.00107.2003.

Lin, J.; Arnold, H.B.; Della-Fera, M.A.; Azain, M.].; Hartzell, D.L.; Baile, C.A. Myostatin knockout in mice increases myogenesis
and decreases adipogenesis. Biochem. Biophys. Res. Commun. 2002, 291, 701-706, d0i:10.1006/bbrc.2002.6500.

Choi, S.J.; Yablonka-Reuveni, Z.; Kaiyala, K.J.; Ogimoto, K.; Schwartz, M.W.; Wisse, B.E. Increased energy expenditure and
leptin sensitivity account for low fat mass in myostatin-deficient mice. Am. J. Physiol. Endocrinol. Metab. 2011, 300, E1031-E1037,
doi:10.1152/ajpend0.00656.2010.

Zhang, C.; McFarlane, C.; Lokireddy, S.; Masuda, S.; Ge, X.; Gluckman, P.D.; Sharma, M.; Kambadur, R. Inhibition of myostatin
protects against diet-induced obesity by enhancing fatty acid oxidation and promoting a brown adipose phenotype in mice.
Diabetologia 2012, 55, 183-193, d0i:10.1007/s00125-011-2304-4.

Kim, H.S,; Liang, L.; Dean, R.G.; Hausman, D.B.; Hartzell, D.L.; Baile, C.A. Inhibition of preadipocyte differentiation by myo-
statin treatment in 3T3-L1 cultures. Biochem. Biophys. Res. Commun. 2001, 281, 902-906, doi:10.1006/bbrc.2001.4435.

Stolz, L.E.; Li, D.; Qadri, A.; Jalenak, M.; Klaman, L.D.; Tobin, J.F. Administration of myostatin does not alter fat mass in adult
mice. Diabetes Obes. Metab. 2008, 10, 135-142, doi:10.1111/j.1463-1326.2006.00672.x.

Artaza, J.N.; Bhasin, S.; Magee, T.R.; Reisz-Porszasz, S.; Shen, R.; Groome, N.P.; Meerasahib, M.F.; Fareez, M.M.; Gonzalez-
Cadavid, N.F. Myostatin inhibits myogenesis and promotes adipogenesis in C3H 10T(1/2) mesenchymal multipotent cells. En-
docrinology 2005, 146, 3547-3557, d0i:10.1210/en.2005-0362.

Feldman, B.].; Streeper, R.S.; Farese, R.V.; Yamamoto, K.R. Myostatin modulates adipogenesis to generate adipocytes with fa-
vorable metabolic effects. Proc. Natl. Acad. Sci. USA 2006, 103, 15675-15680, doi:10.1073/pnas.0607501103.

Kajimura, S.; Spiegelman, B.M.; Seale, P. Brown and Beige Fat: Physiological Roles beyond Heat Generation. Cell Metab. 2015,
22, 546-559, doi:10.1016/j.cmet.2015.09.007.

Braga, M.; Pervin, S.; Norris, K.; Bhasin, S.; Singh, R. Inhibition of in vitro and in vivo brown fat differentiation program by
myostatin. Obesity 2013, 21, 1180-1188, doi:10.1002/0by.20117.

Braga, M.; Reddy, S.T.; Vergnes, L.; Pervin, S.; Grijalva, V.; Stout, D.; David, J.; Li, X.; Tomasian, V.; Reid, C.B.; et al. Follistatin
promotes adipocyte differentiation, browning, and energy metabolism. J. Lipid Res. 2014, 55, 375-384, doi:10.1194/jlr. M039719.
Hansen, J.; Brandt, C.; Nielsen, A.R.; Hojman, P.; Whitham, M.; Febbraio, M.A.; Pedersen, B.K; Plomgaard, P. Exercise induces
a marked increase in plasma follistatin: Evidence that follistatin is a contraction-induced hepatokine. Endocrinology 2011, 152,
164-171, d0i:10.1210/en.2010-0868.

Shan, T.; Liang, X.; Bi, P.; Kuang, S. Myostatin knockout drives browning of white adipose tissue through activating the AMPK-
PGCla-Fndc5 pathway in muscle. FASEB J. 2013, 27, 1981-1989, doi:10.1096/£j.12-225755.

Bostrom, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C,; Rasbach, K.A; Bostrom, E.A.; Choi, ].H.; Long, ].Z.; et al. A
PGCl1-a-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463468,
d0i:10.1038/nature10777.

Tsuchiya, Y.; Ando, D.; Goto, K,; Kiuchi, M.; Yamakita, M.; Koyama, K. High-intensity exercise causes greater irisin response
compared with low-intensity exercise under similar energy consumption. Tohoku ]. Exp. Med. 2014, 233, 135-140,
doi:10.1620/tjem.233.135.

Varela-Rodriguez, B.M.; Pena-Bello, L.; Juiz-Valifa, P.; Vidal-Bretal, B.; Cordido, F.; Sangiao-Alvarellos, S. FNDC5 expression
and circulating irisin levels are modified by diet and hormonal conditions in hypothalamus, adipose tissue and muscle. Sci. Rep.
2016, 6, 29898, doi:10.1038/srep29898.

Kim, H.; Wrann, C.D.; Jedrychowski, M.; Vidoni, S.; Kitase, Y.; Nagano, K.; Zhou, C.; Chou, J.; Parkman, V.A.; Novick, S.J.; et
al. Irisin Mediates Effects on Bone and Fat via aV Integrin Receptors. Cell 2018, 175, 1756-1768.1717,
doi:10.1016/j.cell.2018.10.025.



Int. J. Mol. Sci. 2021, 22, 9327 14 of 18

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Li, D.J,; Li, Y.H.; Yuan, H.B.; Qu, L.F.; Wang, P. The novel exercise-induced hormone irisin protects against neuronal injury via
activation of the Akt and ERK1/2 signaling pathways and contributes to the neuroprotection of physical exercise in cerebral
ischemia. Metabolism 2017, 68, 31-42, doi:10.1016/j.metabol.2016.12.003.

Colaianni, G.; Cuscito, C.; Mongelli, T.; Pignataro, P.; Buccoliero, C.; Liu, P.; Lu, P.; Sartini, L.; Di Comite, M.; Mori, G.; et al. The
myokine irisin increases cortical bone mass. Proc. Natl. Acad. Sci. USA 2015, 112, 12157-12162, d0i:10.1073/pnas.1516622112.
Lee, P.; Linderman, J.D.; Smith, S.; Brychta, R.J.; Wang, J.; Idelson, C.; Perron, R-M.; Werner, C.D.; Phan, G.Q.; Kammula, U.S,;
et al. Irisin and FGF21 are cold-induced endocrine activators of brown fat function in humans. Cell Metab. 2014, 19, 302-309,
doi:10.1016/j.cmet.2013.12.017.

Keipert, S.; Ost, M.; Johann, K.; Imber, F.; Jastroch, M.; van Schothorst, E.M.; Keijer, J.; Klaus, S. Skeletal muscle mitochondrial
uncoupling drives endocrine cross-talk through the induction of FGF21 as a myokine. Am. ]. Physiol. Endocrinol. Metab. 2014,
306, E469-E482, doi:10.1152/ajpendo.00330.2013.

Hojman, P.; Pedersen, M.; Nielsen, A.R.; Krogh-Madsen, R.; Yfanti, C.; Akerstrom, T.; Nielsen, S.; Pedersen, B.K. Fibroblast
growth factor-21 is induced in human skeletal muscles by hyperinsulinemia. Diabetes 2009, 58, 2797-2801, doi:10.2337/db09-
0713.

Zhang, X.; Yeung, D.C.; Karpisek, M.; Stejskal, D.; Zhou, Z.G.; Liu, F.; Wong, R.L.; Chow, W.S,; Tso, A.W.; Lam, K.S.; et al. Serum
FGF21 levels are increased in obesity and are independently associated with the metabolic syndrome in humans. Diabetes 2008,
57,1246-1253, d0i:10.2337/db07-1476.

Chavez, A.O.; Molina-Carrion, M.; Abdul-Ghani, M.A.; Folli, F.; Defronzo, R.A.; Tripathy, D. Circulating fibroblast growth fac-
tor-21 is elevated in impaired glucose tolerance and type 2 diabetes and correlates with muscle and hepatic insulin resistance.
Diabetes Care 2009, 32, 1542-1546, d0i:10.2337/dc09-0684.

Lee, J.H.; Jun, H.S. Role of Myokines in Regulating Skeletal Muscle Mass and Function. Front. Physiol. 2019, 10, 42,
doi:10.3389/fphys.2019.00042.

Oost, L.J.; Kustermann, M.; Armani, A.; Blaauw, B.; Romanello, V. Fibroblast growth factor 21 controls mitophagy and muscle
mass. |. Cachexia Sarcopenia Muscle 2019, 10, 630-642, d0i:10.1002/jcsm.12409.

Laurens, C.; Parmar, A.; Murphy, E.; Carper, D.; Lair, B.; Maes, P.; Vion, J.; Boulet, N.; Fontaine, C.; Marques, M.; et al. Growth
and differentiation factor 15 is secreted by skeletal muscle during exercise and promotes lipolysis in humans. JCI Insight 2020,
5, d0i:10.1172/jci.insight.131870.

Aversa, A.; Caprio, M.; Antelmi, A.; Armani, A.; Brama, M.; Greco, E.A.; Francomano, D.; Calanchini, M.; Spera, G.; Di Luigi,
L.; et al. Exposure to phosphodiesterase type 5 inhibitors stimulates aromatase expression in human adipocytes in vitro. J. Sex.
Med. 2011, 8, 696-704, doi:10.1111/j.1743-6109.2010.02152.x.

Armani, A.; Marzolla, V.; Rosano, G.M.; Fabbri, A.; Caprio, M. Phosphodiesterase type 5 (PDES5) in the adipocyte: A novel player
in fat metabolism? Trends Endocrinol. Metab. 2011, 22, 404-411, doi:10.1016/j.tem.2011.05.004.

Little, H.C.; Rodriguez, S.; Lei, X.; Tan, S.Y.; Stewart, A.N.; Sahagun, A.; Sarver, D.C.; Wong, G.W. Myonectin deletion promotes
adipose fat storage and reduces liver steatosis. FASEB ]. 2019, 33, 8666-8687, d0i:10.1096/£j.201900520R.

Muiioz-Céanoves, P.; Scheele, C.; Pedersen, B.K,; Serrano, A.L. Interleukin-6 myokine signaling in skeletal muscle: A double-
edged sword? FEBS |. 2013, 280, 4131-4148, doi:10.1111/febs.12338.

Pedersen, B.K. Muscular interleukin-6 and its role as an energy sensor. Med. Sci. Sports Exerc. 2012, 44, 392-396,
doi:10.1249/MSS.0b013e31822f94ac.

Wolsk, E.; Mygind, H.; Grendahl, T.S.; Pedersen, B.K.; van Hall, G. IL-6 selectively stimulates fat metabolism in human skeletal
muscle. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E832-E840, do0i:10.1152/ajpend0.00328.2010.

Carey, A.L,; Steinberg, G.R.; Macaulay, S.L.; Thomas, W.G.; Holmes, A.G.; Ramm, G.; Prelovsek, O.; Hohnen-Behrens, C.; Watt,
M.].; James, D.E,; et al. Interleukin-6 increases insulin-stimulated glucose disposal in humans and glucose uptake and fatty acid
oxidation in vitro via AMP-activated protein kinase. Diabetes 2006, 55, 2688-2697, doi:10.2337/db05-1404.

Febbraio, M.A.; Hiscock, N.; Sacchetti, M.; Fischer, C.P.; Pedersen, B.K. Interleukin-6 is a novel factor mediating glucose home-
ostasis during skeletal muscle contraction. Diabetes 2004, 53, 1643-1648, doi:10.2337/diabetes.53.7.1643.

Pedersen, B.K.; Febbraio, M.A. Muscle as an endocrine organ: Focus on muscle-derived interleukin-6. Physiol. Rev. 2008, 88,
1379-1406, doi:10.1152/physrev.90100.2007.

Woueest, S.; Konrad, D. The controversial role of IL-6 in adipose tissue on obesity-induced dysregulation of glucose metabolism.
Am. . Physiol. Endocrinol. Metab. 2020, 319, E607-E613, do0i:10.1152/ajpendo.00306.2020.

Han, M.S.; White, A.; Perry, R.].; Camporez, ].P.; Hidalgo, ].; Shulman, G.I.; Davis, R.]. Regulation of adipose tissue inflammation
by interleukin 6. Proc. Natl. Acad. Sci. USA 2020, 117, 2751-2760, d0i:10.1073/pnas.1920004117.

Kim, K.H.; Jeong, Y.T.; Oh, H.; Kim, S.H.; Cho, ].M.; Kim, Y.N.; Kim, S.S.; Kim, D.H.; Hur, K.Y.; Kim, HK,; et al. Autophagy
deficiency leads to protection from obesity and insulin resistance by inducing Fgf21 as a mitokine. Nat. Med. 2013, 19, 83-92,
do0i:10.1038/nm.3014.

Luo, W.; Ai, L.; Wang, B.F.; Zhou, Y. High glucose inhibits myogenesis and induces insulin resistance by down-regulating AKT
signaling. Biomed. Pharm. 2019, 120, 109498, doi:10.1016/j.biopha.2019.109498.

Tong, ].F.; Yan, X.; Zhu, M.].; Ford, S.P.; Nathanielsz, P.W.; Du, M. Maternal obesity downregulates myogenesis and beta-catenin
signaling in fetal skeletal muscle. Am. |. Physiol. Endocrinol. Metab. 2009, 296, E917-E924, doi:10.1152/ajpendo.90924.2008.

Du, M.; Yan, X.; Tong, J.F.; Zhao, J.; Zhu, M.]. Maternal obesity, inflammation, and fetal skeletal muscle development. Biol.
Reprod. 2010, 82, 4-12, doi:10.1095/biolreprod.109.077099.



Int. J. Mol. Sci. 2021, 22, 9327 15 0f 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kalcheim, C.; Ben-Yair, R. Cell rearrangements during development of the somite and its derivatives. Curr. Opin. Genet. Dev.
2005, 15, 371-380, doi:10.1016/j.gde.2005.05.004.

Zhu, M.]; Han, B.; Tong, J.; Ma, C.; Kimzey, ].M.; Underwood, K.R.; Xiao, Y.; Hess, B.W; Ford, S.P.; Nathanielsz, P.W.; et al.
AMP-activated protein kinase signalling pathways are down regulated and skeletal muscle development impaired in fetuses
of obese, over-nourished sheep. J. Physiol. 2008, 586, 2651-2664, doi:10.1113/jphysiol.2007.149633.

Rudnicki, M.A.; Le Grand, F.; McKinnell, I.; Kuang, S. The molecular regulation of muscle stem cell function. Cold Spring Harb.
Symp. Quant. Biol. 2008, 73, 323-331, doi:10.1101/sqb.2008.73.064.

Cinnamon, Y.; Kahane, N.; Bachelet, I.; Kalcheim, C. The sub-lip domain—A distinct pathway for myotome precursors that
demonstrate rostral-caudal migration. Development 2001, 128, 341-351.

Kiefer, J.C.; Hauschka, S.D. Myf-5 is transiently expressed in nonmuscle mesoderm and exhibits dynamic regional changes
within the presegmented mesoderm and somites I-IV. Dev. Biol. 2001, 232, 77-90, d0i:10.1006/dbio.2000.0114.

Pownall, M.E.; Gustafsson, M.K.; Emerson, C.P. Myogenic regulatory factors and the specification of muscle progenitors in
vertebrate embryos. Annu. Rev. Cell. Dev. Biol. 2002, 18, 747-783, d0i:10.1146/annurev.cellbio.18.012502.105758.

Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building muscle: Molecular regulation of myogenesis. Cold Spring Harb. Perspect.
Biol. 2012, 4, doi:10.1101/cshperspect.a008342.

Pellettieri, J.; Sanchez Alvarado, A. Cell turnover and adult tissue homeostasis: From humans to planarians. Annu. Rev. Genet.
2007, 41, 83-105, doi:10.1146/annurev.genet.41.110306.130244.

Ganassi, M.; Badodj, S.; Ortuste Quiroga, H.P.; Zammit, P.S.; Hinits, Y.; Hughes, S.M. Myogenin promotes myocyte fusion to
balance fibre number and size. Nat. Commun. 2018, 9, 4232, d0i:10.1038/s41467-018-06583-6.

Zammit, P.S. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and MRF4 in skeletal muscle, satellite cells
and regenerative myogenesis. Semin. Cell Dev. Biol. 2017, 72, 19-32, doi:10.1016/j.semcdb.2017.11.011.

Hasty, P.; Bradley, A.; Morris, ].H.; Edmondson, D.G.; Venuti, ].M.; Olson, E.N.; Klein, W.H. Muscle deficiency and neonatal
death in mice with a targeted mutation in the myogenin gene. Nature 1993, 364, 501-506, doi:10.1038/364501a0.

Nabeshima, Y.; Hanaoka, K.; Hayasaka, M.; Esumi, E.; Li, S.; Nonaka, I. Myogenin gene disruption results in perinatal lethality
because of severe muscle defect. Nature 1993, 364, 532-535, d0i:10.1038/364532a0.

Knapp, J.R.; Davie, ].K;; Myer, A.; Meadows, E.; Olson, E.N.; Klein, W.H. Loss of myogenin in postnatal life leads to normal
skeletal muscle but reduced body size. Development 2006, 133, 601-610, doi:10.1242/dev.02249.

Rudnicki, M.A,; Braun, T.; Hinuma, S.; Jaenisch, R. Inactivation of MyoD in mice leads to up-regulation of the myogenic HLH
gene Myf-5 and results in apparently normal muscle development. Cell 1992, 71, 383-390, doi:10.1016/0092-8674(92)90508-a.
Yamamoto, M.; Legendre, N.P.; Biswas, A.A.; Lawton, A.; Yamamoto, S.; Tajbakhsh, S.; Kardon, G.; Goldhamer, D.]. Loss of
MyoD and Myf5 in Skeletal Muscle Stem Cells Results in Altered Myogenic Programming and Failed Regeneration. Stem Cell
Rep. 2018, 10, 956-969, doi:10.1016/j.stemcr.2018.01.027.

Wang, C.; Liu, W.; Nie, Y.; Qaher, M.; Horton, H.E.; Yue, F.; Asakura, A.; Kuang, S. Loss of MyoD Promotes Fate Transdiffer-
entiation of Myoblasts into Brown Adipocytes. EBioMedicine 2017, 16, 212-223, doi:10.1016/j.ebiom.2017.01.015.

Lassar, A.B.; Davis, R.L.; Wright, W.E.; Kadesch, T.; Murre, C.; Voronova, A.; Baltimore, D.; Weintraub, H. Functional activity
of myogenic HLH proteins requires hetero-oligomerization with E12/E47-like proteins in vivo. Cell 1991, 66, 305-315,
doi:10.1016/0092-8674(91)90620-e.

Olson, E.N.; Perry, M.; Schulz, R.A. Regulation of muscle differentiation by the MEF2 family of MADS box transcription factors.
Dev. Biol. 1995, 172, 2-14, d0i:10.1006/dbi0.1995.0002.

Molkentin, J.D.; Black, B.L.; Martin, J.F.; Olson, E.N. Mutational analysis of the DNA binding, dimerization, and transcriptional
activation domains of MEF2C. Mol. Cell Biol. 1996, 16, 2627-2636, d0i:10.1128/mcb.16.6.2627.

Molkentin, J.D.; Black, B.L.; Martin, J.F.; Olson, E.N. Cooperative activation of muscle gene expression by MEF2 and myogenic
bHLH proteins. Cell 1995, 83, 1125-1136, d0i:10.1016/0092-8674(95)90139-6.

Lilly, B.; Zhao, B.; Ranganayakulu, G.; Paterson, B.M.; Schulz, R.A.; Olson, E.N. Requirement of MADS domain transcription
factor D-MEF2 for muscle formation in Drosophila. Science 1995, 267, 688-693, doi:10.1126/science.7839146.

Berkes, C.A.; Tapscott, S.J. MyoD and the transcriptional control of myogenesis. Semin. Cell Dev. Biol. 2005, 16, 585-595,
doi:10.1016/j.semcdb.2005.07.006.

McKinsey, T.A.; Zhang, C.L.; Olson, E.N. Control of muscle development by dueling HATs and HDACs. Curr. Opin. Genet. Dev.
2001, 11, 497-504, doi:10.1016/s0959-437x(00)00224-0.

Schiaffino, S.; Rossi, A.C.; Smerdu, V.; Leinwand, L.A.; Reggiani, C. Developmental myosins: Expression patterns and functional
significance. Skelet. Muscle 2015, 5, 22, doi:10.1186/s13395-015-0046-6.

Talbot, J.; Maves, L. Skeletal muscle fiber type: Using insights from muscle developmental biology to dissect targets for suscep-
tibility and resistance to muscle disease. Wiley Interdiscip. Rev. Dev. Biol. 2016, 5, 518-534, d0i:10.1002/wdev.230.

Pette, D.; Staron, R.S. Myosin isoforms, muscle fiber types, and transitions. Microsc Res. Tech. 2000, 50, 500-509, doi:10.1002/1097-
0029(20000915)50:6<500:: AID-JEMT7>3.0.CO;2-7.

Schiaffino, S.; Reggiani, C. Fiber types in mammalian skeletal muscles. Physiol. Rev. 2011, 91, 1447-1531,
doi:10.1152/physrev.00031.2010.

Acakpo-Satchivi, L.J.; Edelmann, W.; Sartorius, C.; Lu, B.D.; Wahr, P.A.; Watkins, S.C.; Metzger, ].M.; Leinwand, L.; Kucher-
lapati, R. Growth and muscle defects in mice lacking adult myosin heavy chain genes. J. Cell Biol. 1997, 139, 1219-1229,
doi:10.1083/jcb.139.5.1219.



Int. J. Mol. Sci. 2021, 22, 9327 16 of 18

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Nielsen, A.R.; Mounier, R.; Plomgaard, P.; Mortensen, O.H.; Penkowa, M.; Speerschneider, T.; Pilegaard, H.; Pedersen, B.K.
Expression of interleukin-15 in human skeletal muscle effect of exercise and muscle fibre type composition. J. Physiol. 2007, 584,
305-312, doi:10.1113/jphysiol.2007.139618.

Spinazzola, ].M.; Gussoni, E. Isolation of Primary Human Skeletal Muscle Cells. Bio Protoc. 2017, 7, doi:10.21769/BioProtoc.2591.
Shi, Y.; Inoue, H.; Wu, J.C.; Yamanaka, S. Induced pluripotent stem cell technology: A decade of progress. Nat. Rev. Drug Discov.
2017, 16, 115-130, doi:10.1038/nrd.2016.245.

Batista, T.M.; Jayavelu, A.K.; Wewer Albrechtsen, N.J.; Iovino, S.; Lebastchi, J.; Pan, H.; Dreyfuss, ].M.; Krook, A.; Zierath, ].R.;
Mann, M,; et al. A Cell-Autonomous Signature of Dysregulated Protein Phosphorylation Underlies Muscle Insulin Resistance
in Type 2 Diabetes. Cell Metab. 2020, 32, 844-859.e845, doi:10.1016/j.cmet.2020.08.007.

Yaffe, D.; Saxel, O. Serial passaging and differentiation of myogenic cells isolated from dystrophic mouse muscle. Nature 1977,
270, 725-727, d0i:10.1038/270725a0.

Yaffe, D. Retention of differentiation potentialities during prolonged cultivation of myogenic cells. Proc. Natl. Acad. Sci. USA
1968, 61, 477-483, d0i:10.1073/pnas.61.2.477.

Abdelmoez, A.M.; Sardon Puig, L.; Smith, J.A.B.; Gabriel, B.M.; Savikj, M.; Dollet, L.; Chibalin, A.V.; Krook, A.; Zierath, J.R;;
Pillon, N.J. Comparative profiling of skeletal muscle models reveals heterogeneity of transcriptome and metabolism. Am. J.
Physiol. Cell Physiol. 2020, 318, C615-C626, doi:10.1152/ajpcell.00540.2019.

Mahfouz, R.; Khoury, R.; Blachnio-Zabielska, A.; Turban, S.; Loiseau, N.; Lipina, C.; Stretton, C.; Bourron, O.; Ferré, P.; Foufelle,
F.; et al. Characterising the inhibitory actions of ceramide upon insulin signaling in different skeletal muscle cell models: A
mechanistic insight. PLoS ONE 2014, 9, 101865, doi:10.1371/journal.pone.0101865.

Robinson, M.M.; Sather, B.K.; Burney, E.R.; Ehrlicher, S.E.; Stierwalt, H.D.; Franco, M.C.; Newsom, S.A. Robust intrinsic differ-
ences in mitochondrial respiration and H. Am. ]. Physiol. Cell Physio.l 2019, 317, C339-C347, doi:10.1152/ajpcell.00343.2018.
Menconi, M.; Gonnella, P.; Petkova, V.; Lecker, S.; Hasselgren, P.O. Dexamethasone and corticosterone induce similar, but not
identical, muscle wasting responses in cultured L6 and C2C12 myotubes. ]. Cell Biochem. 2008, 105, 353-364,
doi:10.1002/jcb.21833.

DeFronzo, R.A.; Tripathy, D. Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care 2009, 32,
S$157-5163, doi:10.2337/dc09-S302.

Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action. Nat. Rev. Mol. Cell
Biol. 2006, 7, 85-96, d0i:10.1038/nrm1837.

Wong, C.Y.; Al-Salami, H.; Dass, C.R. C2C12 cell model: Its role in understanding of insulin resistance at the molecular level
and pharmaceutical development at the preclinical stage. . Pharm. Pharmacol. 2020, 72, 1667-1693, doi:10.1111/jphp.13359.
Mangnall, D.; Bruce, C.; Fraser, R.B. Insulin-stimulated glucose uptake in C2C12 myoblasts. Biochem. Soc. Trans. 1993, 21, 438S,
doi:10.1042/bst021438s.

Lawrence, J.C.; Piper, R.C.; Robinson, L.J.; James, D.E. GLUT4 facilitates insulin stimulation and cAMP-mediated inhibition of
glucose transport. Proc. Natl. Acad. Sci. USA 1992, 89, 3493-3497, doi:10.1073/pnas.89.8.3493.

Deshmukh, A.S. Insulin-stimulated glucose uptake in healthy and insulin-resistant skeletal muscle. Horm. Mol. Biol. Clin. Inves-
tig. 2016, 26, 13-24, doi:10.1515/hmbci-2015-0041.

Bryant, N.J.; Govers, R.; James, D.E. Regulated transport of the glucose transporter GLUT4. Nat. Rev. Mol. Cell Biol. 2002, 3, 267—
277, d0i:10.1038/nrm?782.

Takazawa, K.; Noguchi, T.; Hosooka, T.; Yoshioka, T.; Tobimatsu, K.; Kasuga, M. Insulin-induced GLUT4 movements in C2C12
myoblasts: Evidence against a role of conventional kinesin motor proteins. Kobe ]. Med. Sci. 2008, 54, E14-E22.

Beale, E.G. Insulin signaling and insulin resistance. |. Investig. Med. 2013, 61, 11-14, doi:10.2310/JIM.0b013e3182746£95.
Grzelkowska-Kowalczyk, K.; Wieteska, W. The impairment of IGF-I-stimulated protein synthesis and activation of protein ki-
nase B, p70(S6k), MAP kinase, and p90(rsk) in mouse C2C12 myogenic cells exposed to high glucose and high insulin. Pol. J.
Vet. Sci. 2005, 8, 241-250.

Nedachi, T.; Kadotani, A.; Ariga, M.; Katagiri, H.; Kanzaki, M. Ambient glucose levels qualify the potency of insulin myogenic
actions by regulating SIRT1 and FoxO3a in C2C12 myocytes. Am. |. Physiol. Endocrinol. Metab. 2008, 294, E668-E678,
doi:10.1152/ajpend0.00640.2007.

Russell, S.T.; Rajani, S.; Dhadda, R.S.; Tisdale, M.J. Mechanism of induction of muscle protein loss by hyperglycaemia. Exp. Cell
Res. 2009, 315, 16-25, doi:10.1016/j.yexcr.2008.10.002.

Turner, M.C.; Player, D.J.; Martin, N.R.W.; Akam, E.C.; Lewis, M.P. The effect of chronic high insulin exposure upon metabolic
and myogenic markers in C2C12 skeletal muscle cells and myotubes. ]. Cell Biochem. 2018, 119, 56865695, doi:10.1002/jcb.26748.
Huang, C.; Somwar, R.; Patel, N.; Niu, W.; Toérok, D.; Klip, A. Sustained exposure of L6 myotubes to high glucose and insulin
decreases insulin-stimulated GLUT4 translocation but upregulates GLUT4 activity. Diabetes 2002, 51, 2090-2098, doi:10.2337/di-
abetes.51.7.2090.

Boden, G. Role of fatty acids in the pathogenesis of insulin resistance and NIDDM. Diabetes 1997, 46, 3-10.

Roden, M.; Price, T.B.; Perseghin, G.; Petersen, K.F.; Rothman, D.L.; Cline, G.W.; Shulman, G.I. Mechanism of free fatty acid-
induced insulin resistance in humans. . Clin. Investig. 1996, 97, 2859-2865, d0i:10.1172/JCI118742.

Yang, M.; Wei, D.; Mo, C.; Zhang, J.; Wang, X.; Han, X.; Wang, Z.; Xiao, H. Saturated fatty acid palmitate-induced insulin
resistance is accompanied with myotube loss and the impaired expression of health benefit myokine genes in C2C12 myotubes.
Lipids Health Dis. 2013, 12, 104, doi:10.1186/1476-511X-12-104.



Int. J. Mol. Sci. 2021, 22, 9327 17 of 18

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Holland, W.L.; Brozinick, ].T.; Wang, L.P.; Hawkins, E.D.; Sargent, KM.; Liu, Y.; Narra, K.; Hoehn, K.L.; Knotts, T.A.; Siesky,
A.; et al. Inhibition of ceramide synthesis ameliorates glucocorticoid-, saturated-fat-, and obesity-induced insulin resistance. Cell
Metab. 2007, 5, 167-179, doi:10.1016/j.cmet.2007.01.002.

Dimopoulos, N.; Watson, M.; Sakamoto, K.; Hundal, H.S. Differential effects of palmitate and palmitoleate on insulin action
and glucose utilization in rat L6 skeletal muscle cells. Biochem. ]. 2006, 399, 473-481, d0i:10.1042/BJ20060244.

Ebersbach-Silva, P.; Poletto, A.C.; David-Silva, A.; Seraphim, P.M.; Anhé, G.F.; Passarelli, M.; Furuya, D.T.; Machado, U.F. Pal-
mitate-induced Slc2a4/GLUT4 downregulation in L6 muscle cells: Evidence of inflammatory and endoplasmic reticulum stress
involvement. Lipids Health Dis. 2018, 17, 64, d0i:10.1186/s12944-018-0714-8.

Hirabara, S.M.; Curi, R.; Maechler, P. Saturated fatty acid-induced insulin resistance is associated with mitochondrial dysfunc-
tion in skeletal muscle cells. . Cell Physiol. 2010, 222, 187-194, d0i:10.1002/jcp.21936.

De Alvaro, C.; Teruel, T.; Hernandez, R.; Lorenzo, M. Tumor necrosis factor alpha produces insulin resistance in skeletal muscle
by activation of inhibitor kappaB kinase in a p38 MAPK-dependent manner. |. Biol. Chem. 2004, 279, 17070-17078,
doi:10.1074/jbc.M312021200.

Nisr, R.B.; Shah, D.S.; Ganley, 1.G.; Hundal, H.S. Proinflammatory NFkB signalling promotes mitochondrial dysfunction in
skeletal muscle in response to cellular fuel overloading. Cell Mol. Life Sci. 2019, 76, 4887-4904, doi:10.1007/s00018-019-03148-8.
Funaki, M. Saturated fatty acids and insulin resistance. J. Med. Invest. 2009, 56, 88-92, d0i:10.2152/jmi.56.88.

Barma, P.; Bhattacharya, S.; Bhattacharya, A.; Kundu, R.; Dasgupta, S.; Biswas, A.; Roy, S.S. Lipid induced overexpression of
NF-kappaB in skeletal muscle cells is linked to insulin resistance. Biochim. Biophys. Acta 2009, 1792, 190-200,
doi:10.1016/j.bbadis.2008.11.014.

Caron, L.; Kher, D.; Lee, K.L.; McKernan, R.; Dumevska, B.; Hidalgo, A.; Li, J.; Yang, H.; Main, H.; Ferri, G; et al. A Human
Pluripotent Stem Cell Model of Facioscapulohumeral Muscular Dystrophy-Affected Skeletal Muscles. Stem Cells Transl. Med.
2016, 5, 1145-1161, doi:10.5966/sctm.2015-0224.

Joshi, R.L.; Lamothe, B.; Cordonnier, N.; Mesbah, K.; Monthioux, E.; Jami, J.; Bucchini, D. Targeted disruption of the insulin
receptor gene in the mouse results in neonatal lethality. EMBO ]. 1996, 15, 1542-1547.

Briining, J.C.; Michael, M.D.; Winnay, J.N.; Hayashi, T.; Horsch, D.; Accili, D.; Goodyear, L.J.; Kahn, C.R. A muscle-specific
insulin receptor knockout exhibits features of the metabolic syndrome of NIDDM without altering glucose tolerance. Mol. Cell
1998, 2, 559-569, d0i:10.1016/s1097-2765(00)80155-0.

Wang, B.; Chandrasekera, P.C.; Pippin, ].J. Leptin- and leptin receptor-deficient rodent models: Relevance for human type 2
diabetes. Curr. Diabetes Rev. 2014, 10, 131-145, doi:10.2174/1573399810666140508121012.

Turpin, S.M.; Ryall, ].G.; Southgate, R.; Darby, I.; Hevener, A.L.; Febbraio, M.A.; Kemp, B.E.; Lynch, G.S.; Watt, M.]. Examination
of ‘lipotoxicity’ in skeletal muscle of high-fat fed and ob/ob mice. J. Physiol. 2009, 587, 1593-1605, doi:10.1113/jphys-
101.2008.166033.

Yokota, T.; Kinugawa, S.; Hirabayashi, K.; Matsushima, S.; Inoue, N.; Ohta, Y.; Hamaguchi, S.; Sobirin, M.A.; Ono, T.; Suga, T.;
et al. Oxidative stress in skeletal muscle impairs mitochondrial respiration and limits exercise capacity in type 2 diabetic mice.
Am. ]. Physiol. Heart Circ. Physiol. 2009, 297, H1069-H1077, doi:10.1152/ajpheart.00267.2009.

Dice, ].F.; Walker, C.D.; Byrne, B.; Cardiel, A. General characteristics of protein degradation in diabetes and starvation. Proc.
Natl. Acad. Sci. USA 1978, 75, 2093-2097, doi:10.1073/pnas.75.5.2093.

Warmington, S.A.; Tolan, R.; McBennett, S. Functional and histological characteristics of skeletal muscle and the effects of leptin
in the genetically obese (ob/ob) mouse. Int. J. Obes. Relat. Metab. Disord. 2000, 24, 1040-1050, doi:10.1038/sj.ijo.0801357.

Bayley, J.S.; Pedersen, T.H.; Nielsen, O.B. Skeletal muscle dysfunction in the db/db mouse model of type 2 diabetes. Muscle
Nerve 2016, 54, 460-468, d0i:10.1002/mus.25064.

Wang, X.; Hu, Z;; Hu, J.; Du, J.; Mitch, W.E. Insulin resistance accelerates muscle protein degradation: Activation of the ubiqui-
tin-proteasome pathway by defects in muscle cell signaling. Endocrinology 2006, 147, 4160-4168, doi:10.1210/en.2006-0251.
Saltiel, A.R.; Kahn, C.R. Insulin signalling and the regulation of glucose and lipid metabolism. Nature 2001, 414, 799-806,
doi:10.1038/414799a.

Oliveros, E.; Somers, V.K.; Sochor, O.; Goel, K.; Lopez-Jimenez, F. The concept of normal weight obesity. Prog. Cardiovasc. Dis.
2014, 56, 426-433, doi:10.1016/j.pcad.2013.10.003.

Goldberg, L]. Lipoprotein lipase and lipolysis: Central roles in lipoprotein metabolism and atherogenesis. J. Lipid Res. 1996, 37,
693-707.

Kim, J.K,; Fillmore, J.J.; Chen, Y.; Yu, C.; Moore, LK.; Pypaert, M.; Lutz, E.P.; Kako, Y.; Velez-Carrasco, W.; Goldberg, L].; et al.
Tissue-specific overexpression of lipoprotein lipase causes tissue-specific insulin resistance. Proc. Natl. Acad. Sci. USA 2001, 98,
7522-7527, doi:10.1073/pnas.121164498.

Thyfault, J.P.; Booth, F.W. Lack of regular physical exercise or too much inactivity. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14,
374-378, d0i:10.1097/MCO.0b013e3283468e69.

Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev.
Endocrinol. 2018, 14, 88-98, doi:10.1038/nrend0.2017.151.

Venkatasamy, V.V.; Pericherla, S.; Manthuruthil, S.; Mishra, S.; Hanno, R. Effect of Physical activity on Insulin Resistance, In-
flammation and Oxidative Stress in Diabetes Mellitus. |. Clin. Diagn. Res. 2013, 7, 1764-1766, doi:10.7860/JCDR/2013/6518.3306.



Int. J. Mol. Sci. 2021, 22, 9327 18 of 18

137.

138.

139.

140.

141.

Reidy, P.T.; Lindsay, C.C.; McKenzie, A.L; Fry, C.S.; Supiano, M.A.; Marcus, R.L.; LaStayo, P.C.; Drummond, M.]. Aging-related
effects of bed rest followed by eccentric exercise rehabilitation on skeletal muscle macrophages and insulin sensitivity. Exp.
Gerontol. 2018, 107, 37-49, doi:10.1016/j.exger.2017.07.001.

Tanner, R.E.; Brunker, L.B.; Agergaard, J.; Barrows, K.M.; Briggs, R.A.; Kwon, O.S.; Young, L.M.; Hopkins, P.N.; Volpi, E.; Mar-
cus, R.L.; et al. Age-related differences in lean mass, protein synthesis and skeletal muscle markers of proteolysis after bed rest
and exercise rehabilitation. |. Physiol. 2015, 593, 4259—4273, d0i:10.1113/JP270699.

Mahmassani, Z.S.; Reidy, P.T.; McKenzie, A.IL; Stubben, C.; Howard, M.T.; Drummond, M.]. Disuse-induced insulin resistance
susceptibility coincides with a dysregulated skeletal muscle metabolic transcriptome. |. Appl. Physiol. 2019, 126, 1419-1429,
doi:10.1152/japplphysiol.01093.2018.

Ploug, T.; Ohkuwa, T.; Handberg, A.; Vissing, J.; Galbo, H. Effect of immobilization on glucose transport and glucose transporter
expression in rat skeletal muscle. Am. J. Physiol. 1995, 268, E980-E986, d0i:10.1152/ajpend0.1995.268.5.E980.

Stump, C.S.; Henriksen, E.J.; Wei, Y.; Sowers, ].R. The metabolic syndrome: Role of skeletal muscle metabolism. Ann. Med. 2006,
38, 389-402, doi:10.1080/07853890600888413.



