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Abstract 
ATGL is a key enzyme in neutral lipolysis, the process which provides free fatty acids by the 
breakdown of stored triglycerides. Mutations in the ATGL-gene are known to cause neutral lipid 
storage disease with myopathy (NLSDM) which is associated with several symptoms. A 
pronounced condition appearing in NLSDM patients is the appearance of intramuscular fat and 
the loss of skeletal muscle accompanied by progressing muscle weakness. The mechanism 
responsible for muscle atrophy is subject of current studies. 

First, we wanted to investigate whether ATGL deficiency impairs muscle cell differentiation, 
hence leading to insufficient supply of myofibers. Therefore, we applied ATGL gene silencing in 
a mouse myoblast cell line (C2C12). The performed differentiation studies in cell culture 
revealed that the decrement of physiological ATGL concentrations had no negative impact on 
myogenic differentiation of C2C12 cells. We furthermore intended to analyze the consequences 
of ATGL deficiency ex vivo in primary muscle stem cells of ATGL knockout mice. Therefore, we 
established a protocol for the isolation of primary cells. We succeeded in isolating and 
differentiating cells of wild-type, but unfortunately due to the lack of time and mice were not able 
to isolate cells from ATGL knockout mice. Since ageing is associated with muscular disorders, 
our second approach was to study the role of ATGL in muscle atrophy during ageing. Therefore, 
we wanted to elucidate whether old mice constitute a model for muscle damage. Hence, we 
analyzed muscle tissue for atrophy markers and fat accumulation. Interestingly, our results 
indicated that old mice possess healthy muscles without signs of degeneration, making them an 
invalid model to study ageing associated muscle atrophy. To overcome this obstacle, we 
performed glycerol injections into mouse muscles expecting muscle damage to occur, 
associated with the formation of intramuscular fat. We hypothesized that ATGL deficiency leads 
to impaired muscle regeneration and enhanced formation of adipocytes. However, we were not 
able to induce adipocyte formation in murine muscle. 

Taken together, our results indicate that ATGL is not mandatory for the differentiation of C2C12 
myoblasts to myocytes. We successfully established a protocol for the isolation and 
differentiation of primary myoblasts. Moreover, we found that 19-month-old mice do not show 
signs of muscle atrophy and hence are not suited to study ageing induced sarcopenia. 
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1 Introduction 

1.1 ATGL - a key player in neutral lipolysis 
Constant energy supply in mammals is warranted by a storing technique that incorporates 
triacylglycerols (TG) into intracellular lipid droplets (LD). During nutritional opulence LDs are 
stacked with hydrophobic TGs from food due to the process of lipogenesis. In times of nutritional 
deprivation and upon high energy demand, lipolysis releases energy-rich metabolites by the 
breakdown of stored TGs to fuel the organism (reviewed in (1)). 

1.1.1 The lipolytic cascade in triacylglycerol catabolism 
LD organelles filled mainly with TGs occur in almost all cell types, but are most abundant in 
adipocytes of adipose tissue (AT) (2). Besides TGs, the hydrophobic core in LDs consists of 
steryl esters (SE) in varying compositions, depending on the kind of cell (3). The phospholipid 
monolayer surrounding the aggregated lipids is associated with proteins especially of the 
perilipin family (2; 4). These perilipins, together with further proteins, stabilize the LD structure 
and regulate the TG breakdown. In fact, during lipolysis perilipins are crucial in governing 
enzymes that perform lipid hydrolysis in a cascade-like fashion, incrementally releasing free fatty 
acids (FFA) (Figure 1) (1). In general, adipose triglyceride lipase (ATGL) hydrolyses TG, 
producing one molecule diacylglycerol (DG) and one free fatty acid (FFA) (1). Subsequently, 
hormone sensitive lipase (HSL) cleaves off a second fatty acid residue, leading to a 
monoacylglycerol (MG) molecule (1). Finally, monoacylglycerol lipase (MGL) hydrolyzes MG into 
glycerol, releasing the third FFA (1).  

The expression of ATGL, the first enzyme in the lipolytic cascade is upregulated by fasting, 
glucocorticoids and peroxisome proliferator-activated receptor (PPAR) agonists (5; 6). Upon 
food intake and increased insulin levels the expression is downregulated (7). To gain full activity, 
ATGL has to be stimulated by its activator protein comparative gene identification-58 (CGI-58), 
also known as α/β-hydrolase domain-containing protein 5 (ABHD5) (8). Increasing hydrolysis of 
TGs up to 20-fold, CGI-58 itself seems incapable of performing hydrolytic enzyme reactions, 
despite an existing α/β hydrolase domain (8). This is in part due to the presence of an 
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asparagine instead of a catalytically active serine residue in the active site (9). More recently, a 
protein was identified that acts as counterpart to CGI-58 by inhibiting ATGL (10). G0G1 switch 
protein 2 (G0S2) contains a hydrophobic domain that is able to bind the patatin-like domain of 
ATGL (10). The interaction occurs independently of CGI-58 and results in an enzymatic 
inhibition (11). 

 

 

 

 

 

 

 

The fundamental process depicted in Figure 1 exemplifies the common scheme for the 
breakdown of TGs, however, the actual regulatory mechanism differs between adipose tissue 
and oxidative tissues (reviewed in (7)). In adipose tissue, CGI-58 is bound to perilipin-1 (Plin1) 
under unstimulated conditions and thereby localized to LDs (12). As a result, the activity of 
ATGL is low. β-adrenergic signaling leads to the activation of protein kinase A (PKA) (7). 
Subsequently, multiple phosphorylation of Plin1 performed by PKA enables CGI-58 to dissociate 
and interact with ATGL (13; 14). Thereby the system is shifted towards a stimulated state and 
the hydrolytic activity of ATGL increases. Besides Plin1, activated PKA also phosphorylates 
HSL, boosting the hydrolysis of DGs (15). To maintain full activity, HSL has to be bound by 
phosphorylated Plin1, which mediates LD association (16; 17; 18). MGL, the last enzyme in the 
lipolytic cascade is a member of the α/β hydrolase fold protein family (1). In addition to its pivotal 
role in hydrolysis of lipopytic MGs, MGL is an important regulator in endocannabinoid signaling 
by inactivating 2-arachidonoylglycerol (7). The mechanism regulating MGL activity is still under 
investigation. 

Figure 1: The intracellular lipolytic cascade with participating enzymes and molecules. Abbreviations: ATGL, 
adipose triglyceride lipase; DG, diaclyglycerol; FFA, free fatty acid; G, Glycerol; HSL, hormone-sensitive lipase; MG, monoacylglycerol; MGL, monoacylglycerol lipase; TG, triacylglycerol. 

 TG DG MG 

FFA FFA FFA 

G 
ATGL MGL HSL 
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In oxidative tissues like skeletal muscle, Plin1 is substituted by Plin5 (7). Plin5 is upregulated 
under fasting conditions and binds ATGL and CGI-58 (19; 20). This complex brings the proteins 
in close vicinity and allows them to interact (21). Since Plin5 localizes to LDs, it concentrates 
ATGL and CGI-58 at their place of action, resulting in increased TG hydrolysis (21). Because of 
the lack of Plin1 in oxidative tissue like skeletal muscle, a currently unknown mechanism is 
required to associate HSL with LDs. The activation of HSL is carried out by phosphorylation 
through PKA upon β–adrenergic stimulation and muscular exercise (22). 

It is now well established that FFAs released during lipolysis fulfill more functions than powering 
the organism through mitochondrial β-oxidation. FFAs provide ligands and ligand precursors for 
nuclear receptor transcription factors (TF), which regulate the expression in a variety of genes 
(7). Important lipid-activated TFs are the members of the PPAR family, which regulate genes in 
metabolic processes like lipogenesis, lipolysis and oxidative phosphorylation (7). Haemmerle 
and colleagues could show that impaired lipid signaling in ATGL knockout mice led to decreased 
expression of genes regulated by PPARα (23). ATGL knockout mice displayed severe cardiac 
lipid accumulation and mitochondrial dysfunction leading to cardiomyopathy due to reduced 
liberation of PPARα ligands by ATGL (23). Furthermore, Schreiber and colleagues showed that 
ATGL deficiency also leads to impaired PPARγ signaling, influencing lipogenesis in white 
adipose tissue (24). 

1.1.2 Adipose triglyceride lipase (ATGL) 
For a long time it was thought that HSL besides its activity towards DGs, also performs the first 
step in neutral lipolysis by hydrolyzing TGs. In 2004, the discovery of a new lipase was reported 
independently by three scientific groups (5; 25; 26). Due to its localization and action, the 
identified protein was named adipose triglyceride lipase (ATGL) (25). Furthermore, the enzyme 
is known as desnutrin (5), phospholipase A2ζ (26) and by its official name patatin-like 
phospholipase domain-containing protein A2 (PNPLA2) (27). It has now been established, that 
ATGL hydrolyzes TGs into DGs and FFAs, but does not show significant activity for MGs, DGs 
or SEs (25). Additionally, DG transacylase (26) and phospholipase (28) activity was detected to 
a minor extent in ATGL, but the physiological implications are still a subject of investigation. 

ATGL belongs to the patatin-like phospholipase domain containing protein family (27). A 
hallmark of this family is the patatin-like domain which is located at the N-terminus of ATGL 
(PNPLA2) (27). The patatin-like domain contains a Ser-Asp catalytic dyad and a conserved 
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GXSXG lipase motif (29). According to mutation studies, the catalytic serin 47 within the active 
site is crucial for the physiological function of the hydrolase (30). A hydrophobic stretch located 
to the C-terminal region is reported to be relevant in regulating enzyme activity and the 
association of ATGL with LDs (31; 32). 

The ATGL-gene, expressed in virtually all tissues (5; 25; 33; 34), is annotated as PNPLA2 in 
human and Pnpla2 in mouse encoding for an mRNA of 2.4 kb and 2.6kb respectively and a 504 
amino acid protein of 55 kDa in humans and a 486 amino acid protein of 54 kDa in mice (1). The 
highest gene expression was reported in white and brown adipose tissue, followed by testis, 
cardiac- and skeletal muscle (25).  

The importance of ATGL is evidenced in mice, where the enzyme has been genetically deleted 
(ATGL knockout). These mice show TG accumulation in almost all tissues and thus have 
increased body fat (35). Furthermore they suffer from severe cardiomyopathy leading to an early 
death about 12 weeks after birth (35). Mutations in the human ATGL-gene cause symptoms, 
similar to those of ATGL knockout mice, which are characteristics of neutral lipid storage disease 
with myopathy (NLSDM) (see1.1.3). 

1.1.3 Mutations in the ATGL-gene lead to severe diseases 
The importance of sufficient ATGL activity was first recognized, when ATGL knockout mice 
where characterized, displaying an unhealthy phenotype with a short lifespan (35). 
Characterization of patients suffering from lipid storage abnormalities with various symptoms 
revealed that humans are also affected by disturbed lipolytic capacity due to insufficient ATGL 
activity (reviewed in (36)).  

During early studies of diseases characterized by abnormal neutral lipid accumulation in several 
tissues, two distinct phenotypes became apparent. Besides commonly shared lipid-filled 
vacuoles in most tissue cells, some patients showed symptoms of a skin barrier defect called 
ichthyosis, whereas other patients showed severe myopathy in heart- and skeletal muscle (37). 
At first, these conditions where subsumed under the name neutral lipid storage disease (NLSD) 
(38). Associated with the disease are lipid filled vacuoles in leukocytes, known as Jordans’ 
anomaly, which can be used as diagnostic tool (39). Patients suffering from NLSD exhibit 
perturbed lipolysis due to inadequate hydrolysis of stored TGs. Further genetic analysis showed 
that the autosomal recessive disorder is caused by independent mutations in two genes. 
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Whenever mutations in the PNPLA2-gene occur, patients develop myopathy symptoms (40). 
Therefore this disorder was classified as neutral lipid storage disease with myopathy (NLSDM). 
Whenever mutations in the gene encoding for CGI-58 arise, patients suffer from a skin defect 
called ichthyosis (9). Congruously this disorder was classified as neutral lipid storage disease 
with ichthyosis (NLSDI). 

Until now, approximately 44 patients are reported to suffer from NLSDM caused by different 
mutations in the PNPLA2-gene leading to a malfunctioning protein (41). Besides deletions and 
duplication mutations, also single-nucleotide transversions have been identified (36). In many 
cases these mutations lead to an early terminated translation due to premature stop codons 
caused by frameshifts or nonsense mutations (36). A considerable proportion of mutations are 
located at the C-terminal region of the patatin domain (36). The resulting protein is truncated, 
lagging the hydrophobic C-terminus, and therefore fails to bind LDs properly (32). More recent 
studies also reported missense mutations in the patatin domain leading to insufficient enzyme 
activity with proper LD binding (42). Furthermore, NLSDM patients were characterized exhibiting 
truncated ATGL proteins that lost amino acid residues of the patatin domain (43). It can be 
assumed that hydrolytic capacities of the truncated protein are completely eliminated. Recently, 
Pasanisi and colleagues could identify a NLSDM patient with a completely deficient ATGL 
protein, predicted to consist of only 14 amino acid residues (41). 

Since there are numerous mutations causing the disorder with diversified severity, the onset of 
NLSDM can vary drastically. Late onsets at an age of over 60 years are described, as well as 
onsets during early youth, resulting in a median age of 30 years (44). In all cases TGs 
accumulate in many tissues and organs, especially in those of cardiac- and skeletal muscle (36). 
By mechanisms which are yet unknown, the accumulation of lipids is connected to skeletal 
muscle weakness and myopathy. Decreasing muscle strength limits motor skills and restricts 
mobility. Considering cardiac TG aggregation, the affliction is more serious due to manifestations 
of severe cardiomyopathy (36), in some cases referred to as cardiomyovasculopathy (TGCV) 
(45). Pronounced malfunction can become a life-threatening event requiring heart 
transplantation. Interestingly, NLSDM patients are not obese. About 30% develop diabetes and 
about 50% liver disorders such as hepatomegaly or liver steatosis (36) (44). In contrast to 
NLSDI, ichthyosis never occurs in NLSDM patients (44). Neurological disorders usually only 
appear in NLSDI, but in one case of NLSDM cognitive impairment was reported (46), suggesting 
brain involvement can’t be ruled out in NLSDM patients.   
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1.2 Skeletal muscle 
Body movements and visceral actions requiring any form of motility are facilitated by the 
muscular system. The contractile tissues of this organ are classified into three types, according 
to their structure, function and mode of action. Smooth muscle tissue is responsible for the 
stabilization and motile actions of visceral organs like the gastrointestinal tract, blood vessels 
and respiratory tract. Smooth muscles are innervated by the autonomic nervous system and 
therefore involuntary muscles. A similar statement can be made for cardiac muscles. Cells of 
this tissue regulate their contractility autonomously by a region called the sinu-atrial node. 
Cardiac muscles belong to the striated muscles and only appear in the heart. The third major 
muscle tissue type is the skeletal muscle (reviewed in (47)). In contrast to cardiac muscle, 
skeletal muscle is a striated muscle voluntarily controlled. Furthermore, skeletal muscle is 
distributed across the whole body. It is a dynamic organ with essential functions in physical 
health and mobility. 

1.2.1 Skeletal muscle structure 
Skeletal muscle provides the power necessary for the body to move by a contracting mechanism 
which shortens the muscle length upon energy consumption. To translate the contraction force 
into a movement, the muscles are attached to bones of the skeleton via collagenous fibers 
known as tendons. The entity responsible for muscle contraction is the myofiber, which 
corresponds to the muscle cell (myocyte). These specialized cells are of an elongated shape 
and contain multiple nuclei. Grouped myofibers enveloped by a connective tissue sheet 
(perimysium) are called fascicles. Fascicles are further clustered together to constitute the 
muscle, which is also coated by a connective tissue sheet (epimysium). Muscles contain a 
pronounced blood vessel network to cope with the high nutrition and oxygen demand. 
Furthermore, the myofibers within the fascicles are innervated by nerves of the somatic nervous 
system at specialized synapses called neuromuscular end-plate. This allows muscle groups to 
perform coordinated contractions upon signals from the brain. 

The plasma membrane of myofibers, also known as sarcolemma, is surrounded by a basal 
membrane which is associated with a connective tissue sheet (endomysium). Protein complexes 
within myofibers anchored to the cell wall perform the contraction reaction. These complexes 
known as myofibrils, consist of sarcomere subunits connected end-to-end. Sarcomeres mainly 
consist of actin and myosin protein members that perform the shortening reaction by an ATP 
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driven mechanism. During this process, actin and myosin proteins slide along each other, 
shortening the length of the sarcomere and subsequently of the muscle. Alpha-actinin is an 
important protein stabilizing actin in the sarcomeric complex. 

Myofibers mainly derive from a muscle stem cell population called satellite cells (see 1.2.2) 
(reviewed in (48)). These cells rest in a quiescent state between the sarcolemma and the basal 
membrane (48). During embryogenesis, post-natal muscle growth and upon repair responses, 
these cells get activated, start to differentiate and fuse to multinucleated muscle fibers (49). 
Besides satellite cells, muscle side population (SP) cells, PW1+ interstitial cells, mesangioblasts 
and pericytes were also shown to possess myogenic potential (49). However, the contribution of 
these cells to in vivo muscle development is still under investigation. 

Myofibers are classified into different types according to diverse characteristics. Depending on 
their main source of energy, myofibers preferably using fatty acids, are known as oxidative fibers 
due to aerobic β-oxidation. Slow twitch or type-I myofibers are other common terms. These 
fibers are more resistant to fatigue and therefore mainly occur in muscles which require high 
endurance capabilities. Those muscle fibers depending heavily on breakdown of carbohydrates 
are classified as glycolytic fibers. They are also referred to as type-II or fast twitching fibers. In 
contrast to type-I, the anaerobic burst-like mode of action results in rapid fatigue of type-II fibers. 
Because of further differences and intermediate variants, sub classifications are sometimes 
applied. Since muscles of different locations are confronted with different challenges, they have 
a diverse fiber type composition which can be altered to a certain degree by resistance training. 

It should also be mentioned that skeletal muscle possesses further critical functions in body 
homeostasis. In cold conditions, fast muscle contractions known as shivering provide heat to 
maintain a physiological body temperature. In times of malnutrition and fasting, crucial 
metabolites like amino acids and carbohydrates can be retrieved from skeletal muscle stores to 
supply the organism (50). 

1.2.2 Satellite cells are muscular stem cells 
Skeletal muscle development and regeneration are based on a specific cell population with stem 
cell features (reviewed in (49)). According to their location between sarcolemma and basal 
membrane, they were named satellite cells (51). Satellite cells have stem cell characteristics due 
to their capability of self-renewal, which allows them to replenish the cell pool of their niche (49). 
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This ensures multiple rounds of skeletal muscle regeneration where the demand for satellite 
cells, which reconstitute injured muscles, is high (49).  

Under unstimulated conditions satellite cells remain in a quiescent (G0) resting state expressing 
the paired box transcription factor Pax7 (52). Pax 7 is thought to be a key component in 
regulating the myogenic program, together with other myogenic regulatory factors (MRFs). It is 
assumed that Pax7 maintains the quiescent state by impeding the action of MRFs which 
promote differentiation by a reciprocal inhibition mechanism (53). Further studies have showed 
that Pax7 is the canonical marker for satellite cells (52). The labeling of surface proteins laminin 
and M-cadherin by immunofluorescent techniques, allows fluorescence microscopy of satellite 
cells located to myofibers (54). 

Upon receiving signals, such as released mitogens from damaged muscles, satellite cells are 
activated, enter the cell cycle and start to proliferate (55). An early TF upregulated during the 
myogenic differentiation is myogenic factor 5 (Myf5) (56). Interestingly, Myf5 is already present 
in 90% of quiescent satellite cells to a certain degree (57). Therefore Myf5 appearance seems to 
mark myogenic commitment, which is further substantiated by the accompanied expression of 
MyoD (58). Together, these TFs are characteristic orchestrators of activated satellite cells, which 
proliferate and subsequently turn into myoblasts (see Figure 2) (49). Pax7 on the contrary, gets 
downregulated as the differentiation progresses (53). After limited rounds of proliferation, the 
terminal differentiation of myoblasts towards myotubes goes along with the up regulation of TFs 
myogenin (MyoG) and Mrf4, (59). During this late phase, myoblasts fuse to each other or to 
existing myotubes, leading to the formation of polynucleated myotubes (49). In vivo they are 
referred to as myofibers. 

Satellite cells in cell culture were shown to spontaneously differentiate into multiple 
mesenchymal lineages (49). Besides the differentiation towards myocytes, they turned into 
adipocytes and osteocytes (60). Whether adipogenic and osteogenic differentiation of satellite 
cells also occurs in vivo can be doubted, since recent studies have found a different cell type 
likely to account for white adipocyte formation. Due to their fibrogenic and adipogenic potential, 
these cells were named fibro/adipogenic progenitors (FAP) (61; 62). Whenever the integrity of 
the environment these cells reside in is disturbed, FAPs differentiate into adipocytes (see 1.2.3). 
Further studies could finally exclude that white adipocytes found in skeletal muscle were derived 
from satellite cells. Lineage tracing has shown that these adipocytes had never expressed the 
transcription factor Pax3, which invariably occurs during satellite cell development (63). 
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To investigate myogenic differentiation in cell culture, C2C12 cells constitute an appropriate 
model. This adherent mouse myoblast cell line is derived from myogenic cells isolated by Yaffe 
and Saxel (64). The subclone, which is now commercially available was produced by Blau et al. 
(65) and has the capability to differentiate into myotubes, which express muscle specific 
proteins. Concerning myogenic lineage, C2C12 cells exhibit a more committed myoblast state 
than satellite cells, accompanied by the expression of associated TFs. Recent studies reported 
that C2C12 cells express the transcriptional co-activator PGC-1α, which promotes the myogenic 
differentiation towards type-I myofibers (66). This led to the assumption that differentiated 
C2C12 myotubes show muscle fiber type-I characteristics. 

 
 

 

 

 

 

 

 

 

1.2.3 Physiological and non-physiological skeletal muscle dysfunctions 
Skeletal muscle diseases are events that disturb physiological muscle integrity and function to 
various degrees. The symptoms can range from weak cramps that barely affect everyday life to 
severe muscle degeneration with life-threatening respiratory disorders causing premature death. 
Whenever a disease impairs the function of muscle fibers resulting in muscle weakness, the 
disorder is referred to as myopathy. Besides reduced muscle strength, symptoms of myopathy 
comprise stiffness, cramps and tetany. 

satellite cell myoblast myotube 

Myf5 
MyoD 

Mrf4 
MyoG 

Figure 2: Myogenic differentiation states of satellite cells. Activated satellite cells up regulate Myf5 and MyoD 
and turn into myogenic committed myoblasts. Myoblasts express Mrf4 and MyoG while fusing to each other or to 
existing myotubes. As a result polynucleated myotubes, also known as myofibers, appear. Abbreviations: Myf5, 
myogenic factor 5; MyoD, myogenic differentiation 1; Mrf4, myogenic regulatory factor 4; MyoG, myogenin 
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Most myopathies are classified based on the different factors that cause them. Metabolic 
myopathies are the result of abnormalities in the lipid, carbohydrate, nucleotide or mitochondrial 
metabolism of the muscle (reviewed in (67)). In cases of a misguided immune defense system, 
skeletal muscle can become the focus of the immune response which then causes chronic 
muscle inflammation. These inflammatory myopathies are therefore the result of a systemic 
autoimmune disease (reviewed in (68)). Whenever drug intake or the uptake of a toxin causes 
morbid conditions in skeletal muscle, they are referred to as toxic myopathies (reviewed in (69)). 
Pathological mechanisms and symptoms of toxic myopathies are manifold, depending on the 
incorporated substance. Many myopathies caused by genetic mutations are summarized under 
the term muscular dystrophy. Muscular dystrophies are characterized by a progressive 
degeneration of skeletal muscle associated with histological changes and alterations in muscle 
fiber dimensions, mostly induced by mutations in structural muscle proteins (reviewed in (70)). In 
the case of duchenne muscular dystrophie (DMD), a more prevalent dystrophy form, muscle 
integrity is disturbed by mutations in the gene of the structural protein dystrophin, resulting in 
quickly progressing muscular weakness (reviewed in (71)). Further myopathy variants, some of 
minor prevalence, are described in the literature.  

Skeletal muscle weakness is not predominantly associated with severe muscle diseases. In fact, 
the age-related muscle loss accompanied by locomotive disabilities; the major characteristics of 
sarcopenia, is a very common syndrome (reviewed in (72)). Sarcopenia is characterized by 
muscle atrophy leading to muscle weakness (72). The condition is primarily a result of physical 
inactivity and malnutrition, often triggered by further diseases and therefore mainly associated 
with the elderly (72). During the progression of the disease, the muscle tissue gets substituted 
by fat tissue which constitutes the intramuscular adipose tissue (IMAT) (73). IMAT is a common 
sign of muscle degeneration, characterized by the formation of white adipocytes within the 
interstitium of skeletal muscle (reviewed in (74)).  

A key feature of the muscle system is the capacity to regenerate damaged areas by the fusion of 
muscle stem cells (see 1.2.2). In situations where the regeneration process is corrupted by 
diseases, ectopic fat tissue arises within the muscles forming IMAT (reviewed in (73)). The exact 
mechanism behind the fatty infiltration is still under investigation, however, the main cell type 
differentiating into white adipocytes was found recently. These PDGFRα expressing FAPs seem 
to be a crucial cell population maintaining a healthy muscle status under physiological conditions 
(61; 62; 63). Whenever a disease adversely changes the interstitial milieu of the muscle, FAPs 
get stimulated to reprogram their fate and differentiate towards white adipocytes. The emergent 
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muscular fat is far from being considered inert. It is rather recognized as an active hormone-
secreting entity which influences the local muscle milieu, impinging its myogenic capacity. 

To study muscular damage and regeneration mechanisms, intramuscular adipocyte formation is 
artificially induced by the application of chemical substances into the skeletal muscle. The 
injected chemicals harm the tissue and trigger a regeneration response. Depending on the 
substance employed, adipocytes are formed in a certain amount after the healing process is 
completed. These injections can be performed in genetically modified mice, where the 
magnitude of fatty infiltration can be determined by the size of the ectopic fat area. The 
information assessed allows conclusions regarding the genetic background and its influence on 
degenerative processes to be drawn. Cardiotoxin and notexin are frequently used to induce 
muscle damage yielding only minor adipocyte amounts. More promising is the recently 
established glycerol injection model (75). The glycerol which is hereby injected, induces 
myofiber necrosis by disrupting the cell membrane (75). In the following 3 weeks regeneration 
processes reconstitute the original muscle structure, accompanied by white adipocyte 
development toward the end (75). Three month-old mice were reported to develop a fat area of 
up to 5% within the skeletal muscle, when the glycerol approach is applied (75). 

1.2.4 ATGL in skeletal muscle 
As one would expect, ATGL is exclusively expressed in type-I myofibers (76). These oxidative 
cells depend heavily on the liberation of FFAs by ATGL, since fatty acids are the main 
metabolites fueling mitochondrial beta-oxidation. As already mentioned, aerobic energy 
production is the hallmark of type-I fibers. NLSDM patients suffering from ATGL deficiency 
develop a noticeable metabolic myopathy with progressing muscle weakness, especially in the 
limbs (36; 77). In severe cases, decreased muscle strength disables patients to raise arms over 
the horizontal position (42). The characteristic lipid accumulation found in most tissues of the 
body, is very pronounced in myocytes of NLSDM patients (78).  

The mechanism behind the muscle weakness in individuals suffering from NLSDM is still under 
investigation. A recent study linked disturbances in lipid signaling upon ATGL decrement with 
signs of muscular degeneration (79). Aquilano and colleagues were able to show that skeletal 
muscles of 80-week-old mice display characteristics of muscle damage which goes along with 
decreased ATGL expression (79). They found reduced antioxidative capacity due to ATGL 
deficiency to be responsible for muscle degeneration (79). 
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Unpublished data by Matthijs Hesselink’s1 group has shown intriguing effects of ATGL deficiency 
on human satellite cells. They have been able to show that satellite cells isolated from NLSDM 
patients via muscle biopsy possess severely impaired myogenic differentiation properties. 
Fluorescence microscopy revealed that these cells remained in a roundish shape upon 
myogenic induction, whereas control cells formed characteristic myotubes. Since satellite cells 
are described as the cell population used as a key source during the development of 
regenerative muscle tissue, these differentiation disturbances could be the reason for muscle 
atrophy in patients suffering from NLSDM. 

  

                                                
1 Matthijs Hesselink, Diabetes and Metabolism Research Group, Maastricht University, Netherlands 
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2 Aim of the study 

The aim of the study was to investigate the impact of ATGL deficiency on skeletal muscle 
integrity. Patients suffering from mutations in the ATGL-gene develop myopathies with 
pronounced muscle atrophy, leading to muscular weakness (36). To elucidate whether the 
differentiation of myocytes is impaired upon reduced ATGL activity, we performed differentiation 
studies in a mouse myoblast cell line (C2C12) expressing or not expressing ATGL. Furthermore, 
we aimed to establish a protocol to isolate primary muscle stem cells from mice and analyze 
their differentiation potential. Since aged humans show symptoms of muscular dysfunction, we 
investigated whether this also translates into old mice which would make them a proper model 
for muscular disorders. Finally, we attempted to implement a muscle regeneration model in 
which intramuscular glycerol injection results in adipocyte formation to investigate whether ATGL 
affects muscle cell regeneration. 
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3 Materials 

3.1 Media 
Dulbecco's Modified Eagle Medium high glucose 
(DMEM high glucose, Gibco by life technoligies, Carlsbad, USA) 
4.5 g/l glucose 
100 U/ml penicillin/ 100 μg/ml streptomycin 
0.5 µg/ml puromycin 
 
For cell growth: 20% FCS 
For myogenic media: 2% FCS  
For adipogenic induction media: 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM 
rosiglitazone, 0.5 mM IBMX 

For adipogenic maintenance media: 10% FCS, 10 µg/ml insulin, 2 µM rosiglitazone 
 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 GlutaMAXTM 
(DMEM/F-12 + GlutaMAXTM, Gibco by life technologies, Carlsbad, USA) 
100 U/ml penicillin/ 100 μg/ml streptomycin 
100 µg/ml primocine 
 
For cell growth: 20% FCS 
For myogenic media: 2% FCS 
For adipogenic media: 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM rosiglitazone,    
0.5 mM IBMX 
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3.2 Buffers and Solutions 
1x PBS   (pH 7.3)   
140 mM NaCl  
2.7 mM KCl  
10 mM Na 2 HPO 4   
1.8 mM KH 2 PO 4   
 

PBT 
0.1% Triton X-100 in 1x PBS 
 

1000x protease inhibitor (Pi)  
20 mg leupeptin  
2 mg antipain  
1 mg pepstain  
1 ml DMSO  
sterile filtered 
 

1x TAE buffer  (pH 7.2) 
40 mM Tris/HCl   
50 mM EDTA  
7 % glacial acetic acid   
 

1x TST  (pH 7.4) 
50 mM Tris/HCl   
0.15 M NaCl  
0.1% Tween 20 
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4x lower buffer  (pH 8.8) 
0.5 M Tris 
0.4% SDS stored at 4°C 
 

4x upper buffer  (pH 6.8) 
0.5 M Tris stored at 4°C 
 

4x SDS loading buffer  (pH 6.8) 
0.2 M Tris   
10% β-mercaptoethanol  
8% SDS   
40% glycerin  
bromophenol blue (tip of a spatula)   
 

Coomassie staining solution 
50% ethanol  
7.5% from 80% acetic acid  
0.25% Coomassie brilliant blue R250 
 

Coomassie destaining solution 
10% from 80% acetic acid  
30% methanol 
 

Agarose 1% 
300 ml ddH 2 O  
3g agarose  
6ml 50x TAE  
20µl ethidium bromide 
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CAPS transfer buffer  (pH11) 
10 mM CAPS 
10% methanol 
 

DEPC water  
1ml diethylpyrocarbonate in 1L H2O 
 

RNA loading dye 

48% formamide 
9% 10 x MOPS 
6% formaldehyde 
31% DEPC H2O 
5% sterile glycerol 
1% ethidium bromide (10 mg/ml) 
 

10x SDS-PAGE running buffer 

200 mM Tris 
1.6 M glycine 
0.83 % SDS 
 

 

3.3 Cell lines and primary cells 
All cultured cells were grown in 175 cm² cell culture flasks containing denoted Media. The 
cultivation was carried out in incubators at 7% CO2, 37°C and 95% air humidity. To avoid 
contaminations and maintain sterility, for all treatments a “laminar flow” was used. 
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C2C12 cells with a lentiviral ATGL knockdown 

C2C12 cells are a adherent growing myoblast cell line derived from mouse muscles. The cells 
used in the experiments were obtained from a previous student of Dr. Martina Schweiger who 
generated cells with a knockdown of the ATGL gene (PNPLA2) by using a lentiviral system to 
introduce small interfering RNA (siRNA). Four different cell clones containing different siRNA 
sequences were used for the experiments. Two clones were transfected with scrambled siRNA 
sequences and therefore used as controls. The other two clones were transfected with two 
different siRNA sequences designed to specifically silence the ATGL-gene by RNA interference 
(RNAi). For cultivation, DMEM high glucose media with 20% FCS, 1% penicillin/streptomycin 
mix and 0.5 µg/ml puromycin was used. 

 

Primary mouse satellite cells 

The primary muscle stem cells isolated from mouse gastrocnemius and tibialis anterior muscles 
were cultured in DMEM/F-12 + GlutaMAXTM media containing 20% FCS, 1% 
penicillin/streptomycin mix and 100 µg/ml primocine. 

 

3.4 Mice 
C57BL/6J mice with a homozygous ATGL-deficient Atgl (-/-) genotype were generated as 
described by Haemmerle et al. (35). The mice were kept at a 14-hour light 10-hour dark cycle in 
a pathogen free animal facility with free access to a standard chow diet (4.5% w/w fat). 
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3.5 Primers 
Table 1: Primers for qRT-PCR. The Primers used for quantitative real-time Polymerase chain reaction (qRT-PCR) 
are listed with their nucleotide sequence. 

Primer Sequence 

Pax7 Fwd: 5- GACGACGAGGAAGGAGACAA-3‘ 

Rev: 5- ACATCTGAGCCCTCATCCAG-3‘ 

MHC2B Fwd: 5'- AGTCCCAGGTCAACAAGCTG -3' 

Rev: 5'- TTTCTCCTGTCACCTCTCAACA -3' 

MyoD Fwd: 5'- ACTTTCTGGAGCCCTCCTGGCA -3' 

Rev: 5'- TTTGTTGCACTACACAGCATG -3' 

FABP4/aP2 Fwd: 5'-AAGGTGAAGAGCATCATAACCCT-3' 

Rev: 5'-TCACGCCTTTCATAACACATTCC-3' 

SCD1 Fwd: 5'-CCTGCGGATCTTCCTTATCATT-3' 

Rev: 5'-GTGGGCGCGGTGATCTC-3' 

PPARg2 Fwd: 5'-CCAGAGCATGGTGCCTTCGCT-3' 

Rev: 5'-CAGCAACCATTGGGTCAG-3' 

Col1a2 Fwd: 5' AAGGGTGCTACTGGACTCCC 3' 

Rev: 5' TTGTTACCGGATTCTCCTTTGG3' 

ATGL Fwd: 5’- GAGACCAAGTGGAACATC -3’ 

Rev: 5’- GTAGATGTGAGTGGCGTT -3’ 
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Atrogin Fwd: 5'- CTTTCAACAGACTGGACTTCTCGA -3 

Rev: 5'- CAGCTCCAACAGCCTTACTACGT -3 

Murf-1 Fwd: 5'- AGTGTCCATGTCTGGAGGTCGTTT -3 

Rev: 5'- ACTGGAGCACTCCTGCTTGTAGAT -3 

 

 

 

3.6 Antibodies 
Table 2: Antibodies for western blot analysis and fluorescence microscopy. Primary and secondary antibodies 
are listed. 

Primary antibody Secondary antibody 

Anti-ATGL 1:1000, 5% milk in 1x TST Anti-rabbit HRP conjugated goat IgG (Vector  
Laboratories), 1:10000, 5 % milk in 1x TST 

Anti-LC3B, 1:1000; 5% BSA in 1x TST Anti-rabbit HRP conjugated goat IgG (Vector  
Laboratories), 1:10000, 5 % milk in 1x TST 

Anti-GAPDH (Cell signaling), 1:10000, 
5% milk in 1x TST 

Anti-rabbit HRP conjugated goat IgG (Vector  
Laboratories), 1:10000, 5 % milk in 1x TST 

Anti-Pax7 (Sigma), 1:2000, 1% BSA in PBT Anti-mouse Rhodamine labeled IgG (GE 
healthcare) 1:1000, 1% BSA in PBT 

Anti-α-Actinin (Cell singaling), 1:25, 1% BSA in 
PBT 

Anti-rabbit DyLight® 488 labeled IgG (Thermo 
Fisher), 1:1000, 1% BSA in PBT 
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3.7 Standards 
The Precision Plus ProteinTM All blue Standards (Bio-Rad Laboratories Inc., Hercules, USA) was 
used for western blot analysis. 

 
Figure 3: Bio-Rad Precision Plus ProteinTM All blue Standards. 

 

3.8 Kits 
•  Bio-Rad Laboratories, Inc (Hercules, USA)  

- Bio-Rad Protein Assay Dye Reagent Concentrate (Bradford assay)  

•  Thermo Fisher Scientific Inc. (Waltham, USA)  

- Pierce™ ECL Western Blotting Substrate kit 
- InfinityTM Triglycerides Liquid Stable Reagent 
- PierceTM BCA Protein Assay Kit 
- High-Capacity cDNA Reverse Transcription Kit 
- Maxima SYBR Green/ROX qPCR Master Mix  



Methods 
 

22 
 

4 Methods 

4.1 Cell culture 

4.1.1 Cultivation and harvesting of C2C12 cells 
Cultivation of C2C12 cells 

Cells were grown in 175 cm² culture Flasks containing DMEM high glucose media (+ 20% FCS, 
+ 100 µg/ml penicillin and 100 µg/ml streptomycin, + 0.5 µg/ml puromycin) till they reached a 
confluence of about 90%. Then, the cells where washed with 1x PBS, detached using 0.05% 
Trypsin-EDTA solution (Invitrogen – Life Technologies, Carlsbad, USA) and centrifuged for 3 
min at 1200 g after some media was added. The cell pellet was resuspended in media and the 
cells were counted using a Neubauer cell counting chamber (Brand GmbH & Co. KG, Wertheim, 
Germany). Cell suspension was seeded in 6-well plates at a concentration of 70 000 cells per 
well. When cells achieved confluence, media was shifted towards myogenic and adipogenic 
differentiation media. Throughout cultivation, media was changed every other day. Cells for 
fluorescence microscopy were seeded in x-well chambers. 

 

Harvesting of C2C12 cells 

Cells where washed two times with 1x PBS before 200 µl ice-cold PBS + Pi was administered to 
each well. The cells where detached with a cell-scraper, transferred into a 1.5 ml tube and 
centrifuged for 10 min at 800 g. After the supernatant was removed, the cell pellet was stored at 
-20°C. 

4.1.2 Cultivation and harvesting of satellite cells 
Cultivation of satellite cells 

The cultivation procedure of satellite cells equates to the routine denoted for C2C12 cells (see 
4.1.1), except for the applied media. For cell growth DMEM/F-12 + GlutaMAXTM (+ 20% FCS, + 
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100 µg/ml penicillin and 100 µg/ml streptomycin, 100µg/ml primocine) media was used. Further, 
satellite cells were grown on gelatin coated flasks and plates. The coating was done by 
incubating cell culture devices for 1 hour with 0.2% Gelatin solution Type B (Sigma-Aldrich, St. 
Louis, USA) in a laminar flow hood. Afterwards, the solution was removed and the devices air 
dried in the hood. Coated devices were stored at 4°C. 

 

Harvesting of satellite cells 

The cells were washed with 1x PBS two times before 1 ml of TRIzol® (Thermo Fisher Scientific 
Inc, Waltham, USA) was added to each well. After 2 minutes of incubation, the suspension was 
transferred into a 1.5 ml tube and stored at -20°C. 

 

4.2 Determination of gene expression on mRNA level 

4.2.1 RNA isolation of C2C12 cells 
To isolate RNA from C2C12 cells, 1 ml TRIzol® (Thermo Fisher Scientific Inc, Waltham, USA) 
was added to the cell pellet. After using a pipette to dissolve the cells, 100 µl bromchloropropan 
was administered and the suspension was mixed vigorously, followed by 10 minutes of 
incubation at room temperature. Centrifugation at 12000 g for 15 min at 4°C was applied to 
separate the phases. The upper phase was collected in a 1.5 ml tube and mixed with 500 µl 
isopropanol, followed by a second 10 minute incubation at room temperature. After a 10 minute 
centrifugation at 12000 g and 4°C the supernatant was discarded and the pellet washed with 
600 µl 75% Ethanol in DEPC water. The pellet was dried at room temperature and solved in 30 
µl DEPC water. 

The RNA concentration was determined by measuring 2 µl RNA solution with the NanoDrop 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). The samples were diluted to 
a concentration of 200 ng/µl. Five µl solution were taken, mixed with 1 µl RNA loading dye and 
run on a 1.5% Agarosegel. The run was performed for 15 minutes at 80 Volt to compare 
concentrations and to check for RNA degradation. 
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4.2.2 RNA isolation of satellite cells 
The isolation was performed as denoted for C2C12 cells (see 4.2.1). Since the cells were 
already dissolved in TRIzol, the isolation was initiated by the addition of bromchloropropan. 

4.2.3 RNA isolation of tissue samples 
RNA was isolated from one spatula tip of tissue powder. The frozen tissue was powderized on 
dry ice using a pistil which was frequently cooled by liquid nitrogen. After adding 1 ml TRIzol to 
the tissue powder in a 2 ml tube, a T 10 basic ULTRA-TURRAX (IKA, Staufen, Germany) was 
used for 10 seconds on level 3 to homogenize the sample. The following steps were performed 
as specified for the isolation from C2C12 cells (see 4.2.1). 

4.2.4 cDNA synthesis by reverse transcription 
The first step in the transcription of mRNA into cDNA was the ablation of DNA by DNase 
digestion. Therefore 5 µl from 200 ng/µl RNA solution was mixed with 5 µl DNase mastermix 
containing 1 µl DNase enzyme (1U/µl), 1 µl 10x buffer and 3 µl DEPC water. After 15 minutes of 
incubation at 25°C 1 µl EDTA solution was added and the samples were heated at 65°C for 10 
minutes. Samples were kept on ice between all experimental steps. 

For the reverse transcription step 10 µl of the DNase digested sample was mixed with 10 µl 
reverse transcription mastermix containing 2 µl 10x reverse transcriptase buffer, 0.8 µl 25x 
dNTP (100 mM), 2 µl 20x random primer, 3.2 µl DEPC water, 1 µl RNase inhibitor (4 U/µl), 1 µl 
reverse transcriptase enzyme. This was done in PCR-strips which were then used to perform a 
PCR in the Thermocylcer (Bio-Rad Laboratories Inc., Hercules, USA) with the following protocol: 

1. Initiation step: 10 min, 25°C  
2. Reverse transcription step: 120 min, 37°C  
3. Denaturation step: 5 min, 85°C  
4. Cooling: hold, 4°C  
 

The cDNA was diluted 1:5 with Nuclease-Free Water. 
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4.2.5 Quantitative real-time PCR (qRT-PCR) 
For the quantitve measurement of gene expression, 4µl cDNA was added to 16 µl qRT-PCR 
mastermix containing 10 µl Maxima SYBR Green/ROX qPCR Master Mix, 1 µl forward primer 
(10 pmol), 1µl reverse primer (10 pmol) and 4 µl Nuclease-Free Water. This was done in 96-well 
PCR Plates (Bio-Rad Laboratories Inc., Hercules, USA) which were sealed and analyzed in a 
Bio-Rad C1000TM Thermal Cycler with CFX96TM Real-Time System (Bio-Rad Laboratories Inc., 
Hercules, USA) applying the following protocol: 

1. Initial step 1: 2 min, 50°C  
2. Initial step 2: 10 min, 95°C  
3. Melting: 15 sec, 95°C  
4. Annealing & extension: 1 min, 60°C  
5. 40x repeat of steps 3 & 4  
6. Final extension: 1.5 min, 95°C 
 

 

4.3 Determination of Lipid content 

4.3.1 Lipid isolation of C2C12 cells 
The cells were washed three times with 1x PBS before 500 µl ice-cold (-20°C) hexane-
isopropanol (3:2) was added to each well of a 6-well plate. After 10 minutes of incubation at 
room temperature the liquid phase was transferred into a 1.5 ml Tube. These steps were 
repeated for two times before the collected lipid solution was dried under nitrogen. After washing 
the lipid remains with 500 µl of chloroform they were again dried under nitrogen. The dried lipids 
were dissolved in 300 µl 2% Triton X-100 in ddH2O. 

4.3.2 Lipid isolation of tissue samples 
Lipids were isolated from two spatula tips of tissue powder. Therefore the frozen tissue was 
powderized on dry ice using a pistil which was frequently cooled by liquid nitrogen. At first, 200 
µl 1x PBS, than 1.5 ml Folch solution (chloroform/methanol 2:1) was added to the tissue powder. 
The suspension was homogenized with a T 10 basic ULTRA-TURRAX (IKA, Staufen, Germany) 



Methods 
 

26 
 

4-times within 30 minutes, followed by 15 minutes of incubation at 21°C and 900 rpm in a 
Thermomixer (Eppendorf AG, Hamburg, Germany). Centrifugation at 3500 g for 10 minutes 
yielding a phase separation facilitates to take the lower phase by generating a small hole in the 
bottom of tube. This was done with a hot needle. 500 µl of the collected lower phase was 
transferred in a new tube and evaporated under nitrogen. The dried lipids were dissolved by 
adding 300 µl 2% Triton X-100 in ddH2O, followed by sonication with a Misonix sonicator 
(Misonix, Farmingdale, USA) for 10 seconds on Amplitude 1. 

4.3.3 Infinity triglyceride assay 
To measure TG content, 20 µl of isolated lipid samples or standards were mixed with 150 µl 
InfinityTM Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific Inc., Waltham, USA) in a 
96-well plate and incubated for 10 minutes at 37°C. The readout was performed at 492 nm with 
a Biotrak II Plate reader (Amersham Biosciences, Cambridge, UK). Glycerol Standard Solution 
(Sigma-Aldrich, St. Louis, USA) was diluted with 2% Triton X-100 in ddH2O and used as 
standard. Double determinations were done for each sample and the standard. 

 

4.4 Measuring Protein level 

4.4.1 Protein isolation of tissue samples 
Protein was isolated from two spatula tips of tissue powder. Therefore the frozen tissue was 
powderized on dry ice using a pistil which was frequently cooled by liquid nitrogen. At first 200µl 
1x PBS, than 1.5 ml Folch solution (chloroform/methanol 2:1) was added to the tissue powder. 
The suspension was homogenized with a Ultra-Turrax 4- times within 30 minutes, followed by 15 
minutes of incubation at 21°C and 900 rpm in a Thermomixer. Centrifugation at 3500 g for 10 
minutes yielding a phase separation allowed to take the protein cake by discarding all liquid 
phases. The protein cake was dried at 90°C for 1 hour in the Thermomixer. Afterwards, the 
protein was dissolved in 500µl SDS/NaOH (0.2%/0.1N) for 2 hours at 60°C and 1000 rpm. 
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4.4.2 Protein isolation of C2C12 cells 
The cell pellet was dissolved in 200 µl 1x PBS + Pi on ice and centrifuged for 5 minutes at 4°C 
and 1000 g. Afterwards, the cells were sonicated with a Misonix sonicator (Misonix, 
Farmingdale, USA) for 10 seconds on Amplitude 1, followed by a 10 minute centrifugation at 4°C 
and 1000 g. 200 µl of the supernatant were transferred into a new 1.5 ml tube. 

4.4.3 BCA protein assay 
The protein concentration in SDS/NaOH (0.2%/0.1N) dissolved samples was determined using 
the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, USA). 20 µl sample 
or standard were mixed with 200 µl BCA solution in a 96-well plate and incubated for 30 minutes 
at 37°C. The readout was performed at 562 nm with a Biotrak II Plate reader (Amersham 
Biosciences, Cambridge, UK). BSA (2 mg/ml) was diluted with SDS/NaOH (0.2%/0.1N) and 
used as standard. Double determinations were done for each sample and the standard. 

4.4.4 Bradford assay 
To determine the protein concentration of samples dissolved in 1x PBS +Pi, the Protein Assay 
Dye Reagent Concentrate (Bio-Rad, Hercules, USA) was used. In a 96-well plate 20 µl sample 
or standard were mixed with 200 µl Bradford solution and the readout was performed at 620 nm 
with a Biotrak II Plate reader (Amersham Biosciences, Cambridge, UK). BSA (2 mg/ml) was 
diluted with 1x PBS + Pi and used as standard. Double determinations were done for each 
sample and the standard. 

4.4.5 SDS-PAGE 
To separate the proteins according to their size, a sodium dodecyl sulfate (SDS) - 
polyacrylamide gel electrophoresis (PAGE) was performed. The gel was constituted by a 
stacking gel and a separation gel. At first the separation gel was prepared by filling the 
separation gel solution (see Table 3) between a glas plate and a aluminum silicate plate. These 
plates were separated by spacers and fixed by clamps. Finally butanol was placed on top to 
avoid evaporation. After hardening, the stacking gel solution (see Table 3) was added and slots 
were generated by inserting a comb. The gel was used 30 minutes later. 
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For the separation in the gel, the samples (see. 4.4.1 and 4.4.2) were diluted according to the 
concentrations determined in the assays to achieve a protein amount of 50 µg (see 4.4.3 and 
4.4.4). 4x SDS loading buffer containing β-mercaptoethanol was added to the protein samples 
and heated for 10 minutes at 95°C and 300 rpm. After placing the gel in the gel stand, the 
construct was covered with SDS-PAGE running buffer and the samples were loaded into the 
slots using a Hamilton syringe. 5 µl of the Precision Plus Protein All Blue Standard (Bio-Rad 
Laboratories Inc., Hercules, USA) was loaded as standard. The electrophoresis was performed 
with 20 mA per gel for about 80 minutes, till the running front reached the bottom end. 

 

Table 3: Components of the separating and the stacking gel. 

Components 10% separating gel solution 
(40 ml) 

5% stacking gel solution 
(5 ml) 

ddH2O 16.4 ml 2.95 ml 
4x upper buffer - 1.25 ml 
4x lower buffer 10.0 ml - 

30% acryl amide 13.2 ml 0.75 µl 
10% SDS 400 µl 50 µl 

Tetramethylethylendiamin 
(TEMED) 

36 µl 6.5 µl 

10% ammonium persulfate 
(APS) 

108 µl 20 µl 

0.5% Bromphenol blue - 3 µl 
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4.4.6 Western blot 
Blotting and sandwich construction 

The gel containing the SDS-PAGE separated proteins was blotted onto a polyvinylidene fluoride 
membrane (Roti®-PVDF, pore size 0.45 µm; Carl Roth GmbH, Karlsruhe, Germany). Therefore 
the stacking gel was removed and separating gel was placed on a filter paper, which was put on 
a sponge. This was done in 1x CAPS transfer buffer. The PVDF membrane was saturated with 
methanol and placed on the gel. A second filter paper and a second sponge were placed on the 
PVDF membrane and the construct was transferred into a blot chamber, filled with 1x CAPS 
transfer buffer. The blotting was performed at 200 mA and 600 Volt for 65 minutes. 

 

Blocking and antibody detection 

After the proteins where transferred onto the PVDF membrane, the membrane was blocked with 
10% dry milk powder in 1x TST at 4°C overnight. In the following step, the membrane was 
incubated for 1 hour with the primary antibody at room temperature before it was washed three 
times with 1x TST for 10 minutes. Then the membrane was incubated with the secondary 
antibody for 1 hour at room temperature. Afterwards, the membrane was again washed three 
times with 1x TST for 10 minutes and the antibody was detected with the Pierce™ ECL Western 
Blotting Substrate kit (Thermo Fisher Scientific Inc., Waltham, USA). The membrane was 
incubated with the ECL solution for 2 minutes in a dark room before it was placed in a cassette 
and covered with a photo film. The incubation time in the closed cassette depended on the 
intensity of the signal. The film was then transferred into a developing solution, washed with 
water and fixed in fixation solution. To remove all remains of the solutions, the membrane was 
again washed with water. 

 

Coomassie Blue staining 

The membrane was transferred into Coomassie staining solution for five seconds, followed by 
15 minutes destaining in Coomassie destaining solution. Thereafter, the membrane was dried 
under the vent. 
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4.5 Fluorescence microscopy of C2C12 cells 
The cells cultured in 8-well chamber slides were conserved in formaldehyde solution till used for 
fluorescence microscopy. Therefore the cells were washed 3 times with 1x PBS and incubated 
with 4% formaldehyde in 1x PBS for 20 minutes at room temperature. Then, the washing steps 
were repeated and the cells stored in 1xPBS at 4°C. 

After the fixation, cells were incubated with 0.1% Triton X-100 in PBS for 10 minutes at room 
temperature. Then the cells were washed with 0.1% Tween-20 in PBS (PBT) for 10 minutes at 
room temperature. This was repeated two times, before the cells were blocked with 1% BSA in 
PBT at 4°C for 1 hour. The primary antibody was diluted in 1% BSA in PBT and added overnight 
at 4°C. Afterwards, four 10 minutes wash cycles with PBT were carried out, before 1% BSA in 
PBT was added to block for 15 minutes at room temperature. The fluorescent labeled secondary 
antibody was diluted in 1% BSA in PBT and added for 1 hour at room temperature. After three 
10 minute wash cycles with PBT, the cells were covered with PBS and the fluorescence 
microscopy was performed using a Leica SP5 confocal microscope with a Leica HCX 63x 1.4 
NA objective.  
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5 Results 

5.1 The influence of ATGL on C2C12 myoblast differentiation in cell culture 
To investigate whether ATGL has an influence on C2C12 differentiation, we used lentiviral 
silenced C2C12 myoblasts and applied myogenic and adipogenic differentiation protocols. The 
cells were analyzed by determining expression levels of marker genes. Furthermore lipid levels 
were measured to check for TG accumulation due to ATGL ablation. Finally cell morphology 
during myogenic differentiation was observed by fluorescence microscopy. 

5.1.1 Confirmation of the lentiviral ATGL knockdown in C2C12 myoblasts 
We obtained different C2C12 clones which were stably infected with different lentiviral siRNA 
constructs targeting ATGL. To determine the knockdown efficiency of the different siRNA 
constructs ATGL expression was analyzed by western blot analysis and qRT-PCR. The protein 
levels (Figure 4 A & B) revealed, that siRNA constructs introduced into clone 774 and clone 777 
showed the most powerful result, with a knockdown of over 95% compared to clones 002 and 
016 which were infected with scrambled sequences and therefore used as control. Since clones 
775, 776 and 511 showed higher ATGL protein levels, they were excluded from further 
experiments. These were then performed with clones 774 and 777. 

Since silencing effects can be altered during different cell phases like differentiation, we 
surveilled mRNA levels in the chosen clones during 6 days of myogenic differentiation by qRT-
PCR analysis (Figure 5). The results showed that ATGL expression in control cells increased 
over 3-fold during the differentiation. Cells of clone 774 kept a proper ATGL knockdown over the 
6 day time period, whereas mRNA level of clone 777 cells rose close to 2-fold when compared 
to the control on day 1. This implicated that further studies were able to draw a correlation 
between the ATGL amount and the subsequent changes, given that clone 777 displayed a 
silencing effect which remained between the ATGL level of the control and the ATGL level of 
clone 774.  
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Figure 4: The ATGL protein level of lentiviral silenced C2C12 cells shows a strong knockdown for clones 774 and 777. The western blot analysis (A) was performed of undifferentiated C2C12 cells which were infected with 
lentivirus encoding for different siRNAs. Clones 002 and 016 transfected with different scrambled sequences were 
used as Control. Clones 774, 775, 776, 777 and 511 were transfected with different siRNA sequences which specifically silence ATGL gene expression. 50 µg protein lysate was used for western blot analysis. Protein transfer 
was confirmed by Coomassie Blue staining of the membrane. Scanning of the blots and image analysis using Quantity One® 1-D analysis software revealed a knockdown of over 95% for clones 774 and 777 (B). 
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Figure 5: ATGL gene expression in clone 774, clone 777 and the control during 6 days of myogenic differentiation. After ATGL silenced C2C12 cells were grown till density, the DMEM high glucose media containing 
20% FCS was replaced by a 2% FCS media to induce myogenic differentiaton. Cells were harvested at indicated time 
points and analyzed for ATGL mRNA expression by qRT-PCR (normalized to 1).  
 

5.1.2 Myogenic differentiation properties of ATGL silenced C2C12 myoblasts 
ATGL silenced C2C12 myoblasts were seeded in 6-well plates containing DMEM high glucose 
media with 20% FCS to study myogenic differentiation properties. After reaching confluence, the 
media was changed to DMEM high glucose media containing 2% FCS (myogenic induction 
media) to induce myogenic differentiation. The cells were harvested at days 0,2,4,6 and 8 of 
differentiation. Since the clones 774 and 777 behaved identical during myogenic differentiation 
studies the results were combined and referred to as “ATGL knockdown”. 

 

mRNA levels of differentiation markers 

One approach to determine the myogenic differentiation abilities of ATGL silenced C2C12 cells 
was to analyze the mRNA amount of specific genes which can be considered as markers for 
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myogenic or adipogenic differentiation. Primers for MHC2B, MyoD and Pax7 were used for qRT-
PCR analysis to confirm myogenic differentiation.  

As shown in Figure 6, mRNA levels of structural protein MHC2B and the myogenic transcription 
factor MyoD increased during differentiation, evidencing a successful myogenic differentiation for 
wild type and knockdown cells. MHC2B, a structural protein in the sarcomeres, increased about 
3500-fold in silenced cells compared to the control on day 0 (Figure 6 A). This increase is about 
twice as high as the increase seen in the control, indicating a higher potential towards myogenic 
differentiation in ATGL knockdown cells. With a 3.5- fold increase, MyoD levels in ATGL silenced 
clones rise higher than the control clones which displayed a 2.5-fold gain (Figure 6 B). Despite a 
short increase, Pax7 gene expression has reached its basal level in C2C12 myoblasts, since the 
levels did not drop further than the initial value (Figure 6 C). 

To clarify whether adipocytes were formed during the myogenic differentiation, aP2/FABP4 and 
PPARγ2 mRNA levels were determined. The results show that aP2/FABP4 levels did not 
change in control cells or in ATGL knockdown cells (Figure 7), leading to the conclusion that no 
adipocytes were formed. PPARγ2 mRNA was below the detection limit, confirming the 
assumption. 
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Figure 6: Expression levels of myogenic marker genes MHC2B, MyoD and Pax7 during 8 days of myogenic differentiation. After the C2C12 cells were grown to confluence, the DMEM high glucose media containing 20% FCS 
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was replaced by a 2% FCS media to induce myogenic differentiation. At indicated time points the cells were harvested and the mRNA level was determined (normalized to 1) using Primers for MHC2B (A), MyoD (B) and Pax7 (C) genes 
in qRT-PCR analysis. Error bars represent standard error of the mean, n=2. *p < 0.05. 
 

 

 
Figure 7: Gene expression of adipogenic marker aP2/FABP4 during 8 days of myogenic differentiation. After 
the C2C12 cells were grown to confluence, the DMEM high glucose media containing 20% FCS was replaced by a 
2% FCS media to induce myogenic differentiation. At indicated time points the cells were harvested and the mRNA level was determined (normalized to 1) using Primers for aP2/FABP4 gene in qRT-PCR analysis. Error bars represent 
standard error of the mean, n=2. 
 

 

TG levels of myogenic differentiated cells 

To check whether ATGL knockdown in C2C12 cells leads to lipid accumulation during 
differentiation, like reported for ATGL knockout mouse tissue (35), TG content was measured. 
ATGL knockdown was associated with a 3-fold increase in cellular TGs levels as compared to 
control cells (Figure 8).  
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Figure 8: TG levels in myogenic differentiated C2C12 cells. After the C2C12 cells were grown to confluence, the 
DMEM high glucose media containing 20% FCS was replaced by a 2% FCS media to induce myogenic differentiation. 
Lipid was isolated with hexane-isopropanol (3:2) after 8 days in culture and quantified using InfinityTM Triglycerides Liquid Stable Reagent. Error bars represent standard error of the mean, n=3. **p < 0.01. 
 

Fluorescence microscopy of myogenic differentiated cells 

Fluorescence microscopy was applied to study morphological differences between C2C12 cells 
depending on ATGL expression levels. In particular we focused on alterations during myogenic 
differentiation. For that purpose, C2C12 cells were grown in 8-well chamber slides and myogenic 
induction media was used to induce differentiation. Fixation of the cells was done on day 1,4 and 
6 after induction. To follow cell development, anti-α-Actinin and anti-Pax7 antibodies were used 
to detect specific markers of myogenic differentiation. Fluorescence microscopy pictures were 
taken using a confocal laser scanning microscope. Clone 002 was chosen as a representative 
control sample, whereas clone 774 was chosen to represent C2C12 cells silenced for ATGL.  

The pictures taken during different stages of differentiation show no difference in morphology 
between the cell samples (Figure 9). Both exhibit a roundish shape on day 1 when the overlay 
pictures are considered. With regard to day 4, both control and knockdown samples show tube 
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like structures and an increased α-Actinin signal. Even more so on day 6, supporting the notion, 
that ATGL knockdown doesn’t negatively affect myogenic C2C12 differentiation. A gain in α-
Actinin during myogenic differentiation is expected, since plenty of sarcomeres arise. Pax7 
protein amount obviously has reached its minimal level in C2C12 myoblasts and thus doesn’t 
decline any further. 
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Figure 9: Fluorescence microscopy pictures of myogenic differentiated C2C12 cells. Clone 002 was chosen as 
a representative control sample (Control), whereas clone 774 was chosen to represent C2C12 cells silenced for ATGL 
(ATGL knockdown). After the C2C12 cells grown in 8-well chamber slides reached confluence, DMEM high glucose 
media containing 20% FCS was replaced by a 2% FCS media to induce myogenic differentiation. At indicated time 
points cells were fixed with formaldehyde, followed by antibody treatment and confocal fluorescence microscopy. 
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5.1.3 Adipogenic differentiation properties of ATGL silenced C2C12 myoblasts 
After we could show that reduced ATGL levels had no negative impact on myogenic 
differentiation of C2C12, the experimental setup was modified to elucidate adipogenic 
differentiation capabilities. For this purpose, C2C12 were seeded in 6-well plates and grown in 
DMEM high glucose media with 20% FCS. After reaching confluence, the media was substituted 
by adipogenic induction media consisting of DMEM high glucose media with 10% FCS, 10 µg/ml 
insulin, 1 µM dexamethasone, 2 µM rosiglitazone and 0.5 mM IBMX. On day 4 the adipogenic 
induction media was replaced by adipogenic maintenance media consisting of DMEM high 
glucose media with 10% FCS, 10 µg/ml insulin and 2 µM rosiglitazone. As in the previous setup, 
cells were harvested at days 0,2,4,6 and 8 of differentiation. Unlike during myogenic 
differentiation, the clones 774 and 777 behaved unequal while adipogenic differentiation was 
performed. This required a discrete analyzation of the data. Therefore both clones are 
mentioned separately. 

 

mRNA levels of differentiation markers 

Since adipogenic Protein 2 (aP2/FABP4) increases during adipocyte formation, this marker was 
surveilled during adipogenic differentiation. As shown in Figure 10 A, mRNA level increased over 
2000-fold in cells of clone 774, implying a greater adipogenic differentiation capability than the 
control, which increased its aP2/FABP4 mRNA about 1000-fold. With an 500-fold increase clone 
777 couldn’t reach the levels of control.  

To verify the adumbrations, stearoyl-CoA desaturase-1 (SCD1) levels were analyzed (Figure 10 
B). SCD1 expression increases during adipocyte formation, where the enzyme is involved in lipid 
synthesis. The data showed a replication of the previous trend. Clone 774 increased SCD1 
expression 15-fold, whereas the control accomplished a 5-fold gain over the 8 day period. 
Therefore the knockdown clone displays a superior adipogenic differentiation capability. Clone 
774 showed a lower (4-fold) increase in SCD1 mRNA expression than the control. 

Finally the course of PPARγ2 expression was determined during differentiation (Figure 10 C). 
This TF is an important regulator for the differentiation of adipocytes. Regarding the results, all 
clones in the experiment showed a clear peak at day 4 with a 120-fold increase for clone 774, a 
50-fold for the control and a 15-fold for clone 777. This pattern matches the one previously 
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observed for markers aP2/FABP4 and SCD1. The summarized results show that all adipogenic 
markers increase during differentiation. This strongly indicates that at least some cells turned 
into white adipocytes during the adipogenic differentiation procedure. 

Since morphological evaluation of the cultured cells clearly presented myogenic tubes during 
adipogenic differentiation, we also checked myogenic markers. As illustrated in Figure 11 A, 
MHC2B mRNA level increase for clone 774 (25000-fold), clone 777 (17000-fold) and control 
(14000-fold). As with PPARγ2, the trend shows a peak at day 4.  

The trend seen in MHC2B is reflected by the expression of MyoD (Figure 11 B), which rose at 
day 4 up to 5.5-fold for clone 774, 6- fold for clone 777 and about 3.5-fold for the control. The 
tremendous increase of myogenic marker expression indicates that a significant part of the cells 
grown in adipogenic media still fullfill the myogenic cell fate. 
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Figure 10: Gene expression of adipogenic marker genes aP2/FABP4, SCD1 and PPARγ2 during 8 days of 
adipogenic differentiation. After the C2C12 cells were grown to confluence, the DMEM high glucose media 
containing 20% FCS was replaced by adipogenic induction media containing 10% FCS, 10 µg/ml insulin, 1 µM 
dexamethasone, 2 µM rosiglitazone and 0.5 mM IBMX. After four days the media was replaced by adipogenic 
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maintenance media containing 10% FCS, 10 µg/ml insulin and 2 µM rosiglitazone. The mRNA level was determined (normalized to 1) by qRT-PCR analysis using Primers for aP2/FABP4 (A), SCD1 (B) and PPARγ2 (C) genes after 
cells were harvested at indicated time points. Error bars represent standard error of the mean, n=3. *p < 0.05. **p < 
0.01. 
 

 
Figure 11: Gene expression of myogenic marker genes MHC2B and MyoD during 8 days of adipogenic 
differentiation. After the C2C12 cells were grown to confluence, the DMEM high glucose media containing 20% FCS 
was replaced by adipogenic induction media containing 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM 
rosiglitazone and 0.5 mM IBMX. After four days the media was replaced by adipogenic maintenance media containing 
10% FCS, 10 µg/ml insulin and 2 µM rosiglitazone. At indicated time points the cells were harvested and the mRNA level was determined (normalized to 1) using Primers for MHC2B (A) and MyoD (B) genes in qRT-PCR analysis. 
Error bars represent standard error of the mean, n=3. *p < 0.05. 
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TG levels of adipogenic differentiated cells 

As observed for the myogenic differentiation, ATGL silencing also leads to increased TG 
accumulation in adipogenic differentiated C2C12 cells with even higher values (Figure 12). By 
aggregating nearly 80 nmol TG per mg Protein, clone 774 accumulates about twice as much as 
the control (43 nmolTG/mg Protein). Clone 777 ranged between clone 774 and the control with 
58 nmol TG per mg Protein. 

 

 
Figure 12: TG levels in adipogenic differentiated C2C12 cells. After the C2C12 cells were grown to confluence, 
the DMEM high glucose media containing 20% FCS was replaced by adipogenic induction media containing 10% 
FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM rosiglitazone and 0.5 mM IBMX. After 4 days the media was 
replaced by adipogenic maintenance media containing 10% FCS, 10 µg/ml insulin and 2 µM rosiglitazone. Lipid was isolated with hexane-isopropanol (3:2) after 8 days in culture and analyzed using InfinityTM Triglycerides Liquid Stable Reagent. Error bars represent standard error of the mean, n=3. **p < 0.01; ***p < 0.001. 
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5.2 Isolation and differentiation of primary satellite cells from wild type and 
ATGL knockout mice 

After we investigated the impact of ATGL silencing in a muscle cell line, we focused on primary 
cells. Therefore we set up a protocol to isolate satellite cells from mouse muscle with the effort to 
differentiate the obtained cells either into adipocytes or myocytes. We intended to isolate 
satellite cells not only from wild type mice, but also from ATGL knockout mice, to check their 
differentiation properties. Due to the lack of time and mice, we were not able to properly isolate 
cells from ATGL knockout mice. Therefore, the differentiation studies could only be performed in 
satellite cells of wild type mice. 

5.2.1 Establishing a protocol to isolate satellite cells from mouse musculus tibialis 
anterior and musculus gastrocnemius 

To obtain skeletal muscle samples, 4-week-old C57BL/6J mice were sacrificed. The skin was 
removed from the hindlimbs and tibialis anterior muscles (TA) and gastrocnemius muscles (GC) 
were taken. The muscles were placed on a petri dish wetted with pre-warmed DMEM/F-12 + 
GlutaMAXTM. Tendons and connective tissue were removed under the light microscope before 
the muscles were chopped into small pieces (about 3 mm³). The muscle pieces of each mouse 
were pooled in a 15 ml tube containing 3 ml DMEM/F-12 + GlutaMAXTM. The tube was kept on 
37°C till all muscles were collected. 

At first, the suspension was pelleted by centrifuging with 50 g for 30 seconds at room 
temperature to collect the tissue pieces. The supernatant was removed and 5 ml DMEM/F-12 + 
GlutaMAXTM with 0.14% pronase from Streptomyces griseus (Sigma-Adlrich, St. Louis, USA) 
was added to loosen the cells. After 10 minutes of incubation with frequent mixing, the tissue 
pieces were centrifuged with 400 g for 30 seconds at room temperature. Afterwards, the 
supernatant mainly containing fibroblasts was discarded and 5 ml DMEM/F-12 + GlutaMAXTM 
with 20% FCS and 2% UltroserTM G (Pall, Port Washington, USA) was added to the pellet. A 
sterile 5 ml pipette was used to loosen the cells out of the tissue pieces, by passing the 
suspension 20 times vigorously through the pipette tip. Centrifugation at 400 g for 30 seconds 
generated the supernatant containing satellite cells. The supernatant was transferred into a 50 
ml tube where 25 ml DMEM/F-12 + GlutaMAXTM with 20% FCS and 2% UltroserTM G was 
present. The cycle was repeated two times from the point where fresh DMEM/F-12 + 
GlutaMAXTM media with 20% FCS and 2% UltroserTM G was added to the tissue pieces. 
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Afterwards, the supernatant was combined with the supernatant from the previous cycle in the 
50 ml tube. After three rounds the collected cell suspension was passed through a sterile 70 µm 
cell strainer into a new 50 ml tube, followed by centrifugation for 5 minutes at 400 g and room 
temperature. The supernatant was discarded and the cell pellet was resuspended in 10 ml 
DMEM/F-12 + GlutaMAXTM with 20% FCS and 2% UltroserTM G. After a final centrifugation for 5 
minutes at 400 g and room temperature, the supernatant was removed again. The pellet was 
resuspended in 100 µl DMEM/F-12 + GlutaMAXTM with 20% FCS and 2% UltroserTM G. 

10 µl of the cell suspension were counted under the light microscope, using a Neubauer cell 
counting chamber (Brand GmbH & Co. KG, Wertheim, Germany). Only refractive cells with 
roundish shape were counted. Cells were seeded in gelatin coated 12-well plates at a density of 
5000 cells per well. The provided DMEM/F-12 + GlutaMAXTM with 20% FCS and 2% UltroserTM 
G media was changed every other day. Figure 13 shows a picture taken from isolated cells. 
Many satellite cells have differentiated into myotubes upon high density or the altered 
environment lacking regulatory factors. To avoid the differentiation and increase the satellite cell 
purity, a clonally expansion was performed. 

For this purpose, the cells were washed with 1x PBS and detached using Gibco® Trypsin-EDTA 
(Thermo Fisher Scientific Inc., Waltham, USA). To stop trypsinization after 30 seconds, some 
media was added. The cell solution was transferred into a tube and centrifuged for 3 minutes at 
400 g. After the supernatant was removed, the cell pellet was resuspended in DMEM/F-12 + 
GlutaMAXTM with 20% FCS and 2% UltroserTM. In the next step cells were counted using a 
Neubauer cell counting chamber. The cells were then diluted and seeded into gelatin coated 96-
well plates. To end up with clonal satellite cells, the dilution was performed in a way, that 
statistically only one cell is seeded into a well. The growth was monitored till wells appeared that 
contained single satellite cells colonies. These cells were propagated in gelatin coated 12-well 
plates. To prevent confluence they were transferred to coated 6-well plates in the next step. 
Afterwards, they were cultured in coated flasks. When cells reached higher densities in 175 cm² 
flasks, they were seeded into coated 6-well plates and the differentiation experiments were 
performed. 

The isolation with the denoted protocol was done with wild type and ATGL knockout mice. 
During the experiment only the wild type cells engrafted properly and could be propagated 
further. Satellite cells isolated from knockout mice didn’t expand and were therefore overgrown 
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by fibroblast. Hence, the differentiation experiment could only be performed with satellite cells 
isolated from wild type mice. 

 

 
Figure 13: DIC picture of 6 days cultured cells after isolation from wild type mouse TA and GC. The cells were 
isolated according to the protocol and cultured in gelatin coated 12-well plates with DMEM/F-12 + GlutaMAXTM media containing 20% FCS. 
 

 

5.2.2 Myogenic and adipogenic differentiation properties of satellite cells isolated from 
wild type mice 

ATGL expression in primary muscle cells during myogenic and adipogenic differentiation 

After it could be shown that ATGL gene expression increases up to 3.5-fold during myogenic 
differentiation in non silenced C2C12 cells (see 5.1.1), we wanted to investigate whether this 
holds also true for primary muscle stem cells. Figure 14 shows that also in primary cells ATGL 
mRNA level rise by 3.5-fold and 2.5-fold during myogenic and adipogenic differentiation, 
respectively. 
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Figure 14: ATGL mRNA level of myogenic and adipogenic differentiated satellite cells isolated from mouse 
muscle. After the cells were isolated according to the protocol, a clonal expansion of satellite cells was performed to 
get rid of fibroblasts. The obtained cells were cultured in gelatin coated 6-well plates till confluence, when myogenic 
and adipogenic differentiation was induced by myogenic media (DMEM/F-12 + GlutaMAXTM with 2% FCS) and adipogenic media (DMEM/F-12 + GlutaMAXTM with 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM 
rosiglitazone and 0.5 mM IBMX). After the cells were harvested at indicated time points, qRT-PCR was performed to 
determine ATGL gene expression (normalized to 1). Error bars represent standard error of the mean, n=2. 
 

Myogenic marker expression during myogenic and adipogenic differentiation of primary muscle 
cells 

To evaluate the differentiation capabilities of the satellite cells, MHC2B and MyoD gene 
expression was determined by qRT-PCR. The analysis was performed after seven days of 
myogenic and adipogenic differentiation. In both differentiation protocols, cells primarily adopted 
the myogenic fate as proven by the increase of MHC2B levels up to 22-fold in myogenic and 11-
fold in adipogenic differentiated cells (Figure 15 A).  

MyoD levels dropped about 50% in myogenic and 80% in adipogenic differentiated cells during 
the 7 days (Figure 15 B). This indicates that the cells already expressed high levels of the early 
TF at the beginning of the experiment, probably due to elevated cell density. Hence, the 
measured trend illustrates an advanced differentiation state where MyoD gene expression is 
returning to a basal level. MyoD levels notably decrease further in adipogenic differentiated cells, 
indicating a condition with lesser commitment towards the myogenic fate. 

The canonical satellite cell marker Pax7 expressed in isolated primary muscle cells decreased 
its mRNA level over 80% during differentiation, confirming the isolated cells to be satellite cells 
(Figure 15 C). 
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Figure 15: Myogenic marker gene expression of myogenic and adipogenic differentiated satellite cells 
isolated from mouse muscle. After cells were isolated according to the protocol, a clonal expansion of satellite cells 
was performed to get rid of fibroblasts. Cells were cultured in gelatin coated 6-well plates till confluence, when myogenic and adipogenic differentiation was induced by myogenic media (DMEM/F-12 + GlutaMAXTM with 2% FCS) 
and adipogenic media (DMEM/F-12 + GlutaMAXTM with 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM 
rosiglitazone and 0.5 mM IBMX). After the cells were harvested at indicated time points, qRT-PCR was performed to determine gene expression of MHC2B (A), MyoD (B) and Pax7 (C) (normalized to 1). Error bars represent standard 
error of the mean, n=2. **p < 0.01.  
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Adipogenic marker expression during myogenic and adipogenic differentiation of primary muscle 
cells 

As done for C2C12 cells, primary cells were also subjected to myogenic and adipogenic 
differentiation. To confirm adipocyte formation the adipogenic marker aP2/FABP4 was 
determined. Cells which where incubated in myogenic media reduced aP2/FABP4 gene 
expression over 99% during 7 days in culture, cells in adipogenic media about 95% (Figure 16). 
The fact that primary cells in adipogenic media maintained slightly higher aP2/FABP4 
expression levels than cells in myogenic media indicates that at least some adipocytes could 
have been formed while the adipogenic differentiation was performed. 

 

 
Figure 16: aP2/FABP4 expression levels of myogenic and adipogenic differentiated satellite cells isolated from mouse muscle. After the cells were isolated according to the protocol, a clonal expansion of satellite cells was 
performed to get rid of fibroblasts. The obtained cells were cultured in gelatin coated 6-well plates till confluence when 
myogenic and adipogenic differentiation was induced by myogenic media (DMEM/F-12 + GlutaMAXTM with 2% FCS) 
and adipogenic media (DMEM/F-12 + GlutaMAXTM with 10% FCS, 10 µg/ml insulin, 1 µM dexamethasone, 2 µM rosiglitazone and 0.5 mM IBMX). After the cells were harvested at indicated time points, qRT-PCR was performed to determine P2/FABP4 gene expression (normalized to 1). Error bars represent standard error of the mean, n=2. **p < 
0.01. 
 

  

** ** 



Results 
 

51 
 

5.3 The influence of ATGL on mouse muscle during ageing 
It is well known that protein levels of certain genes can vary significantly during aging through 
up- and downregulation of gene expression. To investigate whether ATGL expression is also 
regulated by ageing in skeletal muscle, tissue samples of young (4 months) and old (19 months) 
mice were analyzed. Furthermore it was examined whether lipid accumulation or any signs of 
muscle damage appear in correlation with altered ATGL levels during aging. 

5.3.1 ATGL levels in young and aged mouse muscle 
ATGL gene expression in young and aged mouse muscle 

The ATGL gene expression in quadriceps femoris muscle of young mice matches the 
expression determined in old mice (Figure 17).  

 

 
Figure 17: ATGL expression in quadriceps femoris muscle of young and old mice. Frozen quadriceps femoris 
muscle was powderized and mRNA was isolated (see 4.2.3), followed by qRT-PCR analysis using primers for ATGL. 
Error bars represent standard error of the mean. 
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ATGL protein amount in young and aged mouse muscle 

As shown in Figure 18, ATGL protein levels didn’t change during aging, since young (4 months) 
and old (19 months) exhibit almost the same amount of protein. Combined with the unaltered 
ATGL expression in aged mice, these results indicate a constant ATGL level throughout lifetime. 

 

 

 

 

 

 

 
Figure 18: ATGL protein level in quadriceps femoris muscle of young and old mice. Frozen quadriceps femoris 
muscle was powderized and protein was isolated (see 4.4.1). 50 µg protein lysate was used for western blot analysis (A) (see 4.4.6). GAPDH was used as the loading control. Blots were scanned and image analysis was performed using Quantity One® 1-D analysis software (B). Error bars represent standard error of the mean.  
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5.3.2 TG levels in mouse muscle of young and aged mice 
Lipid accumulation during ageing may be caused by defective lipolysis due to reduced ATGL 
activity, therefore we determined TG levels in quadriceps muscle of young and old mice. Figure 
19 illustrates, that old mice do not accumulate TGs compared to young mice. With about 75 
nmol TG per mg protein, old mice tend to have as much TGs as young mice (95 nmol TG/mg 
protein). This is in line with unaltered ATGL abundance, hypothesizing constant TG levels in 
mouse muscle during aging. 

 

 
Figure 19: TG level in quadriceps femoris muscle of young and old mice. Frozen quadriceps muscle tissue was 
powderized and lipids were isolated using the method of Folch (see 4.3.2). The measurement was performed with 
InfinityTM Triglycerides Liquid Stable Reagent (see 4.3.3). Error bars represent standard error of the mean. 
 
 

5.3.3 Atrophy marker levels compared in young and aged mouse muscle 
Besides ATGL abundance, old mice were examined for signs of muscle damage. Therefore 
expression levels of LC3B, MuRF-1 and Atrogin-1 were determined. 
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Protein level of atrophy marker LC3B in young and aged mouse muscle 

Increased levels of LC3BII, a modified form of LC3B, appears during autophagy and can be 
assessed as marker for cell damage. The analysis showed that the amount of LC3BII was three 
times lower in older than in younger mice (Figure 20), suggesting catabolic processes weren’t 
prevalent.  

 

 

 

 

 

 
Figure 20: LC3BII protein level in quadriceps femoris muscle of young and old mice. Frozen quadriceps muscle 
was powderized and protein was isolated (see 4.4.1). 50 µg protein lysate was used for western blot analysis (A) (see 
4.4.6). GAPDH was used as the loading control. Blots were scanned and image analysis was performed using Quantity One® 1-D analysis software (B). Error bars represent standard error of the mean. **p < 0.01. 
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Gene expression of atrophy markers in young and aged mouse muscle 

Muscle atrophy was further evaluated by gene expression levels of E3 ubiquitin ligases MuRF-1 
and Atrogin-1. During cell damage ubiquitin ligases route proteins towards the proteasomal 
degradation pathway and are therefore expressed in greater quantities. Figure 21 shows that 
mRNA levels of both ligases tend to drop slightly in aged mice, fortifying the assumption, that old 
mice don’t show muscle damage or atrophy. 

 

 
Figure 21: Gene expression levels of cell damage marker MuRF-1 and Atrogin-1 in quadriceps femoris muscle of young and old mice. Frozen quadriceps muscle was powderized and mRNA was isolated (see 4.2.3), followed by 
qRT-PCR analysis using primers for MuRF-1 and Atrogin-1. Error bars represent standard error of the mean. 
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5.4 Induction of muscle damage by glycerol injection into mouse muscle 
In nephrology studies glycerol was used to induce acute renal failure (80). Besides this area of 
application, it was recently reported that glycerol injections into skeletal muscle lead to muscle 
damage with adipocyte formation during the recovery (75). To ascertain whether ATGL plays a 
role in the development of intramuscular adipocytes, it was intended to inject glycerol into 
gastrocnemius muscle (GC) and tibialis anterior muscle (TA) of wild type and ATGL knockout 
mice. After 4 weeks the mice were sacrificed and muscular adipocyte markers as well as the TG 
content was analyzed. 

5.4.1 Establishing a glycerol injection protocol to induce mouse muscle damage 
The glycerol injection model was performed with 12-week-old wild type C57BL/6J mice. Mice 
were anesthetized with 80 µg/g Ketamidor (Richter Pharma AG, Wels, Austria), 8 µg/g 
Rompun®TS (Bayer HealthCare, Leverkusen, Germany) and placed on a 37°C heating plate to 
prevent cooling. Both hindlimbs were depilated before 25 µl 50% glycerol in 1x PBS was injected 
in TA and GC of one hindlimb. As control, 25 µl 1x PBS was injected in TA and GC of the 
second hindlimb. After 4 weeks mice were sacrificed, TA and GC muscles were taken and 
frozen at -80°C. The following steps including muscle tissue powderization, RNA and lipid 
isolation as well as the qRT-PCR and lipid determination were performed as denoted in the 
methods part (4.2 & 4.3).  

5.4.2 TG levels in glycerol injected mouse muscle 
The analyzed GC muscles of glycerol injected wild type mice displayed no increased TG 
accumulation, which would indicate adipocyte formation (Figure 22). With 45 nmol TG per mg 
protein, glycerol injected mice exhibited lower lipid amounts than the control (55 nmol TG/mg 
protein), implying that the experiment could not generate intramuscular adipocytes and needs to 
be further optimized. Since TA muscles were smaller in size, the whole sample was used up 
during adipocyte marker analysis and TG content was therefore only determined in GC muscles.  
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Figure 22: TG level of glycerol injected mouse gastrocnemius muscle. Glycerol and PBS (control) was injected 
into TA and GC muscle of wild type mice. After 4 weeks mice were sacrificed and the muscles taken. GC muscles were powderized and the lipids isolated (see 4.3.2). TG content was measured using InfinityTM Triglycerides Liquid 
Stable Reagent. Error bars represent standard error of the mean. 
 

5.4.3 Adipocyte RNA marker level in glycerol injected mouse muscle 
The main basis for the evaluation of a successful adipocyte formation comprised the 
determination of adipocyte marker gene expression. As reliable markers PPARγ2, FABP4 and 
SCD1 were analyzed in TA and GC of glycerol injected wild type mice.  

The ascertained data for TA muscles showed increased levels for all three markers (Figure 23 
A). PPARγ2 gene expression was about 2-times higher after four weeks, SCD1 even 3-times, in 
comparison to the control. FABP4 expression was about 20% higher than the control. Taken 
together, adipocyte formation in TA muscle can be supposed, but not fortified by the TG status. 
The latter couldn’t be determined due to low sample quantity. 
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Figure 23 B shows, that in contrast to TA, the markers displayed slightly lower gene expression 
levels in glycerol injected GC muscles than in PBS injected muscles. PPARγ2 and SCD1 mRNA 
levels were about 20% lower than the control, FABP4 about 15%. As indicated by the unaltered 
TG levels in glycerol injected GC muscle (see 5.4.2), marker gene expression concurs with the 
notion that the experiment requires further optimization to generate adipocytes. 

 

 

 
Figure 23: Gene expression levels of adipocyte markers PPARγ2, FABP4 and SCD1 in glycerol injected 
mouse muscle. Glycerol and PBS (control) were injected into TA and GC muscle of wild type mice. After 4 weeks 
mice were sacrificed and the muscles excised. Frozen TA (A) and GC (B) muscles were powderized and RNA 
isolated (see 4.2.3). Gene expression (normalized to 1) was determined by qRT-PCR using primers for PPARγ2, 
FABP4 and SCD1. Error bars represent standard error of the mean. 
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6 Discussion 

Regeneration capabilities are a crucial feature of skeletal muscles. During day-to-day activites, 
heavy exercise or different states of disease, myofibers of the muscle get damaged. The 
coordinated proliferation and fusion of muscle stem cells is central for healing processes 
reconstituting muscle integrity. The consequence of a disturbed regeneration response is the 
loss of muscle mass accompanied by muscle weakness. A common characteristic associated 
with muscle degenerative processes is the development of ectopic fat within the muscle, termed 
IMAT. 

Patients suffering from NLSDM show symptoms of muscle atrophy and reduced muscle 
strength. The connection between a deficiency in the fat mobilizing enzyme ATGL and the 
occurrence of muscle degeneration has not been fully understood. Unpublished data from the 
group of Matthijs Hesselink2 showed that the myogenic differentiation process of satellite cells 
isolated from NLSDM patients is severely impaired. The plausible assumption that skeletal 
muscle loss is provoked through insufficient supply of myoblasts fusing to damaged myofibers 
prompted us to perform a cell culture experiment. Therefore, lentiviral siRNA mediated 
knockdown of ATGL in C2C12 mouse myoblasts was performed to show whether these cells fail 
to differentiate into myotubes upon the administration of myogenic media. 

We found that C2C12 cells lacking ATGL differentiate properly into myotubes upon induction of 
myogenic differentiation. Morphological analysis by fluorescence microscopy showed that there 
was no difference between ATGL knockdown and control cells concerning tube amount or size. 
This could be further confirmed by the gene expression levels of myogenic marker genes. 
Interestingly ATGL silenced cells tend to express even higher levels of myogenic marker genes 
than the controls, suggesting a stronger differentiation commitment. One possible explanation 
could be that there was enough residual ATGL activity, since the knockdown was not 100%. 
This could be sufficient to provide the cells with enough lipids to maintain a certain signaling 
status, adequate for the essential processes. Moreover, since there was no nutritional stress, 
due to frequent glucose supply, cells weren’t relying on FFAs as energy source. In line with the 
symptoms described in the literature, knockdown cells markedly accumulated lipids due to 

                                                
2 Matthijs Hesselink, Diabetes and Metabolism Research Group, Maastricht University, Netherlands 
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decreased TG hydrolysis. As we observed no increase in adipocyte marker genes in ATGL 
silenced myocytes we assume that no transdifferentiation into adipocytes occurred.  

Besides myogenic differentiation properties, we also analyzed adipogenic differentiation 
characteristics to check whether ATGL silenced myoblasts are more committed to adipocyte 
differentiation. As reported in the literature, C2C12 cells increased adipocyte marker levels after 
we applied the adipogenic protocol. Gene expression of adipocyte marker genes peaked at day 
4, when the shift towards maintenance media was performed. The change towards a media with 
less stimulating compounds could explain why marker levels decreased slightly the following 
days. Nonetheless, adipocytes were formed during the process, indicated by elevated levels of 
white adipocyte markers SCD1 and aP2/FABP4. Remarkably, our data showed that both 
surveilled clones differed during adipogenic differentiation. While clone 774 expressed higher 
levels of the marker genes than the control, indicating higher adipogenic differentiation potency, 
clone 777 exhibited reduced expression of adipocyte marker genes. Maybe this is due to 
differences in ATGL transcript level. As suspected for the myogenic differentiation, it is possible 
that the remaining ATGL activity is sufficient for cellular processes in the presence of glucose as 
energy metabolite. It is also feasible, that the lentiviral integration disrupted genes that affect 
differentiation. Furthermore, it is possible that the introduced siRNA is not specific for ATGL, 
resulting in the degradation of different mRNA targets. Although some adipocytes were formed 
during adipogenic differentiation, most cells still followed the myogenic lineage as evidenced by 
high expression levels of myogenic markers. Moreover, morphological evaluation of the cultures 
showed predominantly myogenic differentiated myotubes. Therefore, we conclude that the 
decrement of ATGL doesn’t lead to myoblast transdifferentiation towards adipocytes. 

One major reason why primary human satellite cells but not murine C2C12 cells show impaired 
differentiation upon ATGL deficiency could be due to species specific differences in the role of 
ATGL in muscle differentiation. Moreover, C2C12 cells are immortalized cells that may gained 
several mutations during propagation which may affect their differentiation properties. 
Furthermore, C2C12 cells are already committed to myoblasts, making it impossible to study the 
early differentiation phase from satellite cells to myoblasts. 

In order to investigate the lack of ATGL ex vivo in primary satellite cells of mouse muscles, we 
established an isolation protocol. Marker analysis combined with morphological examination 
showed that we could successfully isolate and differentiate satellite cells from wild type mice. As 
described in the literature, the cells were refractive, displayed a roundish shape and expressed 
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the canonical satellite cell marker Pax7. Furthermore, Pax7 expression decreased upon 
differentiation, confirming the cells to be satellite cells. During the performed myogenic and 
adipogenic differentiation MHC2B gene expression rose heavily, although the increase was 
more pronounced under myogenic conditions. This indicates that most cells entered the 
myogenic lineage, even upon the administration of adipogenic media. Morphological 
examination revealed characteristic myotube formation under myogenic- and adipogenic 
conditions. The drop of MyoD gene expression levels could be due to fact, that cells were 
already committed to the myogenic lineage when the analysis was performed, owing to higher 
cell density. Hence, the advanced differentiation status of the cultured cells could explain why 
they dropped MyoD expression to basal levels and why they preferably entered the myogenic 
lineage. Nonetheless, the transdifferentiation to adipocytes upon adipogenic induction occurred 
to some extent, since gene expression of aP2/FABP4 was notably higher when adipogenic 
induction media was applied. The pattern of ATGL expression matched the trend seen in C2C12 
cells. In both cell types, ATGL expression increased upon differentiation. Conversely, this raised 
the question, whether the lack of ATGL influences the differentiation. 

As mentioned before, unpublished data from the group of Matthijs Hesselink suggested 
defective muscle cell differentiation in the absence of ATGL in patients suffering from NLSDM. 
We intended to verify these results in satellite cells of ATGL knockout mice, but we were not 
able to isolate significant amounts of cells. One could assume that the isolation was 
unsuccessful because the mice used for the isolation were overaged. Instead of 4-week-old 
mice, as used for the wild type cell isolation, the mice were 9 weeks of age. Therefore the 
possibility exists that satellite cells of older mice had entirely entered the quiescent state, 
whereas satellite cells in young mice where still proliferating to grow the muscle.  

Elderely humans show pronounced symptoms of muscle atrophy impinging their locomotive 
capabilities. To evaluate whether old mice also display skeletal muscle impairments, providing a 
model for in vivo studies, we analyzed markers of muscle atrophy in quadriceps femoris muscle 
of 19-month-old mice. Furthermore, ATGL expression was examined to determine whether its 
expression level correlates with skeletal muscle health. Contrary to our expectations, old mice 
showed no signs of muscle damage. Compared to 4-month old mice, neither Ubiquitin ligase 
expression, nor autophagy marker protein levels increased. In addition, gene expression and 
protein levels of ATGL were not altered in aged mice, indicating unrestrained lipolysis. In line, 
TG levels did not differ between young and old mice. This contrasts findings in aged humans 
where sarcopenia is present. One possible explanation could be that humans reach higher ages 
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due to developments in the medical- and technological field. Novel therapeutic techniques 
prolong life expectancy and quality. However, these treatments can’t prevent degenerative 
processes in later decades. Mice probably don’t exceed their physiological lifespan to this 
extent. It is possible that mice also exhibit muscle impairments when their lifespan is artificially 
prolonged. 

Interestingly, Aquilano and colleagues performed a similar study with quite diverging results (79). 
They could show a severe reduced ATGL expression accompanied by increased levels of 
damage markers in gastrocnemius/soleus muscles of 80-week-old mice (79). Furthermore, their 
data implies that the antioxidative response is impaired due to reduced lipid signaling upon 
ATGL decrement, leading to elevated levels of oxidatively damaged proteins (79).  

In contrast to our experiments, Aquilano and colleagues fasted the mice for 7 hours, before the 
muscles were taken. During fasting ATGL is needed to provide the organism with energy 
substrates in form of FFA. In fasted mice reduced ATGL activity leads to a nutritional 
undersupply and mice need to break down their muscles in order to get energy substrates. 
Moreover, lipid signaling could be impaired due to reduced liberation of lipid ligands. As a 
consequence thereof, cellular stress could trigger muscular damage in old mice. ATGL gene 
expression in old mice is probably sufficient under regular physiological circumstances, but fails 
to cope with the challenges of detrimental conditions as they appear upon longer periods of 
fasting. We did not fast mice, so they weren’t required to adapt ATGL expression in order to 
generate energy metabolites. The provided nutrition could have prevented the mice from utilizing 
muscular proteins as energy source. Furthermore, it is possible that enough lipid ligands were 
produced to maintain the physiological lipid signaling status. Therefore, signs of muscular 
degeneration did not appear in old mice under non-fasting conditions. Another explanation for 
the different observations could be that different muscle depots with different characteristics 
were used in the experiments. However, both depots contained at least 50% type-I fibers 
expressing ATGL (81; 82). 

Since we did not observe muscle degeneration in old mice, we intended to induce the damage 
by injecting glycerol into gastrocnemius (GC) and tibialis anterior (TA) muscle. The applied 
protocol was reported to facilitate detrimental processes characterized by the formation of 
degenerative adipocytes in a measurable quantity (75). When the experiment was performed in 
wild type mice, GC muscles neither showed increased adipocyte marker gene expression nor 
signs of TG accumulation. Further histological examination couldn’t reveal any adipocyte 
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development, supporting the notion that fatty degeneration wasn’t induced in GC muscles. TA 
muscles on the other hand showed slightly increased values of adipocyte marker gene 
expression. Due to the reduced amount of specimen, determination of lipid content was not 
possible. Therefore, adipocyte marker levels provide the only hint that some adipocytes may 
have been formed in TA muscle. Owing to the fact that the injections have to be performed 
manually, the reproducible application into the muscle is challenging. There is no way to know 
for sure that the given glycerol reached its target in the muscle. It is very likely that more practice 
would lead to a greater yield of adipocytes. 

Since, the experimental procedure would require more optimization, the studies were terminated 
without testing the protocol in ATGL knockout mice. Therefore we can’t draw comparisons 
between the loss of ATGL and the amount of degeneratively formed adipocytes, which was the 
primary intend of this experiment.  

Taken together, our data indicate that there is no negative impact of reduced ATGL expression 
on the differentiation of mouse myoblasts towards myotubes. Moreover, we succeeded in 
establishing a protocol for the isolation of primary muscle cells from mouse muscles. 
Interestingly we found that old mice do not resemble aged humans with respect to muscle 
damage, and hence are not suited to study sarcopenia. 
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7 Abbreviations 

APS ammonium persulfate 
ATGL Adipose triglyceride lipase 
BCA bicinchoninic acid 
BSA bovine serum albumin 

CAPS N-cyclohexyl-3-aminopropanesulfonic acid 
cDNA complementary DNA 
ddH2O distilled, deionized water 

DG diacylglycerol 
DIC differential interference contrast 

DMEM Dulbecco's Modified Eagle Medium 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 

EDTA ethylenediaminetetraacetic acid 
FAP Fibro/adipogenic progenitor 
FFA free fatty acid 
FCS fetal calf serum 
Fwd forward 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GC gastrocnemius muscle 
HSL Hormone-sensitive lipase 
IBMX 3-isobutyl-1-methylxanthine 
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IMAT intramuscular adipose tissue 
kDa kilodalton 
LD lipid droplet 
MG monoacylglycerol 

MGL Monoacylglycerol lipase 
mRNA messenger RNA 
MyoG myogenin 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
Plin Perilipin 

PPAR peroxisome proliferator-activated receptors 
qRT-PCR quantitative real-time PCR 

Rev reverse 
RNA ribonucleic acid 
rpm revolutions per minute 
SDS sodium dodecyl sulfate 

siRNA small interfering RNA 
TA tibialis anterior muscle 

TEMED tetra methyl ethylene diamine 
TF transcription factor 
TG triacylglycerol 
µ micro 
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