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Zusammenfassung  

Abstract  

 

Lysosomal acid lipase (LAL) hydrolyzes triglycerides (TG) and cholesteryl esters (CE) within 

lysosomes of multiple cells and tissues at an acidic pH. Despite a number of studies dealing 

with lysosomal function in skeletal muscle (SM), lipid hydrolysis by LAL in lysosomes of SM 

has not been well characterized. Recent data suggested that LAL may play an important role 

in SM development, function, and metabolism as a result of impaired lipid and/or carbohydrate 

metabolism. 

SM mass, cross-sectional area, and the Feret diameter were markedly lower in mice with 

systemic LAL deficiency (Lal-/-), despite no evidence of proteolysis or impaired protein 

synthesis in all SM examined. In addition, we observed elevated CE concentration and 

impaired metabolic profile in all investigated SM samples, especially during fasting. Untargeted 

proteomic profiling of oxidative and glycolytic fibers of SM revealed upregulation of proteins 

associated with the transition between fast and slow fibers. In addition, we found significantly 

increased MyHCI expression in Lal-/- SM, which is specific for slow oxidative fibers. Gene 

ontology enrichment analysis indicated reduced mitochondrial function and impaired 

organization, particularly affecting oxidative phosphorylation, in Lal-/- SM, consistent with 

decreased oxidative capacity and ATP concentration.  

Similar to our mouse model, C2C12 myoblasts treated with the LAL inhibitor Lalistat-2 and 

primary myoblasts isolated from Lal-/- mice in complete growth medium showed increased 

levels of CE.  Myofiber formation, however, was comparable in both in vitro models studied. 

Moreover, we were unable to detect any changes in mitochondrial function upon Lalistat-2 

treatment of C2C12 cells or primary myoblasts derived from Lal-/-. 

Taken together, loss of LAL is associated with increased expression of slow oxidative fibers in 

SM, impaired mitochondrial function and muscle metabolism, but only in knockout mice in vivo 

and not ex vivo. The aforementioned changes, with the exception of increased CE levels, were 

not confirmed in the studied cell models with reduced LAL activity. The differences we found 

between in vivo and ex vivo/in vitro models are possibly related to nutrient unavailability and 

systemic inflammation in Lal-/- mice. 
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1. Introduction 

 

1.1 Skeletal muscle: an overview 

 

Skeletal muscle (SM) tissue exceeds any other tissue of the organism by its mass and is the 

most widespread type of muscle tissue of the human body. SM are responsible for the large 

number of vital functions in the body. They put bones in motion, actively change the position 

of the body in space, participate in the formation of the oral and  abdominal cavity, chest, and 

pelvis, are part of the walls of the pharynx, the upper part of the esophagus, larynx, they carry 

out movements of the eyeball and auditory ossicles, respiratory and swallowing movements 

(1). There are about 600 muscles in the human body, most of which are paired. The mass of 

SM in an adult human reaches 30-40% of body weight. In old age, the mass of muscle tissue 

typically does not exceed 20-30% (2). SM consist of bundles of cylindrical, multinucleated 

muscle fibers, each with a diameter of 0.05-0.11 mm, held together by a system of connective 

tissue components. Specifically, the bundles of fibers of various sizes are surrounded and 

separated from each other by thin layers of connective tissue, which form the inner perimysium 

(1). Between the muscle fibers, there is a thin network of small blood vessels (capillaries) and 

nerves (approximately 10% of the total muscle mass) (3).  

Myofibrils are the striated organelles within muscle cells (muscle fibers) that consist of 

repeating segments of sarcomeres aligned end to end, giving the muscles their striated 

appearance and allowing for coordinated contractions necessary for movement (4). The 

number of myofibrils varies enormously, ranging from several dozens to 2000 or more. 

Sarcomeres are the smallest functional units of the myofibrils and are made up of a precise 

arrangement of myosin (thick) and actin (thin) filaments (Fig. 1). 

When examining muscle fibers under a light microscope, transverse striation can be observed, 

which are alternating dark and light areas known as disks. While dark disks are characterized 

by double optical refraction and are called anisotropic disks or A-discs (A-bands), light disks 

do not have double refraction and thus are called isotropic or I-discs (I-bands). Specifically, the 

A-discs are composed of the thick filaments, and the I-discs are formed from the thin filaments. 

The elastic filament in the sarcomere is primarily composed of the protein titin (connectin), 

which runs from the Z-disc to the M-line. Moreover, the A-disc contains a lighter area in the 

middle known as the H-zone with a darker M-line, the mesofragment. The M-line serves as the 

attachment site for the thick filaments and helps to maintain the precise alignment of the 

myosin filaments in the sarcomere. The central part of the I-disk is described as the 

telofragment or Z- disc (or line), which is built of fibrillar protein molecules (5). The Z-disc 
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serves as an attachment point for neighboring myofibrils using the desmin protein, assuring 

that all lines and Z-discs on neighboring myofibrils are aligned (6).  

 

Figure 1: Structure of the sarcomere. 
The structural unit of the myofibril is the sarcomere, the area between the two Z-discs. It is 
composed of thick, myosin-containing filaments, which are surrounded and interwoven with 
thin, actin-containing filaments. Created with Biorender.com. 
 

1.2 Molecular physiology of myosin 

 

Myosin is a molecular motor protein that plays a crucial role in muscle contraction and 

movement by hydrolyzing adenosine triphosphate (ATP). It is composed of two heavy chains 

(MyHC) and two pairs of myosin light chains (MLC), one of which is named essential (ELC) 

and the other one being the regulatory light chain (RLC) (Fig. 2).  
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Figure 2: Schematic representation of the structure of muscle myosin. 
Myosin consists of two heavy chains (MyHC) with intertwined tail domains (rods), a neck 
region, and globular catalytic heads. The essential (ELC) and regulatory (RLC) light chains are 
linked to the neck region of each MyHC. Created with BioRender.com. 
 

The C-terminal ends of the MyHC intertwine to form a coiled-coil tail that acts as a backbone 

of the myosin filament. At the other end of the MyHC, the N-terminal region folds into a globular 

head, which contains the active sites for actin binding. The region connecting the globular head 

to the myosin tail is known as the neck region, commonly referred to as the lever arm (7, 8). 

Myosin acts like an actin-dependent ATPase. Each cycle involves ATP hydrolysis and a 

consequent increase in free energy, ensuring movement in one direction only, towards the 

plus-end of actin (9). Initially, the myosin head binds to ATP, hydrolyzing it into ADP and 

inorganic phosphate while remaining bound. Subsequently, it weakly binds also to an adjacent 

actin subunit, eliciting phosphate release and leading to a strong myosin-actin binding 

interaction. Following this, the myosin head undergoes a structural change that brings the thick 

filament closer to the free ends of thin filaments. Afterwards, ADP is released, causing 

detachment of the myosin head from the actin filament and allowing a new ATP molecule to 

bind. This cycle repeats until the concentration of calcium ions decreases or until ATP reserves 

are depleted, such as during cell death. Given the abundance of myosin molecules within the 

myosin filament, hundreds of myosin heads engage in synchronized activity, which leads to 

rapid and powerful muscle contractions (10, 11). Notably, the myosin type responsible for 

producing muscle contraction in SM in most animal cell types is myosin II or conventional 

myosin (12). 
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1.3 Myosin isoforms in SM  

 

SM is composed of various fiber types, each expressing specific MyHC isoforms that determine 

their specific functional properties, including contractile speed and endurance. Scientists have 

been studying muscle fibers for more than a century and have revealed that muscle fibers are 

arranged in a mosaic pattern (13). Historically, the predominant MHC isoforms in SM are 

classified into two major types based on their functional speed and color: slow-twitch fibers 

(white) and fast-twitch fibers (red) (14). Fast fibers and slow fibers in SM are largely 

distinguished by their maximum rate of shortening, or contraction velocity, which is based on 

the activity of myosin ATPase (15). Alternatively, muscle fibers can be classified based on the 

main pathway of ATP formation, leading to their categorization as either oxidative or glycolytic 

fibers. Slow muscle fibers are equipped with a high number of mitochondria. The mitochondria 

contain enzymes that are crucial for the oxidation of both carbohydrates and fatty acids (FA), 

which enables these fibers to sustain long periods of activity. The mitochondrial content in 

these fibers allows for efficient aerobic respiration, essentially the use of oxygen to generate 

ATP through the breakdown of nutrients. Since this process requires a large amount of oxygen, 

the network of capillaries that surround slow muscle fibers is more developed and the oxygen 

supply delivered within the blood flow is more intense. These fibers have a limited supply of 

carbohydrates in the form of glycogen and low activity of glycolytic enzymes (16, 17). From the 

other hand, fast-twitch muscle fibers are characterized by their ability to contract quickly. They 

generate a high rate of force in a short period and have a well-developed and densely packed 

sarcoplasmic reticulum to facilitate rapid Ca2+ release and uptake. This allows for quicker and 

more powerful contractions compared to slow-twitch fibers (18, 19). Fast fibers can indeed be 

categorized as either oxidative or glycolytic based on their primary metabolic processes.  

However, recent studies confirmed a more complex scenario regarding mitochondria in 

different SM fibers. It was established that mitochondria differ not only quantitatively but also 

qualitatively, with different subsets of mitochondrial proteins exhibiting fiber type-specific 

patterns of metabolic function (20, 21).  

Over last 40 years, the concept of the diversity of muscle fiber types has evolved rapidly, leading 

to the identification of four major fiber types in adult mammalian SM: type I - “slow”; type IIA - 

“fast”; type IId/x - “fast”; and the “fastest” one, type IIB (19). Type IIB MyHC is not typically 

expressed in human SM. Some publications refer to it as a rodent type (22). The classification 

and comparison of different fibers types are shown in Table 1. 
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Table 1. Comparison of muscle fibers of different types. 

 Type I Type IIA Type IId/x Type IIB 

Physical activity Aerobic 
Long-term 
anaerobic 

Short-term 
anaerobic 

Short-term 
anaerobic 

Motoneuron size Small Medium Large Very large 

Anatomical 
colors 

Red Red White White 

Myosin ATPase 
activity 

Slow Fast Fast Fast 

Sarcoplasmic 
reticulum 

Poorly 
developed 

Moderately 
developed 

Well 
developed 

Well 
developed 

Capillary density High Intermediate Low Low 

Quantity of 
myoglobin 

High Medium Low Low 

Number of 
mitochondria 

High High Medium Low 

Activity of 
mitochondrial 

enzymes 
High High Low Low 

Resistance to 
fatigue 

High Fairly high Intermediate Low 

Glycogen 
reserves 

Low Intermediate High High 

Glycolytic 
capacity 

Low High High High 

Contraction 
time/fatiguability 

Slow Medium Fast Very fast 

Cross-sectional 
area of a muscle 

fiber 
 

Small Intermediate High High 

Predominant 
type of MyHC 

(gene) 
 

MYH7 MYH2 MYH1 MYH4 

Predominant 
type of MyHC 

(protein) 
 

MyHC-1 MyHC-2A MyHC-2X MyHC-2B 
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Hybrid muscle fibers contain two or more different types of MyHC isoforms. These fibers exhibit 

characteristics that are intermediate between the pure fiber types, allowing a more versatile 

range of muscle performance within a single muscle fiber. The combinations of MyHC isoforms 

such as MyHC-1+MyHC-2A, MyHC-2A + MyHC-2X, or MyHC-2X + MyHC-2B are indicative of 

a muscle’s adaptive response to various stimuli or demands placed on it (23). Furthermore, 

specific MyHC isoforms such as MyHC-emb (embryonal, encoded by Myh3) can also be 

expressed in growing muscles, making them a valuable indicator for rejuvenating fibers (19).  

The distribution of specific MyHC isoforms within SM varies among species. In humans, the 

soleus muscle (SO) is typically rich in type I (slow-twitch) fibers (22, 24) as well as  in rats (25). 

On the other hand, in C57BL/6J mice, SO has a higher proportion of the IIa MyHC isoform, 

which is indicative of a fast-twitch fiber type that maintains a comparatively high oxidative 

capacity and fatigue resistance (26). In both mice and rats, the extensor digitorum longus 

(EDL), the tibialis anterior (TA), and the gastrocnemius (GA) are composed predominantly of 

fast-twitch fibers, specifically types IIB and IId/x (26).  

Understanding these differences is crucial when interpreting the results of animal studies and 

when considering the translatability of these findings to human conditions. It also reflects the 

adaptability and plasticity of muscle tissue in response to a variety of factors, including 

evolutionary pressures, physical activity, and the environmental conditions. 

 

1.4 Mechanisms of myosin phenotype remodeling in muscle fibers 

 

Mature SM fibers have a stable myosin phenotype, which under certain conditions may exhibit 

plasticity and be altered in response to various stimuli. Factors triggering changes in MyHC 

isoform expression, thereby prompting a switch between slow and fast fibers, include 

neuromuscular activity, physical activity, aging, and diverse pathological conditions. For 

instance, alterations in neural stimulation patterns, such as heightened neuromuscular activity 

resulting from the chronic low-frequency stimulation, are associated with a shift from fast to 

slow MyHC isoforms (15, 27-29). In contrast, the stretch-overload model induced by SM 

immobilization in a lengthened position does not necessarily elevate neuromuscular activity 

but rather leads to an increase in the proportion of slow fibers(15, 30). 

Hormones are also implicated in the shaping of the muscle fiber myosin phenotype. For 

instance, hypothyroidism tends to induce a shift from fast-twitch to slow-twitch fibers, thereby 

enhancing endurance capacity (31-33). Conversely, hyperthyroidism can lead to a transition 

from slow to fast fibers, which could decrease endurance performance but increase speed and 

power (15, 31-33). Moreover, testosterone is known to influence muscle hypertrophy and fiber 
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distribution and proportion. These effects have been confirmed across various species, 

including guinea pigs (34, 35), frogs (36), rabbits (37), and rats (38, 39). The anabolic effects 

of testosterone influence the satellite cells in SM, crucial for muscle repair and growth, and 

module various signaling pathways, including the protein kinase B or Akt/mechanistic target of 

rapamycin (mTOR) pathway involved in protein synthesis (40, 41). Consequently, it leads to 

an increase in the proportion of fast-twitch fibers (like type II), which are responsible for 

generating power and strength. 

Aging is often associated with muscle atrophy, which is characterized by decreased muscle 

mass and a transition from fast-twitch to slow-twitch muscle fibers (42-44). In certain 

pathological conditions, atrophy occurs preferentially in specific fiber types and/or is 

accompanied by changes in the fiber type profile. Fasting (45), type 1 diabetes (46), sepsis 

(47), cancer- (48) and AIDS- associated cachexia (49) are associated with a transition from 

fast to slow fibers. Conversely, a reduction in neurological impact and mechanical strain, such 

as spinal cord injury (50), limb immobilization, and suspension (51), may result in a fiber type 

shift from slow to fast. In chronic heart failure and chronic obstructive pulmonary disease, 

changes in muscle fiber composition have also been observed, characterized by a shift from 

slow-twitch to fast-twitch fibers. This change could be attributed to several factors, including 

long-term medication use, systemic inflammation, hypoxia (i.e., low blood oxygen levels), and 

physical inactivity due to respiratory limitations (52).  

Lastly, several studies have shown that exposure to microgravity induces changes in myofiber 

types. In mice and rats, microgravity-induced atrophy led to a shift in myofiber types, affecting 

those enriched in slow-type fiber SO (53, 54). Importantly, these transitions do not occur 

abruptly but rather progress gradually through a systematic sequence of MyHC isoform 

expression. Consequently, individual muscle fibers possess the capacity to express 

intermediate characteristics during their transition, frequently leading to the formation of hybrid 

fibers(15, 29). 

The remodeling of the myosin phenotype of muscle fibers is a multifaceted process involving 

intricate mechanisms related to signaling, regulation of gene expression, and metabolic 

pathways (29). AMP-dependent protein kinase (AMPK) serves as a critical regulator of cellular 

energy balance and plays a pivotal role in influencing the activity of proteins and transcription 

factors associated with muscle metabolism. Activation of AMPK leads to phosphorylation of 

the histone deacetylases HDAC4 and HDAC5, which subsequently promotes the expression 

of the slow MyHC isoform and other genes involved in oxidative metabolism. This regulatory 

cascade underscores the link between cellular energy status and the expression of specific 

myosin isoforms. Moreover, various signaling pathways also affect muscle phenotype through 
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the regulation of fiber energy homeostasis. For example, activation of the mTORC1 pathway 

stimulates aerobic glycolysis in muscles fibers, thereby influencing the dynamic balance 

between glycolytic and oxidative metabolism (55).  

Slow-twitch muscle fibers are characterized by high endurance, and their activity is associated 

with sustained levels of Ca2+ in the myoplasm and a lower content of energy-rich phosphates 

compared to fast-twitch fibers (19, 56). The calcineurin/nuclear factor of activated T-cells 

(NFAT) signaling pathway plays a key role in the regulation of gene expression in slow-twitch 

fibers, particularly for the slow MyHC isoforms (57-59). When activated by the Ca2+-calmodulin 

complex, calcineurin dephosphorylates NFAT, which then translocates into the nucleus and 

initiates the transcription of slow MyHC genes, among others (13). This cascade is critical for 

the maintenance and adaptation of muscle fiber characteristics, especially under conditions of 

chronic activity.  

In response to physical activity, the peroxisome proliferator-activated receptor-gamma 

coactivator 1 α (PGC-1α) serves as an essential regulator of SM gene expression programs 

just as hypoxia-inducible factor 2 α (HIF2α) does in primary myotubes by increasing the 

expression of genes linked to slow-twitch muscle fibers (60). In addition, an overexpression of 

the transcription factor forkhead box protein O1 (FoxO1) results in reduced muscle mass and 

a decrease in both slow and fast fiber types in transgenic mice, implicating muscle fiber 

degradation (61). Particularly, FoxO1 activation leads to a reduction in type I fiber-related 

genes and anti-fatigue characteristics, with higher expression of FoxO1 observed in fast-twitch 

fibers (62-64). Endurance training has been shown to induce a fast-to-slow fiber type transition 

and is associated with decreased FoxO1 expression, which may indicate that FoxO1 

suppresses type I and supports fast-twitch fiber development (62). However, conditional 

deletion of FoxO1 has an opposite effect, as it decreases slow-twitch fibers and increases fast-

twitch fibers, suggesting a complex relationship between FoxO1 and muscle fiber type 

composition (65). 

Another important mechanism that contributes to the modulation of the MyHC phenotype is 

the involvement of microRNA (miR)-mediated pathways. In the heart, the Myh6 gene, 

responsible for encoding a fast fiber-associated myosin, is co-expressed with miR-208a. This 

miR regulates the expression of two myosin isoforms specific for slow fibers along with their 

intronic miRs: Myh7/miR-208b and Myh7b/miR-499, respectively. Both miR-208b and miR-499 

play overlapping roles in determining muscle fiber identity by activating slow and suppressing 

fast myofiber gene transcription programs (66, 67). The overexpression of miR-30e in C2C12 

cells (immortalized mouse myoblast cell line) resulted in a significant decrease in Pgc1α levels 
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and increased specific MyHCII gene expression. This suggests that miR-30e is functionally 

associated with the formation of glycolytic myofibers (68). 

Further studies and a deeper understanding of these mechanisms are paramount to unravel 

the complexity of the myosin phenotype of muscle fiber remodeling and its effects on muscle 

function and performance. 

 

1.5 SM energy metabolism 

 

SM contraction is a high energy-demanding function, which is based on its ability to store and 

regenerate ATP. To maintain an efficient contractile function in the SM, ATP levels should 

remain within a constant range between 2 and 5 mmol/kg (69). Therefore, ATP must be 

constantly replenished during muscle activity at the same rate at which it is utilized. The fast 

restoration of ATP is the result of degradation of the intramuscular store phosphocreatine (pCr) 

and glycogen. Medium-term supply is provided by anaerobic glycolysis, which converts 

glucose to ATP in the absence of oxygen; long-term supply is provided by oxidative 

phosphorylation, which converts glucose and FA to ATP with the consumption of oxygen, 

ultimately producing water and carbon dioxide as byproducts (70, 71).  

The pCr reaction refers to the reversible enzymatic process by which energy is stored and 

released in muscle cells to meet their immediate energy needs. This reaction is catalyzed by 

the enzyme creatine kinase (CK) and occurs as follows: pCr + ADP ⇌ creatine + ATP. 

When ATP (adenosine triphosphate) levels are high and the demand for energy is low, CK 

catalyzes the transfer of a phosphate group from ATP to creatine, generating pCr and ADP 

(72): ATP + creatine ⇌ ADP + phosphocreatine. 

pCr stores have a limited capacity and can only fuel muscle contractions for 5 to 8 s (71). The 

volume of pCr in SM is 5 times lower than that of glycogen. Glycogen is actively catabolized 

during muscle contractions to generate the necessary ATP, resulting in the formation of lactate 

and hydrogen ions. Indeed, during high-intensity, short-duration activities such as sprinting or 

powerlifting, the primary source of ATP is the anaerobic breakdown of pCr and muscle 

glycogen (73, 74). 

 

1.5.1 Carbohydrate energy metabolism in SM 

 

The first studies linking carbohydrate metabolism and SM function were conducted in the 

1920s. They showed that carbohydrates are necessary for SM functions and that blood 

glucose concentrations correlate with fatigue during a marathon (75). 
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SM play a key role in glucose metabolism and are critical for the clearance of glucose from the 

bloodstream, especially during the postprandial periods via insulin-dependent mechanisms. 

Following a meal, blood glucose levels rise, causing the release of insulin. Insulin induces 

glucose uptake into the SM, accounting for more than 80% of glucose clearance following an 

oral glucose load (76-78). Glucose transport across cell membranes is facilitated by various 

proteins of the SLC2A family, with over 14 different types identified in human cells (79). In SM, 

GLUT4, GLUT1, and GLUT3 play a crucial role in glucose uptake, with GLUT4 being the most 

prevalent (80). While GLUT1 is located on the plasma membrane, GLUT4 is mainly found in 

intracellular vesicles and translocates to the cell surface upon stimulation (81). Additionally, in 

SM, GLUT5-mediated fructose uptake can also contribute to the muscle’s energy supply, 

particularly under conditions where glucose uptake is compromised or during periods when 

fructose is available from the diet (82). GLUT4 is an insulin-regulated glucose transporter 

highly expressed in SM and adipose tissue. Therefore, its intracellular localization under basal 

conditions limits glucose transport. However, upon stimulation by insulin or exercise, GLUT4 

translocates to the plasma membrane, facilitating enhanced glucose uptake (81). 

Glycolysis is a catabolic process that breaks down glucose in the cytoplasm of the cell (Fig.3). 

Under aerobic conditions, pyruvate, the final glycolysis product, is converted into acetyl-CoA. 

At rest, glycolysis provides almost half of the acetyl-CoA that enters the tricarboxylic acid (TCA) 

cycle within SM (72).  
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Figure 3: Glycolysis and glycolytic enzymes. 
The process comprises a sequence of enzymatic reactions, starting with the phosphorylation 
of glucose to form glucose-6-phosphate, followed by subsequent transformations leading to 
the production of two molecules of pyruvate. Glycolysis generates ATP and NADH, providing 
cells with energy and reducing power. Additionally, key regulatory enzymes such as 
hexokinase, phosphofructokinase, and pyruvate kinase tightly control the flux through the 
pathway. Created with Biorender.com 
 

Anaerobic glycolysis can quickly generate ATP from the breakdown of glucose to pyruvate, 

which is then converted to lactate by lactate dehydrogenase (LDH) (72, 83). Although this 

process can produce ATP rapidly, it is less efficient than aerobic glycolysis in terms of ATP 

yield per molecule of glucose. However, the conversion of pyruvate to lactate enables 
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glycolysis to continue by regenerating NAD+, which is needed for one of the early steps in the 

glycolysis pathway. 

The accumulation of lactate released during anaerobic glycolysis results in a subsequent drop 

of the SM pH. The decrease in intracellular pH inhibits key glycolytic enzymes, such as 

phosphofructokinase. This inhibition restricts ATP production rates, contributing to muscle 

fatigue and influencing both the intensity and duration of exercise. Lactate was classically 

viewed as a waste product, however nowadays, its role in gluconeogenesis, oxidative 

phosphorylation, and even in the regulation of gene expression has been accented (84, 85). 

 

1.5.2 Lipid metabolism in SM  

 

In addition to glucose, lipids represent an important source of fuel for SM, especially during 

prolonged exercise or low-intensity activities. Lipid metabolism involves the storage, 

breakdown, and utilization of lipids for energy production. The regulation of lipid metabolism in 

SM is influenced by various factors, such as exercise, diet, and hormonal signaling. The 

transport of FA from the bloodstream into SM fibers involves various proteins: 

1. FA binding proteins (FABP) (86) and FA transport proteins (FATP) (87): assist in the 

solubilization and transport of FA across the cell membrane. Their expression and 

activity are regulated by the action of insulin, which facilitates glucose and FA uptake 

and thereby SM contractions, which can enhance nutrient delivery to active muscles 

(88, 89). Specific isoforms of FATPs, such as FATP1, FATP4, and FATP6, are 

expressed in SM, where they may serve dual roles in FA transport and activation (via 

esterification to CoA) (90). Among the FABP proteins, the predominant isoform in SM 

is FABP3 (also known as heart isoform, HFABP) (91). FABP4, which was previously 

reported as adipose tissue specific (92), was found to be highly expressed in SM during 

high-intensity aerobic training (93). While these proteins contribute to FA uptake, their 

exact roles and the significance of their enzymatic functions in muscle are continually 

being studied. 

2. FA translocase/CD36: is a transmembrane glycoprotein that plays a critical role in the 

uptake of long-chain FA (94). During muscle contractions, CD36 translocates from 

intracellular pools to the cell surface, increasing its capacity to facilitate FA uptake into 

muscle fibers (89). High-fat diets can also upregulate CD36 expression, potentially as 

an adaptive response to increased FA availability (95). 

 



29 
 

An excessive amount of lipid uptake over its oxidation rate in SM fibers can lead to its 

accumulation and ultimately induce lipotoxic stress (96, 97). This excess manifests as 

intermuscular ectopic adipose tissue, which is associated with aging, weakened muscle 

strength, and decreased insulin sensitivity in SM. Intramyocellular lipids (IMCL) consist of 

triglycerides (TG) and other lipids like diglyceride (DG) and ceramides (98). Interestingly, IMCL 

are not exclusively linked to obesity. For instance, they have been observed in women without 

signs of obesity (99), as well as in endurance athletes who were even able to maintain insulin 

sensitivity, a scenario termed the "athlete's paradox" (100, 101). While increased lipid 

intermediates such as DG and ceramides typically correlate with impaired insulin response in 

SM (102-104), paradoxically, higher DG levels are found in trained athletes and are associated 

with improved insulin sensitivity. This indicates that the presence of these lipids does not 

always predict insulin signaling problems (105). 

The breakdown of stored lipids under neutral conditions (specifically TG) occurs mainly 

through the action of three key enzymes: adipose triglyceride lipase (ATGL), hormone-

sensitive lipase (HSL), and monoacylglycerol lipase (MGL) (106) (Fig. 4).  

 

 

Figure 4: Schematic representation of neutral lipolysis. 
This figure illustrates the enzymatic breakdown of stored triglycerides (TG) within cytosolic lipid 
droplets. The process of neutral lipolysis consists of a cascade of reactions catalyzed by a 
series of lipases. Adipose triglyceride lipase (ATGL) mediates the initial step, hydrolyzing TG 
into diglycerides (DG) and releasing a free fatty acid (FA). Subsequently, hormone-sensitive 
lipase (HSL) further breaks down DG into monoglycerides (MG) and another FA. The final step 
of the lipolytic pathway is catalyzed by monoacylglyceride lipase (MGL), which breaks down 
MG into glycerol and the final FA. Created with Biorender.com. 
 

ATGL initiates TG breakdown to DG and FA, while demonstrating transacylation activity by 

forming TG and monoglyceride (MG) from two DG molecules (107-109). Loss-of-function 

mutations in the patatin-like phospholipase domain-containing 2 (PNPLA2) gene encoding 

ATGL in humans result in neutral lipid storage disease with myopathy (NLSDM), leading to 

steatosis development in various tissues, including SM and cardiac muscle (110). In mice, 
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ATGL deficiency replicates many clinical findings of NLSDM, emphasizing its critical role not 

only in different adipose tissue depots but also in vital energy-consuming organs like the heart 

(111, 112). Conversely, ATGL upregulation enhances TG catabolism, may increase 

mitochondrial biogenesis and subsequently SM oxidative capacity (113, 114). Interestingly, the 

expression of ATGL increases in response to endurance training, especially in type I fibers 

(115). Comparative gene identification-58 (CGI-58), also known as alpha/beta hydrolase 

domain-containing protein 5 (ABHD5), is an important protein that is associated with lipid 

droplets (LD) and mitochondria within cells. CGI-58/ABHD5 regulates TG hydrolysis by 

activating ATGL (116) and it is noteworthy that it is highly expressed in muscle with high 

oxidative capacity like the heart and SO (117). Inactivating CGI-58 in mice affects specifically 

oxidative SM and leads to fat accumulation in red SM, which aligns with CGI-58 mutations 

causing Chanarin-Dorfman syndrome, a disorder characterized by fat deposition in SM and 

skin ichthyosis (118, 119). Curiously, mice with muscle-specific loss of CGI-58 had improved 

glucose tolerance and insulin sensitivity on a high-fat diet, suggesting that fat storage in 

glycolytic muscle is harmful, but in oxidative muscle, it might be protective (119).  

HSL, historically seen as the primary enzyme for breaking down TG and DG into FA and MG, 

is an 84 kDa serine hydrolase made up of a protein and lipid interaction domain, an active 

catalytic domain, and a regulatory domain with multiple phosphorylation sites (120). Clinical 

research involving patients with HSL deficiency showed less severe dyslipidemia, hepatic 

steatosis, and partial lipodystrophy in comparison to ATGL deficiency (121, 122). Additionally, 

HSL influences insulin sensitivity through its interaction with carbohydrate-responsive element-

binding protein (CHREBP), although other regulatory mechanisms likely play a more significant 

role in controlling insulin sensitivity in humans (123). Studies on HSL-deficient mice show 

similar characteristics to those lacking ATGL, indicating shared functions in regulating lipolysis 

and nuclear receptors (122, 124, 125). However, a lack of HSL specifically in SM leads to DG 

build up, with TG breakdown remaining unaffected, suggesting a significant role of HSL in 

hydrolyzing muscle DG (126). 

MGL is the first identified enzyme capable of hydrolyzing both sn-1 and sn-2 MG, releasing 

both glycerol and FA (122). While MGL primarily targets MG, it also acts on prostaglandin-

glycerol esters and FA-ethyl ethers (127-129). MGL deficiency in mice leads to MG 

accumulation, impacting lipid metabolism, intestinal lipid absorption, and diet-induced obesity, 

with pronounced effects on neuroinflammation and cancer malignancy due to altered 

endocannabinoid signaling (129-134) . However, studies examining the regulation of SM’s 

MGL activity are still scarce. 
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Recently, it has been described that PNPLA4, also known as gene sequence 2 (GS2), is 

expressed in several human tissues, including SM (135, 136). Since PNPLA4 is able to 

degrade TG and retinyl esters, it could also play a role in SM lipolysis and it is worth to be 

further investigated in this context. 

A complex interplay of hormonal and intracellular signaling pathways tightly regulates neutral 

lipolysis. Hormones such as epinephrine and insulin play key roles in modulating lipolysis in 

rodents in response to changes in energy sources demand and availability (137). The 

utilization of FA derived from lipolysis as an energy source during SM contraction is a highly 

coordinated process involving the transport of FA to mitochondria, where they undergo β-

oxidation to generate ATP. This complex network of metabolic reactions provides SM with a 

constant supply of energy to sustain prolonged physical activity (138). During low- to moderate-

intensity exercise, as well as activities that last for long periods of time, most of the energy 

requirements of SM are met primarily by FA oxidation (FAO), with glucose oxidation playing a 

smaller role in providing energy (138). 

To generate ATP during the final oxidation process, FA produced by the degradation of plasma 

lipids or intramuscular TG must enter the mitochondria. Initially, FA are activated into fatty acyl-

CoA molecules by a set of enzymes known as acyl-CoA synthetases (ACS). ACS are located 

at several cellular sites including the plasma membrane, mitochondria, and LD (139). The 

enzyme isoform ACSL1 is particularly crucial for directing FA towards oxidation within SM, 

evidenced by the fact that muscle-specific ACSL1-deficient mice demonstrated reduced FA 

usage during physical activity compared to their wild-type (Wt) counterparts (140). Fatty acyl-

CoA is transformed into fatty acyl-carnitine by the enzyme carnitine palmitoyl transferase 

(CPT1). CPT1 is found on the outer mitochondrial membrane and requires carnitine for this 

conversion process (72). The critical role of CPT1 in FAO in SM has been demonstrated by 

studies showing that CPT1 knockout mice in muscle exhibit decreased FAO and increased 

lipid accumulation (141). The pivotal role of CPT1 during exercise is highlighted by 

experiments showing that inhibition of CPT1 significantly reduced FAO rates by 50% in the 

EDL and by 90% in the SO muscles of mice (142).  

Despite the reported evidence, the importance of intramuscular TG oxidation remains a matter 

of debate since the experimental data do not provide an unambiguous answer to this problem. 

Moreover, intramuscular TG oxidation processes are highly dependent on individual 

characteristics, such as training status, sex, muscle fiber type, and reserves of TG (71). 

Taking together, the SM lipid and energy metabolism are complex processes that require the 

coordinated regulation of various pathways and substrates to meet the changing energy 

demands of muscular activity. It involves the catabolism of different energy sources, including 
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ATP, pCr, glycogen, glucose, and TG, each playing a role during distinct exercise intensities 

and durations. Figure 5 provides an overview of the principal steps in SM energy production. 

Understanding the dynamics of SM energy and lipid metabolism remains a key area of 

research to enhance performance, treat metabolic disorders, and improve overall health. 

 

 

Figure 5: Interplay of carbohydrate and lipid metabolism in skeletal muscle (SM) energy 
production.  
The comprehensive utilization of both extramuscular and intramuscular carbohydrate and lipid 
fuels to ensure a continuous supply of ATP for SM. Key regulatory enzymes and transport 
proteins are mentioned, demonstrating the intricate interactions between anaerobic and 
aerobic metabolic pathways, as well as between carbohydrate and lipid metabolism. Notable 
components include free fatty acids (FA) crossing the plasma membrane, facilitated by plasma 
membrane fatty acid–binding protein (FABP), fatty acid transport protein (FATP) and FA 
translocase (CD36). Carbohydrate metabolism is regulated by crucial enzymes, such as 
hexokinase (HK) for the production of glucose-6-phospate (G-6-P) and phosphofructokinase 
(PFK). The conversion of pyruvate to lactate in the absence of oxygen is catalyzed by lactate 
dehydrogenase (LDH), with creatine and mitochondrial creatine kinase (CK) managing high-
energy phosphate storage and transfer across the mitochondrial outer and inner membranes. 
FA β-oxidation involves proteins including acyl-CoA transferase. The conversion of pyruvate 
to acetyl-CoA is mediated by pyruvate dehydrogenase (PDH), feeding into the electron 
transport chain for oxidative phosphorylation. Glucose transporter, GLUT; glucose-1-
phosphate, G-1-P; α-ketoglutarate, α-KG; lipid droplet, LD; triglyceride, TG; adipose 
triglyceride lipase, ATGL; hormone sensitive lipase, HSL; monoglyceride lipase, MGL; 
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carnitine palmitoyltransferase, CPT; tricarboxylic acid cycle, TCA cycle. Created with 
Biorender.com. 
 

1.5.3 Other sources of energy  

 

SM cells have the ability to utilize amino acids (AA) as an energy source. During prolonged 

exercise, when muscle glycogen levels are depleted, SM can increase the oxidation of 

branched-chain AA (BCAA) like leucine (Leu), isoleucine (Ile), and valine (Val) for energy 

production (143). BCAA are metabolized by branched-chain aminotransferase 2 (BCAT2) and 

the branched-chain α-keto acid dehydrogenase complex (BCKDC) within mitochondria (144, 

145). Additionally, AA can undergo transamination, a process of amino group transfer to form 

new AA or intermediates of the TCA cycle (146, 147). 

Ketone bodies (KB) are water-soluble molecules generated from FA by the liver through a 

process known as ketogenesis in response to low carbohydrate availability. These compounds 

can be easily transported to SM, where they undergo conversion into acetyl-CoA (148, 149).  

However, some alternative energy sources, such as AA, acetates and KB, cannot match 

carbohydrates in terms of energy production rate, nor can they be utilized for anaerobic energy 

production in the absence of oxygen (71). 

 

1.6 Maintaining SM mass 

 

The maintenance of SM mass involves a complex set of signaling pathways that regulate 

anabolism (muscle building) and catabolism (muscle breakdown). The delicate balance is 

crucial for cellular health and function, ensuring the timely production of proteins as required 

and the removal of damaged or unnecessary proteins. Maintaining this balance supports 

proper SM growth, repair, and functionality, whereas its disruption can result in various 

pathologies. 

SM hypertrophy is characterized by an increased protein synthesis and/or decreased protein 

degradation. This process is usually mediated by exercise and activation of anabolic signaling 

pathways that promote protein synthesis (150-152). Specifically, the insulin-like growth factor 

1 (IGF-1)/Akt/mTOR pathway is a crucial intracellular regulator of SM mass and plays a 

significant role in muscle hypertrophy and atrophy. Growth hormone regulates the synthesis 

of IGF1, primarily in the liver (153). Studies in transgenic mice have underscored the 

importance of locally produced IGF1. Muscle-specific overexpression of IGF1 can enhance 

muscle growth and regeneration even without normal levels of IGF1 in systemic circulation. 
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This suggests that localized IGF1 signaling regulates SM integrity, promotes recovery from 

injury, and counteracts muscle wasting conditions (154).  

mTOR exerts its effects by phosphorylating key proteins such as p70S6 kinase 1 (p70S6K1) 

and eukaryotic translation initiation factor 4E-binding protein (4E-BP1). In addition, mTOR 

protects against excessive protein degradation by inhibiting the autophagy process, 

particularly through inactivation of unc-51-like kinase 1 (ULK1) (153, 155). mTOR forms two 

different complexes, mTORC1 and mTORC2. mTORC1 is involved in protein synthesis and 

cell organelle biogenesis, whereas mTORC2 regulates glucose and lipid metabolism (155). 

Disrupting mTORC1 components such as Raptor or mTOR itself impairs muscle growth and 

can lead to muscular dystrophy, whereas Rictor knockouts (mTORC2 complex component) do 

not show such dramatic effects (156-158). Furthermore, it has been demonstrated that the 

IGF-1/Akt/mTOR pathway reduces the expression of the muscle atrophy marker Atrogin-1 and 

influences fiber size in adult muscle (159). Adrenergic signaling influences muscle mass by 

interacting with the AKT-mTOR pathway. Similarly, β2-adrenergic stimulation enhances AKT 

activation via the mTOR pathway, thereby promoting muscle enlargement (160). 

Pharmacological inhibition of mTOR with rapamycin or its genetic knockdown reverse muscle 

growth gains which develop as a consequence of myostatin blocking. Myostatin is a member 

of the TGFβ superfamily and a key regulator of SM growth (153, 161, 162). Its loss leads to 

significant muscle gain, emphasizing its suppressive effect on muscle size and development 

(153, 163). Myostatin and related ligands bind to activin type IIB and type IIA (ActRIIB/IIA) and 

TGFβ receptors, activating anaplastic lymphoma (ALK) kinases 4, 5, and 7. This leads to 

Smad2/3 phosphorylation, which then forms a complex with Smad4, affecting gene expression 

related to protein turnover. Inhibition of Smad2/3 signaling alone can enhance SM growth (161, 

162), indicating it controls protein synthesis and degradation. Interestingly, bone 

morphogenetic protein (BMP), another member of the TGFβ superfamily, activates Smad1/5/8 

upon receptor binding, which in turn forms complexes with Smad4 and activates the 

transcription of genes involved in the regulation of muscle mass (164).  

Fibroblast growth factors (FGF) signaling proteins produced by macrophages play major roles 

in vertebrate embryogenesis, including control of SM growth and differentiation (165). Recent 

research indicates that FGF19 administration can lead to SM hypertrophy and increased grip 

strength through extracellular signal-regulated kinase (ERK) activation (166). In contrast, 

FGF21 has been reported to cause muscle wasting (167). 

Opposite to hypertrophy, SM atrophy is characterized by an increase in proteolysis and/or a 

decrease in protein synthesis. An example of pathologic atrophy is cachexia, an extreme 

muscle wasting observed in cancer, cardiovascular disease, chronic obstructive pulmonary 
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disease, renal failure, and severe burns (168). This condition exacerbates the severity of the 

patient's underlying illness and can also increase the likelihood of death. The FoxO1 signaling 

pathway assumes a critical role in the SM pathogenesis atrophy through the regulation of E3 

ubiquitin ligases and certain autophagy factors (169-171). Despite some studies suggesting 

that FoxO1 promotes myotube fusion (172, 173), more recent evidence suggests its inhibitory 

effect on muscle differentiation (169, 173).  

Atrogin-1/MAFbx, and MuRF1 are ubiquitin ligases, also known as E3s, and are key regulators 

of muscle atrophy (174). They are often upregulated in denervation, immobilization, fasting, 

sepsis, and cancer cachexia (175). MuRF1 primarily targets structural muscle proteins for 

proteasomal degradation, including those that make up the myofibrils. By tagging these 

proteins with ubiquitin, MuRF1 marks them for destruction by the proteasome, which 

contributes to muscle atrophy (176). However, MuRF1 knockout mice show only partial 

resistance to muscle loss due to denervation and are not protected from muscle atrophy 

induced by starvation or microgravity, but they are resistant to muscle loss by glucocorticoids 

(174, 177, 178). Moreover, inhibiting MuRF1 does not mitigate the decline in muscle strength 

associated with aging, although it assists in preventing muscle mass loss (179). Atrogin-1 not 

only targets proteins for ubiquitination and subsequent proteasomal degradation but is also 

associated with the regulation of muscle cell growth and survival pathways. It exhibits a wider 

range of substrates compared to MuRF1, thereby exerting a broader impact on cellular 

metabolism and the regulation of muscle mass. (180). Tripartite motif-containing 32 (TRIM32) 

is another member of the E3 protein family that is known to be involved in muscle diseases 

such as type 2H muscular dystrophy and sarcotubular myopathy (181). Furthermore, animal 

studies with TRIM32 dysfunction demonstrate myopathic and neurological defects, highlighting 

its significant role in muscle health (182, 183). Interestingly, signaling mediated by tumor 

necrosis factor α receptor adaptor protein 6 (TRAF6), an additional E3 ligase, serves to protect 

muscle from loss induced by cancer, denervation, and starvation (184).  

 

1.7 Role of lysosomes in SM 

 

Lysosomes are cell organelles surrounded by a single bilayer phospholipid membrane (185) 

and involved in a variety of biological processes, including cellular clearance, membrane 

repair, cell homeostasis, energy metabolism, and immunological response (186). Lysosomes 

contain transport proteins and different enzymes, which are generally known as acid 

hydrolases. There are roughly 60 different soluble hydrolases exclusively active at an acidic 

pH in the lysosomal lumen, such as sulfatases, glycosidases, peptidases, phosphatases, 
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lipases, and nucleases (187, 188). The lysosomal membrane is a specialized and dynamic 

phospholipid bilayer that encapsulates the organelle's acidic interior. Characterized by a 

distinct lipid composition, including a high concentration of lysobisphosphatidic acid and 

cholesterol, it provides stability and enables selective permeability. Integral membrane 

proteins, such as lysosome-associated membrane proteins (LAMP) and lysosomal integral 

membrane proteins (LIMP), are embedded within this bilayer, serving critical roles in the 

lysosome's biogenesis, enzyme transport, and fusion with other vesicles. A prominent feature 

of a lysosomal membrane is the rich glycocalyx, formed by the carbohydrate portions of 

glycoproteins, which protect from enzymatic self-digestion. This membrane also houses 

sophisticated transport mechanisms, like proton pumps, which maintain the organelle's acidic 

pH, facilitating optimal enzymatic activity (189).  

One of the essential functions of lysosomes within cells is to facilitate autophagy, which is a 

key cellular process responsible for degrading and recycling cellular components (190). This 

process plays an important role in maintaining cell health by helping to eliminate old and 

damaged structures, as well as unused nutrient reserves (191). Autophagy is critical for muscle 

health. Both its hyperactivation and impairment can contribute to muscle degradation and 

weakness. In certain conditions, such as cancer cachexia, fasting, and sepsis, hyperactivation 

of autophagy leads to excessive protein degradation and muscle loss (192). Conversely, when 

autophagy is impaired, as seen in muscle-specific knockout mice for autophagy-related 

proteins like Atg5, Atg7 (193), VPS15 (194), ULK2 (195), AMPK (196), and mTOR (197), mice 

suffer from accumulation of damaged cellular components, increased oxidative stress, and 

mitochondrial dysfunction, all of which can result in SM degeneration and symptoms similar to 

aging sarcopenia (198). Furthermore, an excessive number of autophagic vacuoles is a 

characteristic feature of several SM diseases, including autophagic vacuolar myopathies (199). 

However, reactivation of autophagy, either genetically by re-expressing Atg7 or 

pharmacologically by using compounds like Urolithin A that promote mitophagy, has been 

shown to ameliorate muscle loss and improve muscle function in aged mice (200). This 

therapeutic approach underscores the potential for targeting autophagy pathways to treat 

muscle degeneration conditions related to aging and other diseases.  

Acidic lipolysis, which occurs in lysosomes and is catalyzed by the enzyme lysosomal acid 

lipase (LAL), has not received as much research attention as neutral lipolysis in SM. Further 

study of this process may provide valuable insights into its contribution to SM energy 

metabolism and its importance in both health and disease. 
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1.8 LAL-mediated lipid degradation 

 

LAL is an essential enzyme located within the lysosomal lumen and plays an essential role in 

lipid metabolism. It is responsible for the hydrolysis of cholesteryl esters (CE) and TG as well 

as other lipid derivatives such as retinyl esters (RE), DG, and MG (201). LAL is part of a family 

of acid lipases as it shares numerous features with lingual and gastric lipase (202, 203). When 

low-density lipoproteins (LDL) particles bind their receptor on the plasma membrane, they 

undergo receptor-mediated endocytosis and are internalized in clathrin-coated vesicles, (Fig. 

6). The process of endocytosis in SM fibers begins near the I-bands, a region of the sarcomere 

within the muscle fibers (204). Following internalization, the endocytosed vesicles are directed 

to endosomes. Some endosomes are then recycled back to the cell surface, whereas others 

are transported to late endosomes and lysosomes for degradation (205). After hydrolysis of 

the more complex lipids, FA and cholesterol may undergo transesterification in the 

endoplasmic reticulum (ER) and accumulate in form of intracellular LD. Activation of autophagy 

also leads to the transport of LD to the lysosomes for LAL-mediated hydrolysis and generation 

of FA. This pathway is an alternative to the classic mobilization of LD-stored FA by neutral 

hydrolases (206) . 

 

Figure 6: Schematic representation of lysosomal acid lipase (LAL)-mediated lipid 
hydrolysis. 
Low-density lipoprotein (LDL) particles, which are internalized by receptor-mediated 
endocytosis, and lipid droplets (LD) delivered to the lysosome via autophagy provide LAL with 
substrates such as triglycerides (TG), diglycerides (DG), monoglycerides (MG), retinyl esters 
(RE), and cholesteryl esters (CE). These are then broken down into free cholesterol (FC), fatty 
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acids (FA), free glycerol (FG), and retinol (ROH). FC is released from the lysosomes by the 
action of NPC1 and NPC2. Created with Biorender.com 
 

LIPA, the LAL encoding gene, has a size of approximately 36.5 kb and is located on the 

chromosome locus 10q23.2-23.3 in humans (207). The amino acid sequence of the mouse 

LAL demonstrates a high degree of similarity to its human counterpart, with 95% overall 

homology and 75% identity across the sequences. This includes the conservation of crucial 

motifs, such as the active serine site motif G-X-S-X-G, which is essential for the enzyme's 

catalytic function. Additionally, the enzyme retains five putative consensus sequences for N-

glycosylation, which are involved in the post-translational modification of the protein, further 

reflecting the enzyme's conservation across species (208). It was confirmed that at least two 

of the six N-glycosylation sites (N134 and N246) are essential for LAL activity. LAL localizes 

to pre-lysosomal compartments following co-translational glycosylation in the ER and the 

acquisition of mannose-6-phosphate residues in the Golgi apparatus (209).  

 

1.9 Regulation and activity of LAL  

 

Particularly during starvation, lysosomal function is highly regulated to efficiently deliver 

macromolecules and organelles for degradation. Central to this regulatory network is the 

transcription factor EB (TFEB), which relocates to the nucleus under nutrient deprivation to 

promote lysosomal biogenesis and function. TFEB is able to indirectly increase the expression 

of hydrolytic enzymes including LAL through the PPAR-PGC1α signaling cascade (210-213). 

Simultaneously, starvation activates SIRT1, which deacetylates and assists in the nuclear 

translocation of FoxO1, leading to increased expression of LAL and ATGL for enhanced FA 

mobilization (214, 215). In LAL deficiency (LAL-D), a condition characterized by impaired 

lysosomal lipid breakdown, the release of FA into the cytosol is obstructed, leading to 

significant metabolic disruptions. The inactivation of PPARγ and the reduced interaction of FA 

with PPARα and its co-activator PGC1α result in a decline in peroxisomal FAO. This causes 

the impaired release of FA into the cytosol, leading to significant metabolic consequences. 

Specifically, LAL-D causes the accumulation of lipids in lysosomes that contributes to 

abnormal energy production and altered lipid signaling, underlining the critical role of LAL in 

cellular lipid homeostasis (216-218). 

However, under pathological conditions such as in the presence of oxidized LDL, LAL activity 

can be negatively affected, resulting in a rise in lysosomal pH and accumulation of CE, 

ultimately disrupting the delicate balance of cholesterol homeostasis and lysosomal function 

(219-221). LAL demonstrates optimal activity within pH ranges of 4-5, and its activity can be 
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assessed using various methods, including the release of FA from radioactively labeled CE 

and TG or synthetic substrates such as 4-methylumbelliferone esters (4-MU) (202, 203, 222-

224).  

 

1.10 LAL deficiency in humans 
 

Multiple soluble hydrolases that are active exclusively at acidic pH values can be found in the 

lumen of lysosomes (225). Mutations in genes encoding enzymes and proteins critical to 

lysosomal function are responsible for a group of over 70 autosomal recessive human genetic 

diseases known as lysosomal storage diseases (LSD) (226). Historically. LAL-D was referred 

to as two separate disorders, the first being a rapidly progressive form with an early onset (an 

infantile form of LAL-D, called Wolman's disease (WD)) (227, 228) and the second one being 

a form of LAL-D in children and adults, formerly known as cholesterol ester storage disease 

(CESD) (229). Lack (up to 10% residual LAL activity in CESD patients) or absence (≤1% of 

LAL activity in WD patients) leads to disruption of intralysosomal hydrolysis of CE and TG and 

their accumulation in target organs (218). 

WD is the most severe form of LAL-D and typically presents in infancy with a range of serious 

symptoms. The hallmark of the disease is retarded growth and significant liver pathology, 

characterized by rapid and progressive liver enlargement (228). This is paired with elevated 

transaminases and high levels of bilirubin pointing to liver or bile duct dysfunction, 

hypoalbuminemia reflecting poor liver synthesis or malnutrition, and coagulopathy revealing 

impaired blood clotting abilities (229). Malabsorption symptoms in WD patients arise from the 

inability to properly digest and utilize lipids and other nutrients (218, 229). Adrenal calcification 

occurs in approximately half of WD patients (227-229). Prior to the development of enzyme 

replacement therapy (ERT), a treatment that compensates for the deficient enzyme, WD was 

invariably fatal within the first 4 months of life (230), underscoring the devastating impact of 

the disease and the critical role of LAL in lipid metabolism and overall health. 

The LAL-D form in children and adults, or CESD, is the second form of LAL-D. CESD is 

characterized by accumulation of lipids in lysosomes which leads to hepatosplenomegaly and 

the development of liver fibrosis and/or cirrhosis and increased activity of transaminases in the 

blood. Additional dyslipidemia described as an increase in cholesterol (sometimes TG) levels 

due to LDL and decreased levels of HDL (231) may lead to early atherosclerosis (232, 233). 

Secondary complications are varied and can include portal hypertension, ascites, cachexia, 

esophageal varices, gastrointestinal bleeding, ischemic heart disease, aneurysm, stroke, 

anemia, and thrombocytopenia (232).  
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LAL-D is recognized as a rare disease with its prevalence varying significantly from one in 

40,000 to one in 300,000 individuals, influenced by factors such as ethnic origin and 

geographic distribution (231). Diagnosis of LAL-D is challenging because the symptoms 

overlap with various cardiovascular, hepatic, and metabolic diseases (234). When LAL-D is 

suspected, the preferred screening method is dried blood spot testing, which is non-invasive 

and uses 4-MU to measure LAL activity (235). The test includes the use of the LAL inhibitor 

Lalistat-2 to prevent interference from other lipases in the blood. Although Lalistat-2 has been 

noted to have nonspecific effects at a neutral pH (236), it is a highly effective LAL inhibitor at 

the acidic pH of 4.5 (237, 238). This assay compares overall lipase activity with the activity in 

the presence of Lalistat-2, hence accurately estimating LAL function, and aids in identifying 

LAL-D patients, carriers, and non-affected individuals. Additionally, the evaluation of 

biomarkers in the blood, such as chitotriosidase, the C-C motif chemokine 18, and glycoprotein 

non-metastatic melanoma protein B, offers an ancillary and practical method for the detection 

of LAL-D (239). 

Further research in populations with a high prevalence of undiagnosed LAL-D, such as those 

with familial hypercholesterolemia (FH), revealed that elevated transaminase levels serve as 

a significant clinical indicator in differentiating FH from LAL-D, especially in children (240). 

Patients with LAL-D often experience dyslipidemia, leading to the widespread use of lipid-

lowering agents. Statins, particularly 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) 

reductase inhibitors, are commonly prescribed but show varied efficacy in those patients (241-

245). Additionally, ERT using Sebelipase alfa has demonstrated effectiveness in improving 

histology and clinical parameters in different tissues, particularly in late-onset CESD patients 

(246, 247). Clinical investigations and trials reveal positive outcomes in terms of liver function 

and lipid profiles (248-251). Long-term data from these studies suggest sustained 

improvements, raising the possibility of halting or even reversing liver damage with Sebelipase 

alfa therapy (250). Although Sebelipase alfa significantly improves the lives of those with LAL-

D, several challenges constrain its usage. These include the requirement for regular 

intravenous administrations, the expectation of lifelong therapy (252), and the substantial 

financial burden associated with its cost (218). Moreover, the therapeutic use of Sebelipase 

alfa for early-onset LAL-D patients is often compromised by the development of anti-drug 

antibodies, especially neutralizing types that necessitate dosage modulation (248). Other 

hurdles of enzyme replacement therapy encompass potential egg allergies, the necessity for 

recurrent intravenous treatments (252). 
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1.11 LAL-D animal models  

 

The first animal model of LAL-D, identified in 1990, arose due to a spontaneous mutation within 

a colony of Donryu rats (253). Further progress was made in the study of LAL-D with the 

development of a LAL-knockout (Lal-/-) mouse model through targeted disruption of the Lipa 

gene (254). The Lipa gene in the mouse genome is situated on chromosome 19 (255). Mouse 

LAL is highly expressed in various tissues such as kidney, adrenal glands, pancreas, liver, and 

small intestine (256), whereas expression of Lipa in SM and heart is low (257). Global Lal-/- 

mice exhibit viability with a median lifespan of around one year (256). These mice display 

abnormal lipid metabolism, characterized by the accumulation of TG and CE in the liver, 

resulting in growth retardation, absence of white adipose tissue (WAT), and gradual loss of 

brown adipose tissue (BAT) (256). Targeted deletion of the Lipa gene leads to significant 

changes in the hepatic phenotype including microvesicular steatosis, Kupffer cell infiltration 

forming nests of “fatty lysosomes”, and extensive cholesterol crystal formation, associated with 

cellular integrity disruption and inflammatory responses (258). Additionally, Lal-/- mice 

manifest unique features like enlarged mesenteric lymph nodes with substantial lipid 

accumulation, indicating the systemic impact of LAL deficiency on various tissues and their 

lipid homeostasis (256).  

Specifically, the intestinal phenotype of Lal-/- mice included the infiltration of lipid-associated 

macrophages into the lamina propria, accompanied by a substantial accumulation of neutral 

lipids in the small intestine (259, 260). Additionally, Lal-/- mice exhibited reduced absorption of 

dietary lipids, accelerated basolateral lipid uptake, diminished chylomicron secretion, and 

heightened fecal lipid loss. In the duodenum of older Lal-/- mice, inflammatory markers and 

genes associated with lipid metabolism were upregulated, a phenomenon not observed in 

younger animals. Notably, enterocyte-specific LAL knockout mice, despite a significant 

reduction in LAL activity, displayed comparable intestinal lipid concentrations, expression of 

lipid transporters and inflammatory genes, as well as lipoprotein secretion as control mice 

(259). Lal-/- mice have triggered pulmonary inflammation, leading to significant changes in the 

alveolar structure, the development of pulmonary emphysema, and notable hypertrophy and 

hyperplasia of Clara cells (261).  

LAL promotes cholesterol homeostasis in BAT, potentially directing lysosomal cholesterol 

towards steroidogenesis. Moreover, LAL-D in mice impairs BAT thermogenesis and FA 

shuttling from circulating lipoproteins, compromising metabolic and thermoregulatory functions 

(262). Despite multiple dysregulations, Lal-/- mice exhibit improved insulin and glucose 

tolerance tests, indicating enhanced insulin sensitivity. Furthermore, these mice demonstrate 
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an increased glucose uptake into SM as compared to their Wt counterparts (263). This 

paradoxical improvement in glucose metabolism in LAL-D suggests complex metabolic 

adaptations. 

 

1.12 Hypothesis and aims 
 

The concept of a lysosomal acidic environment specifically contributing to the lipolytic process 

in SM is less documented and understood. Previous reports suggested decreased SM activity 

(264, 265) and mass (227, 266-268) in LAL-D patients, but the role of LAL in the metabolic 

balance of SM has never been thoroughly investigated. Given the high energy demand of SM, 

we hypothesized that changes in energy homeostasis caused by the loss of LAL might affect 

muscle biology. To test our hypothesis, we compared SM from Lal-/- mice with those of their 

Wt littermates. 

My first aim was to characterize the structural, metabolic, and functional changes in the SM of 

Lal-/- mice. Accordingly, my second aim was to find out whether the observed changes in the 

SM of Lal-/- mice are related to the direct loss of LAL in SM or to systemic effects of the whole-

body knockout using cellular models and the LAL inhibitor Lalistat-2.  
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2. Materials and methods  

 

2.1 Materials  

 

Plastic and cell culture ware were purchased from Greiner Bio-One (Kremsmünster, Austria). 

 

2.2 Chemicals 

 

[1-14C] - oleic acid, Amersham Bioscience, Piscataway, NJ 

[1-14C] - palmitic acid, Hartmann Analytic, Braunschweig, Germany 

2-Desoxy-D-Glucose, Lactan, Graz, Austria 

3H-2-Deoxy-D-Glucose, Hartmann Analytic, Braunschweig, Germany 

[9,10-3H(N)] - triolein, Perkin Elmer, Waltheim, MA 

Adenosine-5′-diphosphate monopotassium salt dihydrate (ADP), Sigma-Aldrich, St. Louis, MO 

Adenosine-5′-triphosphate disodium salt hydrate (ATP), Sigma-Aldrich, St. Louis, MO 

Ammonium chloride, Carl Roth, Karlsruhe, Germany 

Antimycin, Sigma-Aldrich, St. Louis, MO  

APS, Sigma-Aldrich, St. Louis, MO 

Bisacrylamide, Applichem, St. Louis, MO 

Bromophenol blue, Solis BioDyne OÜ, Tartu, Estonia 

BSA FA-free, Capricon scientific, Ebsdorfergrund, Germany 

Calcium chloride (CaCl2), Carl Roth, Karlsruhe, Germany 

Carbonylcyanide-3-chlorphenylhydrazone (CCCP), Sigma-Aldrich, St. Louis, MO 

Chloroform, Carl Roth, Karlsruhe, Germany 

Citric acid monohydrate, Carl Roth, Karlsruhe, Germany 

Cytochrome c, Sigma-Aldrich, St. Louis, MO 

D-(-)-Mannit, Carl Roth, Karlsruhe, Germany 

Di-Sodium hydrogen phosphate heptahydrate (Na2HPO4*7H2O), Merck, Darmstadt, Germany 

DMSO, Honeywell FlukaTM, Charlotte, NC 

DTT, Carl Roth, Karlsruhe, Germany 

EDTA, ThermoFisher Scientific, Waltham, MA 

EGTA, GERBU Biotechnik GmbH, Germany 

Eosin G, Carl Roth, Karlsruhe, Germany 

Ethanol 99.9%, AustrAlco, Spillern, Austria 

Ethidium bromide, Merck, Darmstadt, Germany 

Formaldehyde, Merck, Darmstadt, Germany 
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Formalin, Carl Roth, Karlsruhe, Germany 

Glutamine, ThermoFisher Scientific, Waltham, MA 

Glycerol, Sigma-Aldrich, St. Louis, MO 

Glycine, Carl Roth, Karlsruhe, Germany 

HEPES, Sigma-Aldrich, St. Louis, MO 

Hexane, Carl Roth, Karlsruhe, Germany 

Hydrogen chloride (HCl), Carl Roth, Karlsruhe, Germany 

Isopropanol, Carl Roth, Karlsruhe, Germany 

L-glutamic acid monosodium salt hydrate (glutamate), Sigma-Aldrich, St. Louis, MO 

L-(-)-malic acid (malate), Sigma-Aldrich, St. Louis, MO 

Lactobionic acid, Lactan, Graz, Austria 

Lalistat-2, Sigma-Aldrich, St. Louis, MO 

Magnesium dichloride hexahydrate (MgCl2 x 6H2O), Carl Roth, Karlsruhe, Germany 

Methanol, Carl Roth, Karlsruhe, Germany 

Milk powder, Carl Roth, Karlsruhe, Germany 

Nonidet P-40 (NP-40), Honeywell FlukaTM, Charlotte, NC 

Oil Red O (ORO), Sigma-Aldrich, St. Louis, MO 

Palmitoyl-L-carnitine, Sigma-Aldrich, St. Louis, MO 

Phosphatidylcholine (PC), Sigma-Aldrich, St. Louis, MO 

Phosphatidylinositol (PI), Sigma-Aldrich, St. Louis, MO 

Potassium carbonate (K2CO3), Carl Roth, Karlsruhe, Germany 

Potassium chloride (KCl), Carl Roth, Karlsruhe, Germany 

potassium dihydrogenphosphate (KH2PO4), Carl Roth, Karlsruhe, Germany 

Potassium hydroxide (KOH), Carl Roth, Karlsruhe, Germany 

Potassium-4-morpholineethanesulfonic acid (MES), Merck, Darmstadt, Germany 

Protease inhibitor cocktail (PIC), Sigma-Aldrich, St. Louis, MO 

Proteinase K, Lactan, Graz, Austria 

Rotenone, Sigma-Aldrich, St. Louis, MO 

Saponin, Sigma-Aldrich, St. Louis, MO 

SDS, Carl Roth, Karlsruhe, Germany 

Sodium deoxycholate, Sigma-Aldrich, St. Louis, MO 

Sodium bicarbonate (NaHCO3), Carl Roth, Karlsruhe, Germany 

Sodium chloride (NaCl), Merck, Darmstadt, Germany 

Sodium succinate dibasic hexahydrate (Succinate), Sigma-Aldrich, St. Louis, MO 

Sodium pyruvate, ThermoFisher Scientific, Waltham, MA 
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Sucrose, Carl Roth, Karlsruhe, Germany 

Temed, Carl Roth, Karlsruhe, Germany 

TES, Sigma-Aldrich, St. Louis, MO 

Tris-HCl Carl Roth, Karlsruhe, Germany 

Trisodium citrate (Na3C6H5O7), Merck, Darmstadt, Germany 

Sodium hydroxide (NaOH), Carl Roth, Karlsruhe, Germany 

TRISureTM, Meridian Bioscience Cincinnati, OH 

Triton X-100, Carl Roth, Karlsruhe, Germany 

Trypsin, Millipore, Billerica, MA 

Tween 20, Carl Roth, Karlsruhe, Germany 

Xylene, Sigma-Aldrich, St. Louis, MO 

β-Mercaptoethanol, Sigma-Aldrich, St. Louis, MO 

 

2.3 Commonly used buffers and solutions 

 

Table 2. Composition and storage conditions of commonly used buffers and solutions. 

Used buffers and solutions 
Solution 

Composition pH Storage 

Ammonium-chloride-potassium 
(ASK) lysing buffer 

10 mM KHCO3 
155 mM NH4Cl 
0.1 mM EDTA 

pH 
7.2-
7.4 

4°C 

Acrylamide mix 30% 
(100 mL) 

30 g acrylamide 
0.8 g bis- acrylamide 

 4°C 

BiOPS 

10 mM Ca2+/EGTA 
20 mM imidazole 
50 mM MES 
0.5 mM DTT 
6.56 mM MgCl2 
5.77 mM ATP 
15 mM pCr 

pH 7.1 -20°C 

Blocking buffer for western blot 5% skim milk in TBST  4°C 

Blotting buffer 1x 
 

25 mM Tris 
192 mM glycine 
20% MeOH 

pH 8.3 
Freshly 
prepared 

Citrate lysis buffer 
54% 0.1 M citric acid 
monohydrate 

pH 4.2 
Freshly 
prepared 
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46% 0.1 M trisodium citrate 
dehydrate 

DNA extraction buffer 

100 mM NaCl 
25 mM EDTA 
10 mM Tris-Cl 
0.5% SDS 
1 mg/mL proteinase K 

pH 8 4°C 

Hank's Balanced Salt Solution 
(HBSS) 

0.137 M NaCl 
5.4 mM KCl 
0.25 mM Na2HPO4 
0.1 g glucose 
0.44 mM KH2PO4 
1.3 mM CaCl2 
1.0 mM MgSO4 
4.2 mM NaHCO3 

pH 7.4 4°C 

Lysis buffer (for TGH activity 
assay) 

0.25 M sucrose 
0,1 M KH2PO4 
1 mM EDTA 
1 mM DTT 

pH 7 4°C 

Lysis buffer (for lipid extraction 
using Folch method) 

100 mM KH2PO4 
250 mM sucrose 
1 mM EDTA 

pH 7 4°C 

Lysis buffer (for proteasomal 
assay) 

40 mM Tris 
50 mM NaCl 
2 mM β-mercaptoethanol 
2 mM ATP 
5 mM MgCl2 
10 % glycerol 

pH 7.2 
Freshly 
prepared 

Mitochondrial Respiration Medium 
(MiRO6) 

110 mM D-sucrose 
60 mM lactobionic acid 
0.5 mM EGTA 
3 mM MgCl2 
20 mM taurine 
10 mM KH2PO4 
20 mM HEPES 
1 g/L BSA 
~280 U/mL catalase 

pH 7.1 -20°C 

NMR buffer 

0.08 M Na2HPO4 
4.6 mM TSP 
0.04% (w/v) NaN3 
in D2O 

pH 7.4 
Freshly 
prepared 
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ORO (stock solution) 
(100 mL) 

0.5 g ORO powder 
in isopropanol 

 RT 

Phosphate-buffered saline (PBS) 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
1.8 mM KH2PO4 

 RT 

Potassium-phosphate buffer 0.1 M 
61.5 mM K2HPO4 
38.5 mM KH2PO4 

pH 7  

Respiration buffer 

125 mM sucrose 
20 mM TES 
2 mM MgCl2 
1 mM EDTA 
4 mM KH2PO4 
3 mM malate 
0.1% FA-free BSA 

pH 7.2 -20°C 

RIPA buffer 

150 mM sodium chloride 
1% NP-40 
0.5% sodium deoxycholate 
0.1% SDS 
50 mM Tris 

pH 8 4°C 

SDS sample buffer 2x (loading 
buffer) 
 

4% SDS 
10% 2-mercaptoethanol 
20% glycerol 
0.004% bromophenol blue 
0.125 M Tris-HCl 

pH6.8 RT 

Separating gel 12% 
(1 gel) 

2.847 mL ddH2O 
2.17 mL Tris buffer 
3.583 mL 30% acrylamide 
mix 
4.4 μL TEMEND 
76 μL 10% APS 

pH 8.8 
Freshly 
prepared 

Stacking gel 
(1 gel) 

885 μL ddH2O 
385 μL Tris buffer 
350 μL 30% acrylamide mix 
10 μL 10% SDS 
3.8 μL TEMEND 
38 μL 10% APS 

pH 6.8 
Freshly 
prepared 

TBST 10x (Washing buffer) 
 

1.5 M NaCL 
0.5% Tween 20 
0.1 M Tris HCL 

 RT 
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Tris-glycine buffer 10x 
 

200 mM Tris 
1.6 M glycine 
0.83% SDS 

pH 8.3 RT 

Tris buffer for separating gel 0.5 M Tris HCl pH 8.8 4°C 

Tris buffer for stacking gel 0.5 M Tris HCl pH 6.8 4°C 

 

2.4 Commonly used kits 

 

Table 3. Commonly used kits and their storage conditions. 

Kit Company Storage 

Clarity Western ECL Substrate Bio Rad Laboratories, Hercules, CA 4°C 

DC Protein Assay Bio Rad Laboratories, Hercules, CA RT 

Fluorometric assay kit II UBPBio, Aurora, CO -80°C 

Free Cholesterol FS DiaSys, Holzheim, Germany 4°C 

High Capacity cDNA Reverse 
Transcription Kit 

Applied Biosystems, Carlsbad, CA -20°C 

MCP1 ELISA R&D Systems, Minneapolis, MN 4°C 

Total Cholesterol FS DiaSys, Holzheim, Germany 4°C 

Triglyceride FS DiaSys, Holzheim, Germany 4°C 

 

2.5 Devices and equipment  

 

Table 4. Commonly used equipment. 

Equipment Company 

CaloTreadmill TSE Systems, Berlin, Germany 

Centrifuge (5471R, 5810, 5810R) Eppendorff, Hamburg, Germany 

CFX96 Real Time SystemTM Bio Rad Laboratories, Hercules, CA 

CLARIOstar BMG LABTECH, Ortenberg, Germany 

Eppendorf Thermomixer Comfort Eppendorff, Hamburg, Germany 

Epredia™ CryoStar™ NX50 Kryostat Thermo Fisher Scientific, Waltham, MA 
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Microplate photometer HiPo MPP-96 Biosan, Riga, Latvia 

Model 120 Sonic Dismembrator  Thermo Fisher Scientific, Waltham, MA 

Olympus BX63 microscope Olympus  Olympus, Shinjuku, Japan 

Oxygraph-2k high-resolution respirometer Oroboros Instruments, Innsbruck, Austria 

pH meter pH 3110 WTW electronics, Graz, Austria 

Power supply (Power Pac 300) Bio-Rad, Hercules, CA 

Precellys Bertin Instruments, Bretonneux, France 

Liquid scintillation analyzer Tri-Carb 4910 TR Perkin Elmer, Waltham, MA 

Seahorse XFe analyzer  Agilent, Santa Clara, CA 

Spectrophotometer NanoDrop ND1000 Peqlab, Darmstadt, Germany 

Thermal cycler C1000Touch Bio-Rad, Hercules, CA 

Water bath SW21 JULABO, Seelbach, Germany 

 

2.6 Animals  
 

Lal-/- mice were accessible for experimentation in-house. The original animals of this line were 

generously supplied by Hong Du and Cong Yan from the Indiana University School of 

Medicine, IN. Subsequently, these mice underwent a process of backcrossing to achieve a 

genetic background consistent with C57BL/6J. In this thesis, I investigated the function of LAL 

across various SM: the quadriceps (QU), GA, TA, and SO. All mice were matched by age and 

sex for the experiments. SM of young (15-21 weeks) and mature (33-44 weeks) female mice 

both fed and fasted, and young (12-16 weeks) fed, juvenile (8-12 weeks) fasted, and old (40-

50 weeks) fasted male Lal-/- mice were analyzed in comparison with their Wt counterparts. 

The mice were housed in an environment that was kept clean and had a stable temperature 

(around 22°C), a humidity rate around 45%-65%, and a consistent light-dark cycle that lasted 

12 h each. For those in the fed state, mice had continuous access to a chow diet that was low 

in fat (4%) and moderate in protein (9%) (Altromin, Lage, Germany), while fasting conditions 

varied between 4-6 or 12 h without food. Additionally, there was an experimental group 

subjected to a diet challenge, where mice were fed a diet high in fat (30%) and cholesterol 

(1%) (HF/HCD, Ssniff®, Soest, Germany).  

All animal experiments conducted adhered strictly to the guidelines outlined in the European 

Directive 2010/63/EU, ensuring compliance with national regulations. Approval for these 

experiments was obtained from the Austrian Federal Ministry of Education, Science and 
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Research, Vienna, Austria. The specific approval numbers granted for the experiments were 

2020-0.129.904, 2022-0.121.513, and BMWFW-66.010/0081-WF/V/3b/2017 (269). 

 

2.7 Cells  

 

2.7.1 Cell line 

 

C2C12 (immortalized mouse myoblast cell line) cells were cultured in high-glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM) (25 mM glucose, 4 mM glutamine, 1 mM sodium pyruvate) 

(Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum 

(FBS) (Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin (Gibco, Thermo Fisher 

Scientific) at 37°C and 5% CO2. For differentiation, we used DMEM supplemented with 2% 

horse serum (Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin. To inhibit LAL 

activity, cells were cultured in proliferation or differentiation medium for 4 or 6 days, 

respectively, with 0,1, 1 or 10 μM Lalistat-2 (Sigma-Aldrich, Saint Louis, MO) dissolved in 

ethanol (EtOH, final concentration: 0.1%).  

 

2.7.2 Primary myoblasts 

 

Juvenile mice were euthanized via cervical dislocation, followed by a wash with 70% ethanol. 

Hindlimb muscles were harvested and placed in a Petri dish with HBSS (Gibco, Thermo Fisher 

Scientific, Waltham, MA) containing 0.2% BSA and 0.5% penicillin/streptomycin. A digestion 

buffer consisting of 3 mg/mL dispase (Roshe, Basel, Switzerland) in HBSS (Gibco, Thermo 

Fisher Scientific) filtered through a 0.22 µm filter, 2 mg/mL collagenase A (Roshe), 8 mM CaCl2 

(Sigma-Aldrich, St. Louis, MO), 10 µg/mL DNAse I (Roshe), and 5 mM MgCl2 (Sigma-Aldrich) 

was prepared directly before the experiment. SM were minced and transferred to Falcon tubes 

containing 40 mL (for Wt mice) or 20 mL (for Lal-/- mice) of digestion buffer. Resuspension 

with blazed glass Pasteur pipettes and manual stirring were performed every 15 or 20 min 

during a 45-60-min digestion period at 37°C. The digested cells were recovered, filtered 

through 40-µm cell strainers, and centrifuged. The obtained cell suspension was treated with 

ammonium-chloride-potassium (ASK) lysing buffer. Subsequent centrifugation steps and 

supernatant aspirations were conducted to obtain the desired cell populations for further 

analysis. Freshly isolated cells were plated at high density (4000 cells/cm2) on gelatine-coated 

dish in growth medium comprised of high-glucose DMEM supplemented with 20% FBS, 10% 

horse serum, 1% Hepes (Gibco, Thermo Fisher Scientific), 1% sodium pyruvate (Gibco, 
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Thermo Fisher Scientific), and 1% penicillin/streptomycin, with the addition of 5 ng/mL basic 

FGF (Peprotech, Thermo Fisher Scientific) for 4-5 days. The medium was then switched to 

differentiation medium consisting of high-glucose DMEM supplemented with 10% horse serum 

and 1% penicillin/streptomycin for 3 days. 

 

2.8 Methods  

 

2.8.1 RNA isolation and real-time PCR 

 

C2C12 cells were lysed directly in a 6-well plate by adding 1 mL of TRIsure reagent per 10 

cm2 growth area. Then the cells were retrieved using cell scrapers and pipetted several times 

to ensure sufficient cell disruption. SM (approximately 60 mg) were homogenized in 1 mL of 

TRIsure reagent using Precellys.  

To initiate phase separation, 200 μL of chloroform per 1 mL of TRIsure was used and the 

samples were incubated for 5 min at RT. Subsequently, the samples were centrifuged at 6,289 

x g for 15 min at 4 °C. The aqueous phase following phase separation was carefully transferred 

to a new tube without disturbing the interphase. RNA was precipitated by adding cold isopropyl 

alcohol (500 μL per 1 mL of TRIsure) and incubating the samples for 10 min at RT. 

Centrifugation at 6,289 x g for 10 min at 4 °C resulted in RNA precipitation. After discarding 

the supernatant, the RNA pellet was washed once with 75% ethanol and centrifuged to collect 

the rest of EtOH. The air-dried pellet was dissolved in 20-100 μL DEPC-treated water and the 

RNA concentration was estimated in 2 μL using a NanoDrop spectrophotometer at 260 nm 

(269). RNA from primary myoblasts was extracted with Monarch® total RNA miniprep kit (New 

England Biolabs, Ipswich, MA) followed the manufacturer’s protocol. 

 

Reverse transcription 

 

Five hundred ng or one μg of RNA were reverse transcribed in 20 μL using the high capacity 

cDNA reverse transcription kit. The composition of the master mix for the reverse transcription 

kit is detailed in Table 5. 
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Table 5. Master mix for reverse transcription of RNA to cDNA. 

Component Volume (µL)/reaction 

10X RT-buffer 2 

dTNP Mix 0.8 

10X Random primers 2 

Reverse transcriptase 1 

RNase inhibitor 0.7 

Nuclease-free water 3.5 

 

The reverse transcription conditions in the thermal cycler C1000Touch are listed in Table 6.  

 

Table 6. The thermocycler program for reverse transcription. 

Step Step 1 Step 2 Step Step 4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 min 120 min 5 s ∞ 

 

Real-time PCR 

The cDNA samples were diluted either 1:25 or 1:16.5 in nuclease-free ddH2O when 1 μg or 

500 ng of RNA were used for reverse transcription, respectively. Subsequently, 3 μL of the 

diluted cDNA, along with 1 μL each of forward and reverse primers (prepared from a stock 

solution of 100 μM and diluted 1:10 with nuclease-free ddH2O), and 5 μL of GoTaq® qPCR 

Master Mix (Promega, Madison, WI) were pipetted into PCR plates (Bio-Rad Laboratories, 

Hercules, CA). After short centrifugation, the plate was loaded onto a CFX96 Real-Time PCR 

detection system for real-time PCR analysis, following the program conditions outlined in Table 

7. The primers used are listed in Table 8 in alphabetical order. The expression profiles were 

determined utilizing the 2-ΔΔCT method, following normalization to the reference genes 

Cyclophilin A or Gapdh, established as housekeeping genes, ensuring reliable quantification 

of target gene expression levels (269). 
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Table 7. Real-time PCR program. 

 Temperature Time Cycles 

Denaturation and 
amplification 

95°C 
60°C 

10 s 
30 s 

40 

Melting curve 
95°C 
60°C 
95°C 

10 s 
20 s 

continuous 

1 
1 

Cool down 4°C ∞  

 

Table 8. Primer sequences used for real-time PCR. 

Gene  Forward sequence (5’-3’)  Reverse sequence (5’-3’)  

16S CCGCAAGGGAAAGATGAAAGAC TCGTTTGGTTTCGGGGTTTC 

Acox1 TCCAGACTTCCAACATGAGGA CTGGGCGTAGGTGCCAATTA 

Acsl1 ACCAGCCCTATGAGTGGATTT CAAGGCTTGAACCCCTTCTG 

Atrogin1 CTTTCAACAGACTGGACTTCTCGA CAGCTCCAACAGCCTTACTACGT 

Cat AGCGACCAGATGAAGCAGTG TCCGCTCTCTGTCAAAGTGTG 

Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 

Cd36 GCAGGTCTATCTACGCTGTG GGTTGTCTGGATTCTGGAGG 

Cpt1b TTCAACACTACACGCATCCC GCCCTCATAGAGCCAGACC 

Cyclophilin A  CCATCCAGCCATTCAGTCTT  TTCCAGGATTCATGTGCCAG  

Fabp3 ACCTGGAAGCTAGTGGACAG TGATGGTAGTAGGCTTGGTCAT 

Fabp4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC 

Fatp1 CGCTTTCTGCGTATCGTCTG GATGCACGGGATCGTGTCT 

Foxo1 ATGCTCAATCCAGAGGGAGG ACTCGCAGGCCACTTAGAAAA 

Gapdh ACCACAGTCCATGCCATCAC CACCACCCTGTTGCTGTAGCC 

Gpx1 AGTCCACCGTGTATGCCTTCT GAGACGCGACATTCTCAATGA 

Hk2 GCCAGCCTCTCCTGATTTTAGTGT GGGAACACAAAAGACCTCTTCTGG 
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Igf1 CACATCATGTCGTCTTCACACC GGAAGCAACACTCATCCACAATG 

Igf1r GTGGGGGCTCGTGTTTCTC GATCACCGTGCAGTTTTCCA 

ll1b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG 

ll6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 

Lipa GCTGGCTTTGATGTGTGGATG ATGGTGCAGCCTTGAGAATGA 

Lipe GATTTACGCACGATGACACAGT ACCTGCAAAGACATTAGACAGC 

Mgll CGGACTTCCAAGTTTTTGTCAGA GCAGCCACTAGGATGGAGATG 

Murf1 GCTGGTGGAAAACATCATTGACAT CATCGGGTGGCTGCCTTT 

Myf5 GCCTTCGGAGCACACAAAG TGACCTTCTTCAGGCGTCTAC 

Myf6 ATTCTTGAGGGTGCGGATTTC CCTTAGCAGTTATCACGAGGC 

Myh1 CTCTTCCCGCTTTGGTAAGTT CAGGAGCATTTCGATTAGATCCG 

Myh2 GCACCCATCCTCATTTCGTGA GGAATGGCACTTGCGTTTAACA 

Myh3 CCAAAACCTACTGCTTTGTGGT GGGTGGGTTCATGGCATACA 

Myh4 CTTTGCTTACGTCAGTCAAGGT AGCGCCTGTGAGCTTGTAAA 

Myh7 AGACTGTCAACACTAAGAGGGT TGCCCCAAAATGGATTCGGAT 

Myod CGGGACATAGACTTGACAGGC TCGAAACACGGGTCATCATAGA 

Myog GAGACATCCCCCTATTTCTACCA GCTCAGTCCGCTCATAGCC 

Nrf1 AGTGGTATAGACAGGTCTGTTGG TGTACGTGGCTACATGGACCT 

Pgc1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCTTGTTTTC 

Pparg GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA 

Sod2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT 

Tfam  GGAATGTGGAGCGTGCTAAAA ACAAGACTGATAGACGAGGGG 

Tfb1m AAGATGGCCCTTTCGTTTATGG CGACTGTGCTGTTTGCTTCC 

Tfb2m GGCCCATCTTGCATTCTAGGG CAGGCAACGGCTCTATATTGAAG 

Tnfα ACCCTCACACTCACAAACCA GGCAGAGAGGAGGTTGACTT 
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2.8.2 Hematoxylin and eosin staining (H&E) 

 

Snap frozen in 2-methyl butane, SM were sectioned (7 μm) with cryostat CryoStar™ NX50 

(Thermo Fisher Scientific, Waltham, MA) and stored at -80°C. Prior staining, the sections were 

briefly thawed at RT, followed by fixation in ice-cold acetone for 10 min. After air-drying, the 

sections were rehydrated in PBS for 5 min and then stained with Mayer’s hematoxylin solution 

(Carl Roth, Karlsruhe, Germany) for 2 min, followed by a brief rinse in running tap water. Next, 

the sections were counterstained with eosin solution (Carl Roth) for 45 s. After another rinse 

in running tap water, the sections were dehydrated in a graded series of EtOH (70%, 95%, 

100%) and cleared in xylene. Finally, the sections were mounted with a coverslip using Dako 

mounting medium (Agilent Technologies, Santa Clara, CA). The slides were examined under 

an Olympus BX63 microscope equipped with Olympus DP73 camera for histological 

evaluation (both Olympus, Shinjuku, Japan). 

 

2.8.3 Electron microscopy  

 

SM samples from chow diet-fed Lal-/- and Wt mice, perfused with PBS, were harvested and 

fixed in a solution containing 2% paraformaldehyde and 2.5% glutaraldehyde for 2 h. Following 

fixation, the samples were post-fixed in cacodylate buffer/OsO4 for an additional 2 h and then 

washed 4x10 min in phosphate buffer. Subsequently, the samples underwent dehydration and 

were infiltrated for 3 h with pure epoxy resin (TAAB) and propylene oxide. Afterwards, they 

were immersed in TAAB twice for 90 min each, transferred into embedding molds, and 

polymerized (72 h at 60°C). Seventy nm slices were obtained and stained with lead citrate and 

platinum blue (International Bio-Analytical Industries, Inc., Boca Raton, FL). These slices were 

then scanned at 120 kV using a Tecnai G2 transmission electron microscope (FEI, Eindhoven, 

The Netherlands) equipped with a Gatan ultrascan 1000 CCD camera (-20°C; Digital 

Micrograph acquisition software; Gatan, Munich, Germany). The sample preparations, 

sectioning, and electron microscopy were performed in collaboration with Prof. Dagmar Kolb, 

Medical University of Graz. 

 

2.8.4 Immunostaining 

 

Thawed SM cryosections were incubated for 20 min at RT and then dehydrated with PBS for 

10 min. Subsequently, the sections were blocked with 0.05% TBST (0.05% Tween 20 in Tris-

buffered saline (TBS)) solution containing 10% anti-goat serum to minimize non-specific 
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binding. The slides were then incubated overnight at 4°C with primary antibodies against anti-

MyHCI (MYH7) (#M8421, 1:300; Sigma-Aldrich, St. Louis, MO) or anti-laminin antibodies 

(#PA1-16730, 1:500, Thermo Fisher Scientific, Waltham, MA) in TBST (269).  

C2C12 cells were seeded on glass slides in 24-well plates and fixed with 4% formaldehyde at 

RT for 20 min. Thereafter, the cells were permeabilized with 0.1% TritonX-100 in PBS for 10 

min, washed with TBST 3 times for 10 min and blocked in 5% BSA for 1 h. Then the slides 

were incubated with primary antibodies against MyHCIIx (MYH1) (#ab51263, 1:300, Abcam, 

Cambridge, MA) in TBST overnight at 4°C.  

For both cryosections and cells in the slides after 3 x washing with TBS for 10 min, the sections 

were exposed to secondary goat anti-rabbit Alexa Fluor-488 (#A-11008, 1:250) and anti-rabbit 

Alexa Fluor-594 (#A-11012, 1:250, both Thermo Fisher Scientific) antibodies in blocking 

solution for 1 h at RT. Subsequently, the sections were incubated with DAPI for 10 min to stain 

the nuclei. Finally, the slides were mounted using Dako fluorescence mounting medium 

(Agilent Technologies, Santa Clara, CA) for examination under an Olympus BX63 fluorescence 

microscope. Images were taken using an Olympus DP73 camera (both Olympus, Shinjuku, 

Japan). The evaluation of myofiber characteristics involved a comprehensive analysis 

conducted using Fiji software, an advanced image processing platform that extends the 

capabilities of ImageJ® Version 1.52d. Within Fiji, the "Muscle morphometry" plugin was 

employed to meticulously determine parameters such as the cross-sectional area (CSA) and 

Feret diameter of the myofibers. Moreover, the quantification of the immunofluorescently 

stained fibers formed from the C2C12 cells was executed utilizing ImageJ software, specifically 

Version 1.53r (269). 

 

2.8.5 Proteasome activity assay  

 

To determine chymotrypsin-like, trypsin-like, and caspase-like activities of the proteasome 

activity, we used a fluorometric assay kit II according to the manufacturer’s protocol. SM were 

placed in cold lysis buffer (40 mM Tris pH 7.2, 50 mM NaCl, 2 mM β-mercaptoethanol, 2 mM 

ATP, 5 mM MgCl2, 10 % glycerol) and homogenized using Precellys. The lysates were then 

centrifuged at 17,000 x g for 20 min at 4 ̊C, and protein concentrations were estimated by 

Bradford’s assay (Bio-Rad Laboratories, Hercules, CA). One hundred fifty µL of 3 mg/mL of 

protein was added to a black 96-well plate (Greiner Bio-One, Kremsmünster, Austria) in 

duplicate for each sample. To each lysate-containing well, 50 μL of one of the three substrates 

(Suc-LLVY-AMC (chymotrypsin-like), Boc-LRR-AMC (Trypsin-like), and Z-LLE-AMC 

(caspase-like)) diluted to 100 μM in 1X assay buffer was added. A CLARIOstar plate reader 
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pre-warmed to 37 °C was employed to estimate the released 7-amino-4-methylcoumarin 

(AMC) fluorescence with excitation/emission filters set at 360/40 nm and 460/40 nm, 

respectively. The standard curve was used to calculate the absolute amounts of released AMC 

in each sample (269). 

 

2.8.6 Western blotting 

 

Cell lysates were sonicated twice for 10 s on ice in RIPA buffer containing NP40 (1%) and 

protease inhibitor cocktail (PIC) (Sigma-Aldrich, St. Louis, MO) to solubilize proteins while 

preserving their native conformation. SM from young fed mice were lysed in RIPA buffer with 

NP-40, PIC, and phosphatase inhibitor (Thermo Fisher Scientific, Waltham, MA) 2 x 20 s at 

6,500 rpm using Precellys. Subsequently, samples were store on ice for 10 min and centrifuged 

at 18,000 x g and 4°C for 30 min.  

Afterwards, 2 µL of each sample was used to estimate the protein concentrations using DC 

Protein Assay and microplate photometer HiPo MPP-96. Thirty-five µg of protein were then 

separated by SDS-PAGE and transferred to a PVDF membrane. Anti-mouse antibodies diluted 

in 5% milk in TBST were applied to block nonspecific binding sites on the membranes and 

incubated for 1 h. Following this blocking step, detection of the proteins of interest was carried 

out using monoclonal anti-myosin (MyHCI or MYH7) (#M8421, 1:500 dilution; Sigma-Aldrich, 

St. Louis, MO) and MyHCIIx (MYH1) antibodies (#ab51263, 1:500, Abcam, Cambridge, MA) 

to detect myosin expression, while antibodies against phosphorylated Akt (pAKT, Ser473) 

(#4051, 1:1,000 dilution), total Akt (#9272, 1:1,000 dilution), phosphorylated 4E-BP1 (p4E-

BP1) (#2855, 1:1,000 dilution), total 4E-BP1 (#9644, 1:1,000 dilution), phosphorylated AMPKβ 

(#4181T, 1:1,000 dilution), total AMPKβ1/2 (#4150T, 1:1,000 dilution), and LC3B (#2775S, 

1:1000 dilution) were obtained from Cell Signaling (Danvers, MA) for the assessment of 

signaling pathways. Additionally, GAPDH (#2118, 1:1,000 dilution;), calnexin (#2679T, 1:1,000 

dilution, both Cell Signaling), and α-tubulin (NB100-690, 1:1,000 dilution; Novus, Centennial, 

CO) antibodies were utilized as loading controls to normalize protein expression levels. The 

secondary anti-rabbit (1:2500, Thermo Fisher Scientific) and anti-mouse antibodies (#P0260, 

1:2000, Dako, Agilent Technologies, Santa Clara, CA) conjugated with HRP were used to 

obtain the protein bands on the membranes. The final images were received by applying the 

ClarityTM Western ECL Substrate Kit to the membranes and visualized with the ChemiDoc 

imaging system (both Bio-Rad Laboratories) (269). 

 



58 
 

2.8.7 Amino acid quantification by high-performance liquid chromatography  

 

Seventy µL of plasma collected from chow-fed and 12 h fasted mature female Lal-/- and Wt 

mice was mixed with 50 µL of 1.5 M HOCl4 and vortexed for 2 min at RT. Following this, 1.125 

mL of water was added to the samples, along with 25 µL of 2 M K2CO3, and vortexed again. 

The mixture was centrifuged at 3,000 x g for 5 min, after which the supernatant was carefully 

removed and stored at -80°C. For derivatization, the o-phthalaldehyde (OPA) reagent was 

utilized. High-performance liquid chromatography (HPLC) was conducted with a liquid 

chromatograph (Shimadzu, Kyoto, Japan) with specific conditions. Mobile phase A consisted 

of 0.1 M sodium acetate (pH 7.2), prepared by combining sodium acetate, water, HCl, 

methanol, and tetrahydrofuran (THF); the mobile phase B was composed of methanol. The 

entire process was carried out using a Waters 717 plus autosampler (Waters, Milford, MA) and 

LC20AD Shimadzu pumps. The HPLC conditions were as follows: A gradient of mobile phases 

A and B was applied over time, with varying percentages of each. The flow rate was set at 1.1 

ml/min. The gradient program is described in Table 9. Analysis was conducted using a 

Supelcosil LC18 3 µm, 150 x 4.6 mm column (Supelco™ Analytical, Sigma-Aldrich, Saint 

Louis, MO) with detection by a scanning fluorescence detector (excitation :340 nm, emission: 

455 nm). An autosampler set to addition mode with a delay time of 1 min, mixed 25 µL of 

sample with 25 µL of OPA reagent (269). This experiment was performed in collaboration with 

Prof. Wolfgang Sattler and Helga Hinteregger, Medical University of Graz.  

 

Table 9. The gradient program for amino acid separation by high-performance liquid 
chromatography. 

 Time [min] 

Mobile Phase 0 15 20 24 26 34 38 40 42 42,1 49 

A [%] 86 86 70 65 53 50 30 0 0 86 86 

B [%] 14 14 30 35 47 50 70 100 100 14 14 

 

2.8.9 Metabolome analysis using nuclear magnetic resonance (NMR) spectroscopy 

 

Sample preparation  

 

Metabolomics analysis by NMR spectroscopy was performed following the protocol described 

previously (270). Specifically, 30-50 mg of either enriched in oxidative “red” or glycolytic “white” 
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fibers segments of GA were lysed and mixed with ice-cold methanol and MilliQ H2O (2:1). The 

samples were then homogenized 2x for 20 s using a Precellys. Following centrifugation at 

12,300 x g for 30 min at 4 °C, the supernatants were carefully transferred to new tubes and 

lyophilized at <1 Torr, 850 rpm, 25°C for 10 h in a vacuum-drying chamber equipped with a 

cooling trap and vacuum pump (Savant Speedvac SPD210 vacuum concentrator, Savant 

RVT450 refrigerated vapor trap, VLP120 vacuum pump; Thermo Fisher Scientific, Waltham, 

MA, USA). Subsequently, the dried samples were reconstituted in 500 µL of NMR buffer, 

composed of D2O and 0.08 M Na2HPO4, 4.6 mM 3-(trimethylsilyl) propionic acid-2,2,3,3-d4 

sodium salt (TSP), 0.04% (w/v) NaN3 (pH 7.4). NMR spectroscopy was performed using a 

Bruker AvanceTM Neo 600 MHz spectrometer equipped with a TXI probe head (Bruker, 

Rheinstetten, Germany), operating at a temperature of 310 K. One-dimensional proton (1H) 

NMR spectra were acquired using the Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence 

(cpmgpr1d), comprising 512 scans, 73728 points in F1, 12019.230 Hz spectral width, 1024 

transients, and a recycle delay of 4 s, with pre-saturation for water suppression. 

 

NMR data analysis 

 

NMR spectra processing involved several steps: Fourier transformation of the free induction 

decay (FID), automatic phasing, and baseline correction using Bruker Topspin software 

version 4.0.2. Subsequently, in Matlab version 2014b, peaks near water, TSP, and methanol 

signals were removed, spectra were aligned, and probabilistic quotient normalization was 

applied. Chenomx NMR Suite 8.4 was utilized for metabolite identification, and signal 

integration of normalized spectra was performed for quantification (271). Representative peaks 

for each metabolite were selected, and integration areas were determined using an R script in 

RStudio 2023 with R version 4.1.3, providing values in arbitrary units (a.u.) proportional to 

metabolite concentrations. MetaboAnalyst 5.0 facilitated principal component analysis (PCA), 

orthogonal partial least squares discriminant analysis (O-PLS-DA), and partial least squares 

discriminant analysis (PLS-DA) (272). Quality evaluation, assessed by the Q2 statistics, 

confirmed the statistical significance of variations, with a maximum value of 1 indicating 

consistency between original and projected data, offering insights into cross-validation. This 

experiment was performed in collaboration with Prof. Tobias Madl and Hansjörg Habisch, 

Medical University of Graz.  
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2.8.10 Measurement of ATP by mass spectrometry 

 

QU samples from young male mice, approximately 25 mg each, were homogenized in 500 µL 

of 80% methanol with internal standards (670 pmol of glutarate and 168 pmol of deuterium-

labeled glycocholic acid (Sigma-Aldrich, St. Louis, MO) using a Bioruptor Pico sonicator 

(sonication conditions: 30 min at 4°C, alternating between 30 s on and off, at a high-frequency 

setting) (Diagenode, Denville, NJ). To this mixture, 300 µL of double-distilled water and 900 

µL of methyl tert-butyl ether (MTBE) were added, followed by a 15-min incubation at 4°C. 

Afterwards, the samples were centrifuged at 18,213 x g for 10 min at 4°C. Subsequently, 800 

µL of the resulting upper phase was carefully removed and replaced by 800 µL of a synthetic 

upper phase mixture made of MTBE, methanol, and water in a 9/4/4 volume ratio. Following a 

second round of incubation and centrifugation under the same conditions, the entire upper 

phase was collected. The lower phase of 800 µL was then harvested and dried using a 

SpeedVac concentrator (Thermo Fisher Scientific, Waltham, MA). For analysis by liquid 

chromatography/mass spectrometry, the water-soluble metabolites were reconstituted in 100 

µL of 70% acetonitrile (ACN) containing 0.5 mM medronic acid. The remaining tissue was 

desiccated, dissolved in 0.3 N sodium hydroxide at 55°C for roughly 4 h, and the protein 

concentration was measured using the PierceTM BCA assay kit (Thermo Fisher Scientific) 

according to the instructions provided by the manufacturer. For external calibration, a range of 

ATP solutions, from 20 pmoles to 200 nmoles (Sigma-Aldrich), were provided in 500 µL of 80% 

methanol solution that contained an internal ATP standard solution. The preparations were 

then subjected to the same processing steps as detailed earlier. 

Separation of the metabolites was carried out on a Vanquish UHPLC+ system (Thermo Fisher 

Scientific). An ACQUITY UPLC BEH Amide column (2.1 x 150 mm, 1.7 µm particle size; 

Waters, Milford, MA) was utilized for this purpose. An 18-min gradient was applied at a flow 

rate of 400 µL per min, transitioning from 97% of solvent A (a mixture of ACN and ddH2O (95:5, 

v:v)), with 10 mM ammonium formate and 10 mM ammonium) down to 65% of solvent B (which 

is ddH2O and ACN, 95;5, v:v, containing 20 mM ammonium formate and 20 mM ammonium).  

A QExactive Focus mass spectrometer (Thermo Fisher Scientific), incorporating a heated 

electrospray ionization source, was utilized for the detection of metabolites. Operated in 

negative data-dependent acquisition mode scanning a mass-to-charge (m/z) range of 60 to 

900, the equipment was used to identify ATP by matching the accurate mass-to-charge ratio 

of the [M-H]- ion (with a deviation less than 5 parts per million) to that of a synthetic reference 

(Sigma-Aldrich), alongside a comparison of retention times and MS2 spectral data. 
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In the analysis, blank values were subtracted from ATP peak areas, followed by normalization 

to the internal standard. Quantification was then carried out by comparing ATP/standard ratios 

to an external calibration curve. To standardize ATP concentrations across samples, the 

values were further normalized using the wet weight of each respective sample (269). This 

experiment was performed in collaboration with Thomas O. Eichmann, Core Facility Mass 

Spectrometry, Medical University of Graz.  

 

2.8.11 2-Deoxy-D-glucose uptake 

 

Lal-/- and their Wt littermates were fasted for 6 h, after which the animals were injected 

intraperitoneally with 10% 2-deoxy-D-glucose solution in PBS containing 2 µCi [3H]-2-deoxy-

D-glucose (Hartmann Analytic GmbH, Germany)/30 g body weight. Blood was taken at 15 and 

60-min post-injection, the animals were sacrificed 60 min post-injection, and the organs were 

removed. Plasma was isolated from blood by centrifugation at 5,205 x g at 4°C for 7 min, and 

the radioactivity was measured from 20 µL of plasma by liquid scintillation counting (4 ml 

scintillation cocktail) using a liquid scintillation analyzer. The tissues were lyophilized for 48 h, 

after which the dry weight was measured. Subsequently, liver and SM were digested in 1 mL 

of 1 M NaOH overnight at 65°C. The digested material was transferred into scintillation vials 

containing 8 mL of scintillation cocktail, mixed properly, and kept at 4°C overnight. The 

radioactivity was determined by liquid scintillation counting and normalized to dry tissue weight 

(269). 

 

2.8.12 Lipid extraction and biochemical analysis 

 

SMs from mice were lysed using Precellys in lysis buffer (100 mM potassium phosphate, 250 

mM sucrose, 1 mM EDTA, pH 7). The protein amount was determined after centrifugation 

according to the method of Lowry by using the DC Protein Assay. For lipid extraction, 1 (for 

QU, TA, and GA) or 0.5 mg (for SO) of protein were used following Folch’s method. Briefly, 

20-fold excess of chloroform/methanol (2:1) was added to the samples and the vials were 

rotated for 2.5 h at RT. After centrifugation at 1250 x g for 15 min at 4°C, PBS (0.2-fold) was 

added to the supernatant. The samples were mixed and centrifuged again at 1,250 x g for 15 

min at 4°C. The lower phase was transferred to a new vial and dried under nitrogen gas after 

the addition of 200 μL 2% Triton X-100 in chloroform. The residue was dissolved in 100 μL 

ddH2O for 20 min in an ultrasound water bath (269). 
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For lipid extraction from C2C12 cells, they were washed 3 times with ice cold PBS, which was 

then carefully removed. Lipids were extracted with 1 mL of ice cold hexane:isopropanol (3:2) 

at 4°C for 2 h, followed by the addition of 15 µL of 10% Triton-X100 (in isopropanol) to each  

sample vial. The liquid was evaporated under nitrogen gas, diluted in 150 µL of deionized 

water, vigorously mixed, and incubated in a water bath (45°C) for 40 min.   

Thereafter, TG, TC, and FC concentrations were determined using enzymatic kits and a 

microplate photometer HiPo MPP-96 following the manufacturer’s protocol. For lipid extracts 

from cells, the reagents were combined with sodium 3,5-dichloro-2-hydroxy-benzenesulfonate 

(SDHC) as enhancer of the reaction. CE concentrations were calculated by subtracting FC 

from TC. These values were normalized to protein concentrations (269). 

 

2.8.13 Oil Red O (ORO) staining 

 

For lipid staining, a stock solution was prepared by combining 0.5 g ORO (Sigma-Aldrich, St. 

Louis, MO) with 100 mL of isopropanol. The ORO working solutions (30 mL of filtered stock 

and 20 mL ddH2O, mixed for 10 min, filtered) was freshly prepared before use and added for 

1 h. Cryosections (7 µm) from snap frozen SM thawed at RT for 20 min were fixed in 10% 

formalin for 30 s and then briefly washed with distilled water. C2C12 cells were washed with 

PBS and fixed with 4% formaldehyde for 20 min at RT. Subsequently, slides were incubated 

in PBS for 5 min, followed by 90% isopropanol for another 5 min. The samples were then 

incubated with the working ORO solution for 1 h, followed by an incubation in 70% isopropanol 

for 1 min, and finally rinsed with distilled water. Nuclei were stained for 10 min with Mayer's 

Hematoxylin (Carl Roth, Karlsruhe, Germany) and afterwards slides were mounted with Dako 

mounting medium (Agilent Technologies, Santa Clara, CA). Images were taken on an Olympus 

BX63 microscope equipped with an Olympus DP73 camera (both Olympus, Shinjuku, Japan). 

 

2.8.14 Fatty acylcarnitine analysis by mass spectrometry 

 

Lipids were extracted from 5-15 mg of SM powder obtained from juvenile (8-12 weeks old) 

fasted male Lal-/- and Wt mice according to Matyash et al. (273). Briefly, samples were ground 

using a Mixer Mill with two 6-mm steel beads (Retsch, Haan, Germany) at high frequency for 

two intervals of 10 s. The homogenization medium was 700 µL of a solution containing methyl 

tert-butyl ether (MTBE) and methanol (3:1). This solution also included 500 pmol of butylated 

hydroxytoluene, 1% acetic acid, and 3 pmol of 13C-labeled palmitoyl-L-carnitine (Sigma-

Aldrich, Saint Louis, MO), all serving as internal standards. The samples underwent lipid 
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extraction through vigorous shaking for 30 min at RT. Subsequently, 140 µL of dH2O was 

added and the samples were extensively vertexed, followed by centrifugation at 1,000 x g for 

15 min. Thereafter, the upper organic layer, approximately 500 µL, was collected, and any 

solvents were evaporated using nitrogen gas. The lipids were then reconstituted in 500 µL of 

MTBE/methanol at the same ratio described above, then diluted 5-fold with a mixture of 

isopropanol, methanol, and distilled (7:2.5:1) for further analysis with an ultra-high-

performance liquid chromatography triple quadrupole system (UHPLC-QqQ). The remaining 

protein sediments were dried, lysed in 300 µL of 0.3 N sodium hydroxide at 60°C, and its 

protein content was measured. 

The chromatographic separation was carried out utilizing a 1290 Infinity II LC system (Agilent, 

Santa Clara, CA), featuring a Zorbax RRHD Eclipse Plus C18 column (2.1 x 50 mm, 1.8 µm; 

Agilent). A gradient elution approach spanning 10 min was employed, transitioning from 95% 

solvent A (H2O; 10 mM ammonium acetate, 0.1% formic acid, 8 µM phosphoric acid) to 100% 

solvent B (2-propanol; 10 mM ammonium acetate, 0.1% formic acid, 8 µM phosphoric acid) at 

a flow rate of 500 µL/min. The column temperature was maintained at 50°C throughout the 

analysis. The lipid species were detected in positive ionization mode using a 6470 triple 

quadrupole mass spectrometer (Agilent) equipped with an electrospray ionization (ESI) 

source. Acylcarnitine species were analyzed by dynamic multiple reaction monitoring ([M+H] 

+ to m/z 84.9, CE 28, Fragmentor 164, CAV 5). Data acquisition and data processing was 

done by MassHunter Data Acquisition software (Version 10.0 SR1, Agilent) and MassHunter 

Workstation Quantitative Analysis for QQQ (Version 10.0, Agilent), respectively. Data were 

normalized for recovery, extraction-, and ionization efficacy by calculating analyte/ internal 

standards ratios (AU) and expressed as AU/µg protein (269). Lipid extraction, separation and 

final quantifications were performed in collaboration with Thomas O. Eichmann, Medical 

University of Graz. 

 

2.8.15 Assessment of mitochondrial respiration and FAO  

 

Mitochondrial respirometry and FAO in permeabilized SM fibers was estimated by Oxygraph-

2k (O2k) high-resolution respirometer following the manufacturer’s protocol (274). The 

procedure began with the excision of the enriched in oxidative fibers from GA. The removed 

section of SM was then sliced into small parts, each weighing between 10 to 20 mg. These 

samples were placed into a Falcon tube containing 10 mL of an ice-cold BIOPS preservation 

solution (10 mM Ca2+-EGTA buffer, 20 mM imidazole, 50 mM potassium-4-

morpholineethanesulfonic acid (MES), 0.5 mM dithiothreitol, 6.56 mM MgCl2, 5.77 mM ATP, 
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15 mM pCr, pH 7.1). The muscle sample in the BIOPS solution in a small Petri dish were 

placed on ice. All connective tissue was carefully removed using a pair of sharp forceps to 

ensure that only the muscle tissue is subjected to further analysis. 

Afterwards, the dissected GA part was separated to small bundles (each approximately 0.5–1 

mg) and then transferred into a plastic Petri dish, in which individual fibers were mechanically 

separated using 2 pairs of sharp forceps and a dissection microscope (Olympus SZ40; 

Olympus Optical, Tokyo, Japan). The separated fibers were transferred to BIOPS buffer 

containing saponin (50 μg/mL) and incubated for 30 min at 4°C on a shaker. Afterwards, 

saponin was washed off the permeabilized fibers for 10 min in respiration medium (MiRO6; 

110 mM D-sucrose, 60 mM lactobionic acid, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 

mM KH2PO4, 20 mM HEPES, 1 g/L bovine serum albumin and ~280 U/mL catalase) at 4°C. 

One to 3 mg of fibers were transferred into a calibrated respirometer containing 2 mL of 

respiration medium (MiRO6) at 37°C in each chamber to preserve mitochondrial activity. 

To assess mitochondrial respiratory capacity using non-saturating substrates that support 

oxidative phosphorylation, the substrate-uncoupler-inhibitor titration (SUIT-011) protocol was 

applied. The use of substrates such as glutamate and malate (10 mM each) allows the study 

of the NADH-linked substrate pathway control state (non-phosphorylating electron transfer 

(LEAK) respiration). Once a stable state oxygen consumption rate was reached, the ADP-

activated state of oxidative phosphorylation (OXPHOS) was measured in the presence of 5 

mM ADP-Mg2+. The integrity of the mitochondrial membrane was estimated after adding 

cytochrome C (10 µM). Thereafter, respiration was further stimulated by adding 10 mM 

succinate, activating the convergence of electrons from complex I + II, followed by 1 µM 

uncoupler carbonyl cyanide m‐chlorophenylhydrazone (CCCP). Finally, inhibition of complex I 

with rotenone (0.5 µM) allowed us to measure electron transfer capacity through complex II, 

whereas antimycin A (2.5 µM), an inhibitor of complex III (all components from Sigma-Aldrich, 

St. Louis, MO), was utilized to assess and adjust residual oxygen consumption capacity, 

implying non-mitochondrial oxygen consumption.  

To estimate mitochondrial function during FAO, we applied the SUIT-005 protocol with minor 

modifications. The following substrates and inhibitors were added sequentially after the oxygen 

slope was stable: 100 μM palmitoylcarnitine and 2 mM malate (basal respiration and 

respiratory stimulation of the FAO pathway) followed by 25 mM ADP, 10 µM cytochrome C, 5 

mM pyruvate (respiratory stimulation by simultaneous action of the FAO pathway and the 

NADH electron transfer pathway), 10 mM succinate, 1 µM CCCP, 0.5 μM rotenone, and 2.5 

μM antimycin (all Sigma-Aldrich).The respiration signals were analyzed using the O2k-6 

software DatLab (269).  
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2.8.16 Quantification of mitochondria  

 

The number of mitochondria was estimated by determining the ratio of mitochondrial to nuclear 

DNA as previously described (275). Briefly, genomic DNA from SM was incubated with DNA 

extraction buffer (100 mM NaCl, 25 mM EDTA, 10 mM Tris-Cl, 0.5% SDS, 1 mg/mL proteinase 

K, pH 8) overnight at 55 °C. Thereafter, DNA was extracted with phenol:chloroform:isoamyl 

alcohol (25:24:1, v:v:v). The concentration of extracted DNA was estimated by NanoDrop and 

diluted to 10 ng/µL for qPCR amplification. A comparison of 16S (mitochondrial gene) 

expression relative to hexokinase 2 (hk2, nuclear gene) DNA expression was used to estimate 

the ratio between mtDNA to nDNA copy numbers (269). 

 

2.8.17 MCP1 enzyme-linked immunosorbent assay (ELISA) 

 

Levels of the inflammatory factor MCP1 (CCL2) were measured with an ELISA kit (DY479, 

R&D Systems, Minneapolis, MN) following the manufacturer’s protocol. For plate preparation, 

the capture antibody was diluted in 0.5 mL PBS without carrier protein and then used to coat 

a 96-well microplate with 100 μL per well, followed by overnight incubation at RT. After 

aspiration and washing of each well with washing buffer, the plate was blocked with 300 μL 

reagent diluent per well for 1 h at RT. Subsequently, samples and standards were added in 

reagent diluent, and the plate was incubated for 2 h at RT. The detection antibody, diluted in 

reagent diluent, was then added to each well, followed by another 2 h of incubation. 

Streptavidin-HRP was applied to each well and incubated for 20 min at RT, after which the 

substrate solution was added and incubated for an additional 20 min. The final step involved 

the application of stop solution to each well, and subsequently, the optical density of the 

samples was measured at 450 nm using the CLARIOstar spectrophotometer. Quantification 

was performed by comparing the absorbance of the samples to the absorbance of the 

standards using a generated standard curve. 

 

2.8.18 Analyses of the SM proteome 

 

Sample preparation and processing for proteomics analysis 

The segments enriched in oxidative or glycolytic fibers from GA were homogenized in lysis 

buffer composed of 100 mM Tris-HCl, 1% SDS, 10 mM Tris(2-carboxyethyl)phosphine, and 40 

mM chloroacetamide (pH 8.5) by Bead Mill Max (VWR International GmbH, Darmstadt, 

Germany). The samples were then reduced and alkylated at 95°C for 10 min and centrifuged 
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at 7,000 x g and 4°C for 5 min. Fifty µg of each sample was precipitated with acetone, dissolved 

in 50 mM Tris-HCl (pH 8.5), and digested with trypsin/endoproteinase Lys-C mixture 

(Promega, Madison, WI) at 37°C overnight with constant shaking. Subsequent to the initial 

preparation, the peptide solution, containing 4 µg of proteins, was acidified by adding 

trifluoroacetic acid to reach a final concentration of 1%. Following the acidification, the peptides 

were further purified and desalted using homemade stage-tips. These stage-tips were packed 

with styrenedivinylbenzene reversed-phase sulfonate, which is effective for this purpose. The 

use of this method helps in removing salts and other contaminants, thereby preparing the 

peptides for subsequent mass spectrometry (269). 

 

Proteome analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

Further analysis was performed on the UltiMate™ 3000 RSLCnano Dionex system 

(ThermoFisher Scientific, Waltham, MA) utilizing an IonOpticks Aurora Series UHPLC C18 

column (250 mm x 75 µm, 1.6 µm) (IonOpticks, Fitzroy, Australia). This was achieved through 

an 86.5-min gradient at a flow rate of 400 nL/min, with the system maintained at 40°C. The 

gradient consisted of solvent A (0.1% formic acid in water) and solvent B (acetonitrile with 

0.1% formic acid), with the following profile: 0-5.5 min: 2% B; 5.5-25.5 min: 2-10% B; 25.5-45.5 

min: 10-25% B; 45.5-55.5 min: 25-37% B; 55.5-65.5 min: 37-80% B; 65.5-75.5 min: 80% B; 

75.5-76.5 min: 80-2% B; 76.5-86.5 min: 2% B. 

The timsTOF Pro mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) was 

operated in positive mode and utilized trapped ion mobility spectrometry (TIMS). The 

instrument operated at a 100% duty cycle with a ramp of 100 ms. The source capillary voltage 

was set to 1600 V, and a dry gas flow of 3 L/min at 180°C was maintained. Scan mode 

employed data-independent parallel accumulation–serial fragmentation (DIA-PASEF) as 

previously described (276), utilizing 21 x 25 Th isolation windows spanning m/z 475 – 1,000 

with 0 Th overlap between windows. Following the MS1 scan, two and three isolation windows 

were fragmented per TIMS ramp, resulting in an overall DIA cycle time of 0.95 s (269). 

 

LC-MS/MS proteomics data processing, bioinformatics, and statistical analysis 

Data-Independent Acquisition by Neural Networks (DIA-NN) software (version 1.8.1) was used 

to process the raw data files and perform protein quantification (277, 278). For the library-free 

search, the SwissProt Mus musculus proteome database in fasta format was utilized. This 

database comprised a comprehensive collection of mouse protein sequences, including 

17,219 sequences, and also incorporated sequences for common contaminants. The version 

used was downloaded on August 17, 2021. The search parameters included a false discovery 
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rate (FDR) threshold of 1% to ensure high confidence in the identification of proteins and 

minimize the inclusion of incorrect matches. For the analysis using DIA-NN software, deep 

learning algorithms were used to enhance the prediction of both the mass spectra and retention 

times for the peptides. These settings are part of the software's capabilities to accurately 

predict how peptides and their fragments behave in the mass spectrometer based on their 

sequences and modifications. The m/z range for the fragment ions was set between 200 and 

1800, which defines the window within which the software will consider the data for analysis. 

This range is selected to ensure that the most informative and detectable ions are included 

while excluding less useful data. N-terminal methionine excision refers to the cleavage of the 

initial methionine residue from proteins during or after their synthesis in the cell. This biological 

process was considered in the analysis, likely improving the match between observed peptide 

sequences and those predicted by the software. The settings also included the tolerance for 

up to 2 missed cleavages by trypsin, a proteolytic enzyme commonly used in proteomics 

workflows to digest proteins into peptides. Missed cleavages occur when trypsin does not 

cleave at every expected site, usually at the carboxyl side of lysine or arginine amino acids. 

Lastly, the lengths of peptides considered for the analysis were constrained to a range of 7 to 

30 amino acids. This restriction ensures that the search is focused on peptides of an 

appropriate size for detection and analysis by the mass spectrometer, enhancing the reliability 

of the protein identification and quantification process. Further, in the analysis with the DIA-NN 

software, cysteine carbamidomethylation was set as a fixed modification, meaning that all 

cysteine residues in the protein sequences were assumed to be carbamidomethylated. This is 

a common modification applied during sample preparation to prevent the formation of disulfide 

bonds between cysteine residues. Methionine oxidation was considered a variable 

modification, implying that some methionine residues may be oxidized while others are not. 

During the mass spectrometry analysis, DIA-NN considers both the unmodified and oxidized 

forms of methionine when identifying and quantifying peptides. The DIA-NN software also has 

the capability to optimize mass accuracy settings based on the data. In this case, the software 

used the data from the first run of the experiment to automatically adjust the mass accuracy 

parameters, which helps in improving the confidence of peptide identifications. For post-

processing of the data, including functional analysis and visualization of protein group 

quantities, different software tools were used. Perseus software (version 1.6.15.0) was utilized 

for processing protein group quantities. Additionally, Jupyter Notebook with Python (version 

3.9) was employed for custom data analysis and scripting purposes. Finally, Cytoscape, a 

software platform for visualizing molecular interaction networks and biological pathways, was 

also used in the analysis. To ensure the inclusion of proteins that might be present in low 
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abundance in either Wt or Lal-/- mice and not discarded due to their absence in some samples, 

a specific filtering approach was applied. The criteria required that proteins must have at least 

4 valid measurements out of 5 or 6 samples in one of the groups to be retained for further 

analysis. This approach reduces the likelihood of excluding proteins that are truly present but 

not detected in certain conditions due to low expression levels. For any missing values that 

still existed after this filtering, an imputation strategy was employed. The missing values were 

replaced with random values drawn from a Gaussian (normal) distribution that was adjusted 

to be slightly wider and shifted downwards (width of 0.3, downshift of 1.8). Imputing data in this 

way is a common practice in proteomics to manage missing data that may occur because the 

protein abundance falls below the detection limit. PCA was performed on the normalized (z-

scored) data to reveal the most significant sources of variation within the experiments and 

visually interpret relationships within the data. PCA was visualized using Jupyter Notebooks in 

combination with various Python packages, such as Pandas, Numpy, Matplotlib, Sklearn, 

Seaborn, and Bioinfokit. For statistical validation, two-sample t-tests were conducted to identify 

differences between groups, with an additional correction for multiple hypothesis testing using 

a permutation-based FDR approach to control for type I errors. The settings for the statistical 

test included S0 (a parameter that may set a small fold change cut-off value) at 0.1 and the 

FDR threshold at <0.01 to ensure statistical significance of the protein group differences (269). 

Lastly, functional enrichment analyses were carried out on the log2-fold changes of protein 

expressions. This was done using the PANTHER (279, 280). Proteomics was performed in 

collaboration with Prof. Ruth Birner-Gruenberger and her team, Technische Universität Wien, 

Austria.  

 

2.8.19 Hanging wire test 

 

The motoric test (hanging wire test) was performed as previously described (281) with minor 

adaptations. The system consisting of a thick metal wire fixed onto two vertical strands with 

bedding materials in the bottom of the supporting cage was kindly borrowed from Prof. F. 

Madeo’s group, University of Graz. The experiment started when the mouse placed on the wire 

was able to hang and ended at the time point when the mouse fell off. The test was conducted 

in triplicate for each mouse. Mice hanging for longer than 5 min were excluded from final 

calculations. 
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2.8.20 Measurement of maximum O2 consumption (VO2max) and peak effort testing 

using treadmills 

 

The effort tolerance of Wt and Lal-/- mice, peak effort, and maximal oxygen uptake (VO2max) 

were studied under carefully controlled experimental conditions, using a motorized treadmill 

coupled to a calorimetric unit with a gas analyzer. Before the treadmill experiment, animals 

were kept in their cages for 1 h with ad libitum access to food and water. The mice were 

positioned individually in a switched-off closed treadmill chamber with the electrifying grid 

already active before the test was performed. The intensity of the electric stimulus was set to 

2.5 mA and 0.5 s. Each chamber was connected to a gas analyzer for instant O2 measurements 

throughout the experiment. The experimental animals were given approximately 2.5 min to 

freely explore the treadmill, at least until each mouse has explored its path and/or received at 

least one electric shock from the grid. The treadmill was then activated and the speed slowly 

increased to approximately 0.15 to 0.3 m/s. Once the mice began to run, the speed was slowly 

increased every 30 s for 0.01 m/s. The test was stopped when the mouse reached maximal 

exhaustion, which was defined as an animal’s inability to maintain the running speed for 

approximately 5 s despite being in touch with the electrical grid. The moment at which oxygen 

intake reached a plateau during a workout/exercise was used to assess VO2max and running 

distance. The ultimate running distance multiplied by body weight and divided by 1,000 was 

used to determine the maximum workload. Tissues were collected 2-3 h post exercises (269). 

This experiment was performed in collaboration with Prof. Simon Sedej, Medical University of 

Graz.  

 

2.8.21 Cholesteryl ester and triglyceride hydrolase activity assays 

 

C2C12 cells were lysed either in a citrate buffer (pH 4.2) containing 54% of 100 mM citric acid 

monohydrate and 46% of 100 mM trisodium citrate dehydrated, pH 4.2, or phosphate lysis 

buffer (pH 7) containing 0.25 M sucrose, 0.1 M KH2PO4, 1 mM EDTA, and 1 mM DTT. Then 

acid and neutral CE hydrolase (CEH) and TG hydrolase (TGH) activities were determined in 

C2C12 cell lysates as previously described (236). Briefly, cells were sonicated shortly on ice 

(2 x 10 s), and centrifuged at 1,000 x g at 4°C for 10 min. Protein concentrations were 

estimated in the supernatant using DC Protein Assay and microplate photometer HiPo MPP-

96. Once the protein concentration is determined, an aliquot of the supernatant was taken such 

that it contains 50 µg of protein. This aliquot is then diluted with citrate buffer or 0.1 M 

potassium-phosphate buffer to reach a final volume of 100 µL. The substrate for measuring 
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CEH activity contained 0.2 mM cholesteryl oleate/sample, 0.04 µCi/sample cholesteryl [1-14C]-

oleate (Amersham Biosciences, Piscataway, NJ), and 455 µM mixed micelles in the ratio 3 to 

1 of phosphatidylcholine (PC) and phosphatidylinositol (PI) (Amersham Biosciences). The 

substrate for the TGH activity assay contained 300 μM triolein/sample, 0.5 μCi/sample [9,10-

3H(N)]-triolein (Perkin Elmer, Waltham, MA), and 45 mM of PC/PI mixed micelles.  

The samples mixed with substrates were incubated in the water bath for 1 h at 37°C under 

constant shaking. The reaction was terminated by the addition of 3.25 mL stop solution with a 

mixture of methanol, chloroform, and n-heptane (10:9:7, v:v:v) followed by the addition of 1 mL 

of 0.1 M potassium carbonate at pH 10.5. After vortexing and centrifugation at 800 x g for 15 

min at 4 °C, the radioactivity was measured in 1 mL of the upper phase by liquid scintillation 

counting, and then the release of FA was calculated as described previously (282). 

 

2.8.22 MTT assay 

 

C2C12 cells in 12-well plates were washed twice with PBS. Thereafter, the cells were 

incubated with 250 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

stock solution (5 ng/mL) dissolved in 1 mL cell culture medium for 90 min. Afterwards, the 

medium was sucked and 300 µL of ice-cold lysis solution (0.04 M HCl in isopropanol) was 

added to all wells. The plate was shaken for 10 min at RT and 200 rpm in the dark. The 

absorbance of each well was measured at 570 nm and 630 nm and absorption spectra were 

recorded using a microplate reader CLARIOstar. 

 

2.8.23 Estimation of the proliferation rate of C2C12 cells and primary myoblasts 

 

Fifty thousand cells/well for C2C12 and 20,000 of primary myoblasts were seeded into 12-well 

plates. After adhering overnight, the initial cell number was determined from reference wells 

following trypsinization. Then the experimental wells were washed with PBS at least twice and 

media containing Lalistat-2 (0.1 µM) or the respective amount of EtOH (final concentration: 

0.1%) was applied to C2C12 cells. The cells were counted after 6 h (for C2C12 cells) and after 

24 h for primary as a starting point. The final cell numbers were counted after 24 and 72 h for 

C2C12 cells. For primary myoblasts, the cells were counted after 72 h and 96 h. For this 

purpose, the cells were harvested using 150 µL of 0.5% Trypsin-EDTA, collected by 

centrifugation at 200 x g for 5 min at RT, and resuspended in 550 µL fresh media. The cell 

suspension was diluted 1:1 in trypan blue (ThermoFisher Scientific, Waltham, MA) and 

counted with a hemocytometer. The final number of cells was quantified as the average 
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number of cells in each of the 16 corner squares, multiplied by 10,000 to account for the dilution 

and grid area, and finally, multiplied by 2 to correct for the 1:1 dilution from the trypan blue 

addition. 

 

2.8.24 FAO assay  

 

FAO using [1-14C] palmitic acid (PA) and isolated primary myoblasts from Lal-/- mice and the 

respective Wt littermates was performed as previously described with minor modifications 

(283). In brief, 45.000 primary myoblasts were seeded in gelatine-coated T-25 flasks in the 

upright position and grown in growth medium until confluency, after which the cells were 

differentiated to myoblasts using differentiation medium for 3 days. Thereafter, the cells were 

washed with warm PBS and incubated for 1 h at 37 °C with 1 mL of substrate containing 100 

µM PA, 0.4 µCi [1-14C]-PA, 0.5 mM carnitine, and 0.3% BSA in DMEM (glucose-, pyruvate- and 

glutamine-free) in flasks that were sealed with a rubber stopper and contained a hanging 

basket with a saturated filter (50 µL of 1 M NaOH). The reaction was stopped by adding 100 

µL of 70% perchloric acid, and the released CO2 was trapped at 37°C for 2 h, after which the 

radioactivity trapped in the filter was measured. The values determined in the presence of 100 

µM etomoxir (CPT1 inhibitor) served as a negative control. The radioactivity captured by the 

filter paper was quantified using liquid scintillation counting and the results were normalized to 

the number of seeded cells. 

 

2.8.25 Mitochondrial stress test by Seahorse analysis 

 

C2C12 cells were plated at a density of 2,000 cells/well in Seahorse XFe 96-well culture 

microplates (Agilent, Santa Clara, CA) and cultured in differentiation media either with EtOH 

or Lalistat-2 (0.1 µM) for 6 days before being assayed as described previously (284). Briefly, 

prior to the assay, the cells were washed with basal assay medium (Agilent) in the presence 

of 10 mM glucose, 2 mM glutamine, 1 mM sodium pyruvate, 200 nM insulin, and 60 µM oleic 

acid-BSA (all Sigma-Aldrich, St. Louis, MO). A mitochondrial stress test was performed 

through the sequential injection of oligomycin (2 μM, port A), FCCP (2 μM, port B), and 

antimycin A/rotenone (1 μM) in combination with Hoechst dye (10 μM, Port C) (all Sigma-

Aldrich). Cell counts/well were measured on the Biotek Cytation cellular imaging system, and 

data were normalized utilizing the Seahorse XF Imaging and Cell Counting software (both 

Agilent). The experiment was performed with the help of Prof. Elizabeth Rendina-Ruedy and 

her team and facilities from Vanderbilt University Medical Center during my stay abroad.  
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2.8.26 Statistical analyses 

 

The statistical analyses for NMR and proteomics data are described in the respective 

paragraphs. For the remaining data, the statistical analyses and illustrations were done using 

GraphPad Prism 9.0 (GraphPad Software Inc, San Diego, CA). The significance of two group 

comparisons was established using the unpaired Student's t-test. When comparing multiple 

groups, one-way ANOVA was used first, followed by Bonferroni or Tukey post-hoc test. The 

data were presented as mean values with their related standard deviations (either ± SD or 

+SD). The degrees of statistical significance were marked with asterisks (or another symbol 

dependent on the control as described in the specific results section): * p < 0.05, ** p ≤ 0.01, 

and *** p ≤ 0.001 (269).  
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3. Results 

 

3.1 Lipa mRNA expression in SM and C2C12 myoblast cells 

 

In previous studies, it was suggested that the expression of Lipa in SM and cardiac muscle is 

relatively low compared to other organs such as the liver, spleen, lungs, brain, and small 

intestine (208). However, studies of Lipa mRNA levels in different types of SM have not been 

performed. Notably, Lipa expression was higher in SM with a predominance of slowly oxidative 

fibers such as soleus (SO) (Ct ≈27-28), compared with muscles enriched in glycolytic fibers 

like quadriceps (QU), tibialis anterior (TA), and gastrocnemius (GA) (Ct ≈28-29) (Fig. 7A). Lipa 

expression in the liver was determined as control (269). 

In addition, I examined Lipa expression in C2C12, a mouse myoblast cell line, as a potential 

in vitro model to study the role of LAL in SM formation. We observed an increased expression 

of the Lipa gene during myotube differentiation (Fig. 7B). Interestingly, the Ct values for Lipa 

in C2C12 cells (Ct ≈24-25) were higher compared to those in SM from adult mice. 
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Figure 7: Lipa gene expression in different skeletal muscles and C2C12 cells.  
Relative expression of Lipa (encoding LAL) in (A) liver, quadriceps (QU), tibialis anterior (TA), 
gastrocnemius (GA), and soleus (SO) of fed Wt mice (n=4) (269) and (B) C2C12 cells at the 
beginning (d0) and the end (d7) of differentiation (n=3). Data represent mean ± SD. **p ≤ 0.01. 
(A) One-way ANOVA between skeletal muscles; expression in liver was plotted as reference. 
(B) Unpaired Student’s t test. The use of the figure A obtained from (269) is allowed under the 
terms described in the Appendix. 
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3.2 Phenotypical changes in SM of Lal-/- mice  

 

To investigate phenotypical changes in SM of Lal-/- mice, we examined different hind limb SM, 

including QU, TA, GA, and SO. Interestingly, we only observed a tendency for SM weight loss 

in QU from Lal-/- mice at 2 weeks of age (Fig. 8A). However, in older Lal-/- mice (15-16 weeks 

old), the weight of QU was reduced by 60.6%, TA by 62.1%, and GA by approximately 62.7% 

(Fig. 8B). Additionally, QU, TA, and GA exhibited reduced weight as a percentage of body 

weight by 34.8%, 11.2%, and 28.2%, respectively (Fig. 8C). Notably, the weight of SO was 

reduced only in absolute counts by 48.5%, remaining unchanged when measured as %BW 

(Fig. 8B, C). H&E staining did not reveal any abnormalities in Lal-/- SM, such as small and 

angular atrophic fibers, abundant fibrosis, or the presence of central nuclei (Fig. 8D). The 

multiple nuclei of the fibers were observed at the periphery of the muscle fibers in both 

genotypes (Fig. 8D). Normal longitudinal sections of SM from Lal-/- were also confirmed by 

electron microscopy (Fig. 8E). 

Furthermore, we quantified the laminin-stained region using ImageJ to determine the CSA and 

minimum Feret diameter of myofibers, which are essential parameters for assessing the 

muscular phenotype. QU, TA, and GA mean fiber CSA (Fig. 8F, G) in line with Feret diameter 

(Fig. 8G, H) were significantly lower in Lal-/- mice compared to their WT littermates. Although 

the SM of Lal-/- mice were smaller, they also had a paler color compared with their Wt 

counterparts (Fig. 8I) (269). 
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Figure 8: Reduced skeletal muscle mass and size in Lal-/- mice.  
(A) Absolute weight in g of quadriceps (QU) from 2-week-old Lal-/- and Wt mice (n=4-5). (B) 
Absolute weight and (C) weight of the SM in % of body weight (BW) of QU, tibialis anterior 
(TA), gastrocnemius (GA), and soleus (SO) isolated from male Wt and Lal-/- mice aged 15-16 
weeks (fed state). (D) Representative images of GA stained with hematoxylin and eosin (scale 
bar, 50 µm). (E) Representative electron micrographs of GA extracted from 50-51 weeks old 
Lal-/- and Wt mice (scale bar, 2 µm). (F) Quantification of laminin-stained cross-sectional area 
(CSA) (1 to 4 technical replicates from n=3-5 young fed male mice). (G) Representative images 
of laminin-stained TA (scale bar, 100 µm). (H) Quantification of minimum Feret diameter of SM 
fibers (1 to 4 technical replicates from n=3-5 mice). (I) Representative images of isolated QU, 
TA, GA, and SO from Wt and Lal-/- mice. Data represent mean ± SD. *p < 0.05, **p ≤ 0.01, 
***p ≤ 0.001. Unpaired Student’s t test. The use of the figure F-I obtained from (269) is allowed 
under the terms described in the Appendix. 
 

3.3 Insights into protein turnover mechanisms in Lal-/- mice: implications for muscle 

mass regulation 

 

Like any other tissue within the body, the regulation of SM mass involves a dynamic process 

of protein and cellular turnover (285). The ubiquitin-proteasome system is one of the key 

mechanisms regulating a delicate equilibrium between degradation and synthesis of proteins 

in SM (286). In the QU (Fig. 9A), TA (Fig. 9B), and GA (Fig. 9C) isolated from Lal-/- mice, we 

found a noticeable reduction in proteasomal chymotrypsin-like peptidase activity. Interestingly, 

trypsin-like and caspase-like activities remained comparable between Lal-/- mice and Wt 

counterparts (Fig. 9A-B), suggesting that the ubiquitin-proteasome system is not activated in 

Lal-/- SM (269). 

In QU, TA, GA, and SO (Fig. 9D-G) from Lal-/- mice and Wt counterparts maintained on RT 

under starvation conditions, we failed to reveal any differences in the mRNA expression levels 

of Murf1 and Atrogin1, two key markers associated with muscle atrophy (174, 175). However, 

in the fed state, the expression of these markers was even reduced in QU, TA, and GA 

(Fig. 9H-J), but not in the SO muscle (Fig. 9K) from Lal-/- mice. This finding implies that 

alternative mechanisms may be involved to regulate protein turnover and energy metabolism 

in Lal-/- muscle tissue (269). 

We conducted additional analysis on the expression of FoxO1, a transcription factor implicated 

in muscle atrophy (146). However, our study indicated a minor increase in FoxO1 gene 

expression only in GA (Fig. 9L), but no changes in QU, TA, and SO (Fig. 9L) isolated from 

Lal-/- mice.  
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Figure 9: The reduction in muscle size observed in Lal-/- mice does not appear to be 
related to skeletal muscle (SM) proteolysis.  
Proteasomal peptidase activities (chymotrypsin-like (Chy-like), trypsin-like (Try-like), and 
caspase-like) estimated in (A) QU, (B) TA, and (C) GA dissected from young female 12-h 
fasted Lal-/- and control mice (n=3). Activities were calculated based on the fluorescence of 7-
amino-4-methylcoumarin (AMC) as standard. Relative mRNA expression of genes encoding 
the SM proteolysis markers Murf1 and Atrogin1 in SM of (D-G) 19-21-week-old female mice 
fasted for 12 h (n=4) and (H-K) 15-16-week-old male mice (fed state) (n=3). (L) Relative mRNA 
expression of Foxo1 in SM of 15-16-week-old male mice (fed state) (n=3). Data represent 
mean ± SD. *p < 0.05, **p ≤ 0.01. Unpaired Student’s t test. The use of the figures A - K 
obtained from (269) is allowed under the terms described in the Appendix. 
 

The IGF-1/Akt/mTOR pathway plays a critical role as an intracellular regulator of muscle mass 

(287-289). We failed to reveal any differences in the gene expression of Igf1 in SM between 

the genotypes as depicted in Figure 10A. Although we observed a small increase in Igf1r 

mRNA levels (Fig.10B) in QU and SO isolated from fed Lal-/- mice. Further, we estimated 

protein expression of Akt, the mTOR target 4E-BP1 and their phosphorylated forms. We were 

not able to detect any significant changes in the ratio of pAkt/Akt (Fig. 10C, D) and p4E-

BP1/4E-BP1 (Fig. 10E, F) protein expression in Lal-/- QU (Fig. 10C, E) and GA (Fig. 10D, F). 

Thus, IGF-1/Akt/mTOR pathway was not affected in Lal-/- SM, and the observed alterations in 

SM mass and size were not due to changes in this pathway (269). 
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Figure 10: IGF-1/Akt/mTOR pathway was not significantly altered in Lal-/- skeletal 
muscles.  
(A) Relative Igf1 mRNA expression in quadriceps (QU), tibialis anterior (TA), gastrocnemius 
(GA), and soleus (SO) of young fed male Lal-/- mice and Wt counterparts (n=3) relative to 
cyclophilin A expression as reference gene. Protein expression and quantification of (C, D) 
pAkt/Akt and (E, F) p4E-BP1/4E-BP1 ratios (n=4) in (C, E) QU and (D, F) GA lysates of Lal-/- 
and Wt mice with α-tubuline (α-tub) as loading control. Data represent mean ± SD. *p < 0.05. 
Unpaired Student’s t test. The use of the figure A, C - F obtained from (269) is allowed under 
the terms described in the Appendix. 
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In SM, AMPK activation leads to various metabolic changes aimed at increasing energy 

production and conserving energy expenditure. AMPK phosphorylation has been associated 

with the inhibition of the mTOR pathway, which is a key regulator of muscle protein synthesis 

(290). To determine whether protein synthesis is reduced in SM of Lal-/- mice due to possible 

changes in AMPK expression, we assessed its phosphorylated form in both the fed and fasted 

states. Densitometric evaluation revealed no significant changes in the pAMPKβ1/AMPKβ1 

ratio (Figure 11A). However, we detected decreased AMPKβ1 expression in Lal-/- mice, as 

estimated as the ratio of AMPKβ1 intensity to the loading control (calnexin) (Fig. 11A).  

Dividing the GA into a "red" (enriched in oxidative slow fibers) and "white" (enriched in 

glycolytic fast fibers) part allows a more detailed study of metabolic and functional differences 

between fiber types within one particular SM. Western blot analysis revealed stronger AMPKβ 

expression in the GA segment enriched with oxidative fibers (Fig. 11B). The AMPKβ2 subunit 

was almost undetectable and expression of the AMPKβ1 subunit was reduced in Lal-/- mice 

(Fig. 11B). In addition, the expression signal of both subunits of pAMPKβ was very weak (Fig. 

11B). However, despite the decreased expression of AMKP protein, we cannot draw a 

conclusion about role of AMPK signaling in the SM of Lal-/- mice. 
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Figure 11: The reduced expression of the AMPK subunit in Lal-/- skeletal muscle with 
its unchanged phosphorylation.  
The protein expression levels of pAMPKβ1/2 and AMPKβ1/2 were determined by Western blot 
analysis in (A) quadriceps (QU) lysates from young 6-h fasted and (B) gastrocnemius (GA) 
from fed Wt and Lal-/- mice (n=3). Calnexin was used as a loading control. Data represent 
mean ± SD. *p < 0.05, ***p ≤ 0.001. Unpaired Student’s t test. 
 

We additionally performed LC3 Western blot to evaluate the levels of autophagic flux in SM, 

providing insight into the potential role of LAL loss in modulating autophagy. Unexpectedly, 

ratio LC3B-II to LC3B-I was upregulated in GA from Lal-/- mice (Fig. 12) suggesting enhanced 

autophagosome formation and thus increased autophagic activity. 
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Figure 12: Increased expression of LC3B-II in gastrocnemius (GA) from old fed Lal-/- 
mice. 
The protein expression levels of LC3B-I and II were determined by Western blot analysis. 
Calnexin was used as a loading control. Data represent mean ± SD. *p < 0.05. Unpaired 
Student’s t test. 
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3.4 Loss of LAL leads to alterations in the concentrations of AA in SM and plasma 

 

Reduced AA availability in the SM can have significant implications for muscle protein 

synthesis and anabolism (291). By analyzing NMR spectra, metabolites that were quantified 

as normalized peak revealed altered AA in both oxidative and glycolytic segments of GA from 

Lal-/- mice (Fig. 13A-C). Glucogenic AA such as alanine (Ala), glycine (Gly), and glutamine 

(Gln) (Fig.13A), as well as the glucogenic/ketogenic AA tyrosine (Tyr) (Fig.13B) were reduced 

in both GA segments studied. 

Further analysis of plasma AA by HPLC revealed decreased abundance of Gln in ab libitum 

fed Lal-/- mice (Fig. 13D). Concentrations of BCAA such as valine (Val) (Fig. 13D), isoleucine 

(Ile) (Fig. 13E), and leucine (Leu) (Fig. 13F) were increased in plasma but unchanged in GA 

(Fig. 13A-C) (269). These minor changes in AA concentration are likely not related to SM fiber 

degradation. 
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Figure 13: Altered amino acid (AA) concentrations in gastrocnemius (GA) and plasma 
of Lal-/- mice.  
Individual (A) glucogenic, (B) glucogenic/ketogenic, and (C) ketogenic AA of 14-17-week-old 
male WT and Lal-/- mice (fed state) quantified by NMR. The data are presented as normalized 
peak integral enriched in oxidative (ox) or glycolytic (gly) segments of GA from Lal-/- mice 
(n=4-5). Plasma AA concentrations quantified using AA separation of female 40-50-week-old 
Lal-/- and Wt mice in the fed and 12-h fasted states (n=4-5). Data represent mean ± SD. *p < 
0.05, **p ≤ 0.01, ***p ≤ 0.001. Unpaired Student’s t test for the comparison of Wt and Lal-/- 
samples within either ox or gly GA segments or between fed and fasted conditions. The use 
of the figure D - F obtained from (269) is allowed under the terms described in the Appendix. 
 

3.5 Impaired content of energetic substrates in Lal-/- SM 

 

Intramuscular ATP stores are known to be relatively low and they are further reduced in Lal-/- 

mice QU (Fig. 14A). This may result from various factors, including lack of energy substrates, 

insufficient oxygen supply, or impaired metabolic pathways (292). Following  previous findings 

of decreased blood glucose and heightened glucose absorption in GA (263) we confirmed an 

increased [3H]2-deoxy-D-glucose uptake across all types of SM examined (Fig. 14B) (269).  

To further identify metabolic differences between control and Lal-/- SM, we performed NMR 

metabolic profiling for more oxidative or more glycolytic segments of GA from Lal-/- mice. Loss 

of LAL dramatically affected overall metabolism of SM of mice: 25 out of 38 metabolites 

investigated were significantly altered. Intramuscular glucose levels were increased in both 

oxidative and glycolytic parts of GA from Lal-/- mice (Fig. 14C), however, previous results 

indicated unchanged expression of glycolysis-related genes (263) and lactate concentrations 

in SM of chow-fed Lal-/- mice (Fig. 14D (269) and (263)). Interestingly, the glycogen 

concentration was slightly increased in both studied parts of GA (Fig. 14E), whereas creatine 

was only increased in more oxidative fibers (Fig. 14F) (269). Next, we estimated the content 

of some metabolites from the TCA cycle. Succinate was slightly reduced in oxidative fibers 

(Fig. 14G); but fumarate concentrations were similar between the genotypes examined in both 
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red and white GA segments (Fig.14H). Among the most reduced metabolites in oxidative and 

glycolytic GA parts, we noted choline (Fig. 14I) and carnosine (Fig. 14J), which both play a 

critical role in SM functions. These findings suggest metabolic differences between Lal-/- and 

control mice SM, including increased glucose uptake and levels of intramuscular energy 

metabolites. 
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Figure 14: Metabolic alterations in skeletal muscle of Lal-/- mice: intramuscular ATP, 
glucose uptake, and metabolite profiling.  
(A) Measurement of ATP levels in the quadriceps (QU) of fed young male mice (n= 6-7) by 
mass spectrometry. (B) Assessment of radioactivity (cpm) in liver, QU, tibialis anterior (TA), 
gastrocnemius (GA), and soleus (SO) in female Wt and Lal-/- mice following intraperitoneal 
injection of [3H]2-deoxy-D-glucose (n=5). (C-J) Quantification of metabolites expressed as 
standardized peak intensities in GA separated for glycolytic and oxidative parts from male 15-
16-week-old ab libitum fed mice by NMR (n=4-5). Data represent mean ± SD. *p < 0.05, **p ≤ 
0.01, ***p ≤ 0.001. Unpaired Student’s t test. The use of the figure A, B, E, F obtained from 
(269) is allowed under the terms described in the Appendix. 
 

3.6 Loss of LAL results in minor changes in SM lipid metabolism in Lal-/- mice in the fed 

state 

 

Most cells and organs, such as the liver, spleen, and small intestine from Lal-/- mice, are 

characterized by lipid-laden lysosomes (256, 258, 259). However, our investigation revealed 

intriguing variations in lipid composition across different SM of these mice. Specifically, when 

Lal-/- mice were fed ad libitum, we noted a significant increase in concentrations of CE 

exclusively in the GA (Fig. 15C). Conversely, in SO, while there was a trend towards increased 

CE levels, we observed elevated concentrations of FC (Fig. 15D). Interestingly, when 

examining lipids including cholesterol and TG across other SM such as QU and TA, we found 

comparable levels among all tested SM (Fig. 15A-D) (269). Additionally, staining experiments 

with ORO, a dye commonly used to visualize lipid accumulation, failed to reveal any visible 

lipid accumulation in the SM of Lal-/- mice (Fig. 15E). This observation suggested that despite 

alterations in lipid metabolism and accumulation in other tissues, the SM of Lal-/- mice may 

exhibit a unique lipid-handling phenotype or have mechanisms to prevent lipid deposition 

within muscle fibers. 
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Figure 15: Minor alterations in lipid metabolism in skeletal muscles of male Lal-/- mice 
in ad libitum fed state.  
 (A-D) Biochemical quantification of triacylglycerol (TG), total cholesterol (TC), free cholesterol 
(FC), and cholesteryl ester (CE) concentrations from in (A) quadriceps (QU), (B) tibialis 
anterior (TA), (C) gastrocnemius (GA), and (D) soleus (SO) (n=3-4). (E) Representative 
images of oil red O- stained GA (scale bar, 50 µm). Data represent mean ± SD. *p < 0.05. 
Unpaired Student’s t test. The use of the figure A - D obtained from (269) is allowed under the 
terms described in the Appendix. 
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3.7 Loss of LAL severely affects lipid metabolism in fasted Lal-/- mice 

 

During fasting, lipid oxidation may play an important role in meeting the energy needs of SM 

(89). Moreover, it is well-described that the phenotype of Lal-/- mice deteriorates with age (222, 

259). In the fasted state, Lal-/- mice aged 40-55 weeks exhibited a significant reduction in TG 

concentrations in QU, as depicted in Figure 16A. Additionally, there were trends toward 

decreased TG concentrations observed in TA, GA, and SO (Fig. 16B-D). Furthermore, we 

observed elevated concentrations of CE in QU, TA, and GA of mature Lal-/- mice compared 

to their corresponding littermates This increase in CE levels appeared to correlate with the 

elevated TC concentrations (Fig. 16A-C). In the SO muscle from Lal-/- mice, we observed 

increased levels of TC and FC, but no change in CE content (Fig. 15D). 

Since Lal-/- mice suffer from loss of WAT (256) and have reduced circulating TG levels in the 

fasted state (263), we next analyzed whether FAO might be affected in Lal-/- SM. mRNA levels 

of genes involved in FA flux in SM were comparable (Fig. 16E-H), except for slightly increased 

expression of Fabp3 and Acsl1 in QU (Fig. 16E) and Cpt1b in GA (Fig. 16G). Although changes 

were detected, they were too small to be considered biologically significant in the context of 

the study. Hence, these changes are not regarded as relevant for the biological processes or 

outcomes being investigated. We failed to detect differences in individual acyl-carnitines (CAR) 

in GA (Fig. 16K). However, CAR species in QU (Fig.16I), TA (Fig.16J), and SO (Fig.16L), as 

well as total CAR concentrations (Fig. 16M) were markedly reduced in Lal deficient mice. 

These observations, as well as the decrease in FAO in GA (Figure 16N), confirm the decreased 

ability to utilize lipids as substrates in the SM of starved Lal-/- mice (269). 
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Figure 16: Altered lipid composition and fatty acid oxidation (FAO) in SM of fasted 
mature Lal-/- mice.  
Biochemical analyses of the lipid content in (A) QU, (B) TA, (C) GA, and (D) SO from male 40-
55-week-old mice in a 12-h fasted state (n=3-4). Relative mRNA expression of genes involved 
in FAO in (E) QU, (F) TA, (G) GA, and (H) SO of 12-h fasted young female Wt and Lal-/- mice 
(n=3-4). Individual acyl-carnitine (CAR) concentrations in (I) QU, (J) TA, (K) GA, and (L) SO 
of Wt and Lal-/- mice (n=4). (M) Total CAR levels in various SM of Lal-/- and Wt mice (n=4). 
(N) FAO was estimated as specific flux at distinct mitochondrial stages in permeabilized fibers 
from GA of juvenile male Lal-/- and Wt mice. Initial FAO-pathway activity (F) was induced with 
palmitoyl carnitine (Pct) in combination with malate (M): indicated by PctML(n), with Pct and 
L(n) depicting the LEAK state which measures mitochondrial respiration without ATP 
production. The capacity for oxidative phosphorylation was denoted by PctMP following the 
introduction of saturating levels of ADP (P). Evaluations of the external mitochondrial 
membrane integrity were performed with the addition of cytochrome C (c), labeled as PctMcP. 
The respiratory response to combined activation of the FAO and NADH pathways was 
measured in the presence of pyruvate (P), captured as PctPMP, reflecting convergent electron 
influx. The synchronized respiratory boost from FAO, NADH pathways, and complex II 
activities was recorded as PctPMSP upon introducing succinate (S). The peak electron transfer 
capacity was explored via uncoupler titration, labeled as PctPMSE (E stands for electron 
transfer capacity). Finally, the residual electron transfer activity, independent of 
phosphorylation, was stated as SE (sample size n=3 for each group). (A, E-N) Data represent 
mean ± SD. (B-D) Data represent mean +SD.  *p ≤0.05, **p ≤ 0.01. Unpaired Student’s t test. 
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The use of this figure obtained from (265) is allowed under the terms described in the 
Appendix. 
 

3.8 HFHC diet did not lead to any significant changes in the lipid composition of Lal-/- 

SM 

 

Lal-/- mice, compared to their Wt littermates, exhibited lower body weight and progressive loss 

of WAT when fed chow (256, 263). Although they consumed more food than their WT 

littermates, they showed no weight gain when fed a  western type diet (WTD) for a maximum 

of 6 weeks (260). Moreover, previous observations confirmed that WTD feeding resulted in 

weight gain in the liver and proximal intestine, a phenomenon consistent with observations in 

chow diet-fed Lal-/- mice (260). To see whether a lipid-enriched diet may also affect SM mass, 

we challenged mice with a high-fat, high-cholesterol (HFHC) diet for 6 weeks. Like WTD-fed 

mice, Lal-/- mice fed the HFHC diet gained weight and their mass increase remained 

comparable to Wt littermates (Fig. 17A). The weight of QU, TA, GA, and SO in grams was still 

drastically reduced in Lal-/- compared to WT mice by 54.2%, 50.4%, 50.1%, and 32.4% 

respectively (Fig. 17B). These observations are consistent with the difference in SM mass in 

mice fed chow diet.  

The quantification of lipids did not reveal a consistent pattern in the SM studied. In particular, 

the CE concentrations were higher in QU and TA from Lal-/- mice fed HFHC diet (Fig. 17C, 

D). TC was elevated in TA, GA, and SO (Fig. 17D-F), but not in QU (Fig. 17C), while FC 

concentrations were increased in GA and SO (Fig. 17E, F). Notably, a significant difference in 

TG concentration was observed only in GA (Fig. 17E), where Lal-/- mice had lower TG content 

compared with the corresponding controls (Fig. 17C, D, F). 
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Figure 17: Unchanged skeletal muscle mass and lipid content in high-fat, high-
cholesterol (HFHC) diet-fed Lal-/- mice.  
(A) Body weight curve during 6 weeks of HFHC diet feeding. (B) SM (quadriceps (QU), tibialis 
anterior (TA), gastrocnemius (GA), soleus (SO)) mass in female 16-18-week-old mice fasted 
for 6 h (n=4) after HFHC diet feeding. Biochemical analyses of the lipid content in (C) QU, (D) 
TA, (E) GA, and (F) SO (n=4). Data represent mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
Unpaired Student’s t test. 
 

3.9 Whole-body loss of LAL affects functions but not morphology of mitochondria 

 

Despite inadequate FA uptake and reduced concentrations of acyl-CoA in the liver, 

mitochondrial function and energy production in hepatocytes of Lal-/- mice remained 

unaffected as previously described (263). To extend our insights into mitochondrial function in 

SM, we conducted a comprehensive assessment using high-resolution respirometry to 

measure the oxygen consumption rate in with saponin permeabilized SM fibers isolated from 

Lal-/- and Wt mice. Our results revealed that the absence of LAL caused a reduction at 

maximal respiration, driven by both complexes I and II upon the addition of succinate (GMSP) 

and in the presence of the uncoupler CCCP (GMSC) in permeabilized fibers from Lal-/- mice. 
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This observation suggests a broad impact on mitochondrial coupling in SM, as depicted in 

Figure 18A. In GA dissected from Lal-/- mice, further analyses of gene expression revealed a 

downregulation of mitochondrial transcription factor A (Tfam) that contributes to the 

transcription, organization, and maintenance of mtDNA (Fig. 18B).  

However, we failed to detect any changes in mitochondrial morphology (Fig. 18C) or 

mitochondria number as confirmed by unaltered expression of the mitochondrial large subunit 

ribosomal RNA encoded by 16S (Fig. 18D). Taken together, these results suggest impaired 

mitochondrial function at least in Lal-/- GA, regardless of the unaltered number or structure of 

mitochondria between the genotypes. 
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Figure 18: Reduced mitochondrial functions but unaltered mitochondrial morphology 
in gastrocnemius (GA) of Lal-/- mice.  
(A) Oxygen consumption rate by mitochondria was assessed in permeabilized GA fibers from 
juvenile Lal /- and control mice using the Oxygraph-2k for detailed respirometry. Beginning 
with base respiratory rates in the non-phosphorylating condition facilitated by glutamate and 
malate: GML (G, glutamate; M, malate; L, LEAK), the capability for oxidative phosphorylation 
was gauged under full ADP saturation, designated GMP, where pyruvate (P) served as an 
additional substrate. The integrity of the external mitochondrial membrane was probed using 
the GMcP state, involving cytochrome C (c) as marker. Maximum capacity for oxidative 
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phosphorylation with simultaneous electron flow through complex I and II was characterized 
as GMSP, through the incorporation of succinate (S). The highest capacity for electron 
transference independent of phosphorylation was discerned by GMSC, where is c as CCCP - 
an uncoupling agent. Oxygen consumption attributed to non-mitochondrial sources, expressed 
as SE (E, electron transfer capacity), was quantified after the administration of rotenone (Rot) 
to elucidate the capacity for electron transfer (n=6). (B) Relative mRNA expression of 
mitochondrial genes in GA of young male Wt and Lal-/- mice (fed state) (n=3). (C) 
Representative electron micrographs of GA mitochondria from Wt and Lal-/- mice. M indicates 
mitochondria (scale bar,1 µm). (D) Mitochondrial DNA copy number in GA (n=5). Data 
represent mean ± SD. *p < 0.05. Unpaired Student’s t test. The use of the figures A, C, D 
obtained from (269) is allowed under the terms described in the Appendix. 
 

3.10 Whole-body inflammation in Lal-/- mice did not result in SM inflammation 

 

LAL-D is associated with systemic inflammation and alterations in immune cell populations 

(293). Additionally, in mice it has been associated with increased levels of chemokines such 

as MCP-1 (encoded by Ccl2) (Fig. 19A) and hepatic and small intestinal macrophage 

infiltration (259, 294, 295), indicating a prominent role of inflammation in disease pathogenesis. 

We noted a decrease in the expression of Il6 in the QU and GA muscles (Fig. 19B, D), and a 

similar reduction in Tnfα expression in TA (Fig.19C) from Lal-/- mice. A slight increase in Ccl2 

expression was also detected in TA (Fig. 19C) in the LAL knockout mouse model. We failed 

to detect any differences in expression of proinflammatory cytokines and the chemokine in SO 

of Lal-/- mice (Fig. 19E). However, the overall indication of inflammatory response in SM of 

Lal-/- mice remains inconclusive because the expression levels of the investigated genes were 

relatively low with Ct values around 29-30, which implies a scarce presence of the target RNA. 
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Figure 19: Systemic inflammation in Lal-/- mice is not associated with skeletal muscle 
inflammation.  
(A) The circulating levels of monocyte chemoattractant protein-1 (MCP-1) in 50-58 weeks old 
5h fasted female Lal-/- and Wt mice (n=5). RNA expression of proinflammatory cytokines and 
chemokines that regulate migration and infiltration of macrophages in young 12-h fasted 
female Lal-/- and Wt mice in (B) QU, (C) TA, (D) GA, and (E) SO (n=4). Gene expression was 
normalized to cyclophilin A as housekeeping gene. Data represent mean ± SD. *p < 0.05; **p 
≤ 0.01.  
 

3.11 Altered protein expression patterns in the SM of Lal-/- mice 

 

The noted alterations not just between genotypes but also among muscles characterized by a 

predominance of oxidative (such as SO) or glycolytic (QU, TA, and GA) fibers prompted us to 

look deeper into the metabolism of Lal-/- SM with a specific focus on the fiber distributions.  

The dissected GA muscle was divided in enriched in glycolytic or oxidative fibers parts. Then 

both GA segments underwent processing via LC-MS/MS, followed by the analysis of raw data 

files using DIA-NN software for protein quantification. Upon filtering for a minimum of four valid 

values in at least one group and imputing missing values, we quantified more than 3000 

proteins in both dissected GA parts. Subsequent statistical analysis of the muscle proteome 

(FDR < 0.01, fold change > 0.1) unveiled 567 (300 downregulated and 267 upregulated) 

significantly altered proteins in oxidative muscle fibers and 430 (215 downregulated and 215 

upregulated) in glycolytic ones. The MS proteomics data generated from the study have been 

made publicly available and were. submitted to the ProteomeXchange Consortium through the 

PRIDE partner repository (296). The specific dataset has been assigned the identifier 

PXD045665.  

PCA identified distinct segregation patterns between oxidative (Fig. 20A) and glycolytic (Fig. 

20B) segments of GA among both Lal-/- mice and their respective controls. Notably, in the 

more oxidative part, 32.66% of the variance was accounted for by the first principal component 
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and 12.16% by the second component, while in the more glycolytic part, these values were 

53.72% and 11.02%, respectively. 

Volcano plots, commonly used to visualize and identify proteins that exhibit substantial 

changes in the abundance between experimental conditions, depicted differences in both 

oxidative- and glycolytic-enriched fibers of the Lal-/- GA. The most upregulated protein in the 

oxidative and glycolytic parts of Lal-/- GA was alpha-1-acid glycoprotein 2 (A1AG2) and 

cathepsin S (CATS), respectively (Fig. 20C). Among the prominently upregulated proteins 

identified in both “red” and “white” muscle fibers were haptoglobin (HPT), ceruloplasmin 

(CERU), myosin heavy chain-7 (MYH7 or MyHCI), glutamine synthetase (GLNA), alpha-1-acid 

glycoprotein 1 (A1AGA), palmitoyl-protein thioesterase 1 (PPT1), and various types of 

troponins specific for slow SM, including troponin I (TNNI1) (Fig. 20C, D). The most 

downregulated protein identified in both the oxidative and glycolytic segments of the GA was 

major urinary protein (MUP). Unfortunately, it was challenging to visualize this protein on the 

volcano plot because the analysis had difficulty distinguishing between several isoforms of the 

respective protein. However, among the most downregulated proteins observed in both 

segments of the GA, we additionally identified insulin-like growth factor-binding protein 5 

(IBP5), NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 2 (NDUF2), 

creatine kinase S-type, and mitochondrial (KCRS), collagen alpha-1(III) chain (CO3A) (Fig. 

20C, D). In addition, cytochrome c oxidase assembly factor 7 (COA7), cytochrome c oxidase 

subunit 5A, mitochondrial (COX5A), ATP synthase subunit delta, mitochondrial (ATPD), and 

acyl-CoA-binding domain-containing protein 6 (ACBD6) were significantly downregulated in 

the more glycolytic part of GA (Fig. 20D). Notably, the majority of the upregulated proteins 

were associated with muscle structure and function, while the downregulated proteins were 

primarily linked to mitochondrial function and metabolism (269). 
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Figure 20: Proteomic analysis reveals differential protein abundance in oxidative and 
glycolytic muscle fibers of Lal-/- mice.  
Principal component analysis (PCA) was performed on the proteome data obtained from SM 
of young ab libitum fed Wt and Lal-/- mice, allowing for the clear differentiation of both the (A) 
oxidative and (B) glycolytic components within gastrocnemius (GA). The volcano plots depict 
the differences in protein abundance in the (C) oxidative and (D) glycolytic parts of GA from 
juvenile male Wt or Lal-/- mice. Blue dots indicate proteins downregulated in Lal-/- mice, red 
dots represent proteins upregulated in Lal-/- mice, and grey dots denote unchanged protein 
expression between genotypes. The data are based on n = 5-6 mice per group, with 
significance thresholds set at S0 = 0.1 and FDR < 0.01. The use of this figure obtained from 
(269) is allowed under the terms described in the Appendix. 
 
We proceeded with PANTHER, a widely utilized bioinformatics tool in proteomics (280), to 

uncover overrepresented Gene Ontology Biological Processes (GOBP), Gene Ontology 

Cellular Component (GOCC), and Reactome pathways. This analysis uncovered substantial 

changes, particularly in mitochondrial functions (downregulated oxidative phosphorylation, 
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electron transport chain, and ATP synthesis-coupled electron transport), along with RNA 

(upregulated mRNA processing and regulation of mRNA metabolic processing) within the 

oxidative segment of GA. This was evident from the significant enrichment of these terms 

among the top-ranking GOBP terms (Fig. 21A). Conversely, in the glycolytic part, the enriched 

upregulated terms predominantly involved a spectrum of metabolic and catabolic processes 

such as organic and carboxylic acids, lipid, and acyl-CoA metabolic processes (Fig. 21B). 

Notably, protein folding emerged as the most downregulated biological process within the 

glycolytic GA part (Fig. 21B). This unexpected finding suggests potential disruptions in protein 

folding mechanisms within the glycolytic muscle fibers (Fig. 21B), indicating intricate regulatory 

dynamics in response to specific physiological conditions or genetic alterations. 

Following these observations, the most prominently enriched downregulated terms in GOCC 

included respirasome, inner mitochondrial membrane protein complex, oxidoreductase, and 

mitochondrial respiratory chain I complexes (Fig. 21C) within the oxidative GA part. 

Unexpectedly, no downregulated GOCC terms were found to be enriched in the glycolytic 

segment of GA from Lal-/- mice (Fig. 21D). Notably, the most upregulated terms in the 

glycolytic GA were nucleosome, heterotrimeric G-protein complex, extrinsic components of 

cytoplasmic side of membrane as well as GTPase complex and myosin filament (Fig. 21D), 

mirroring observations in the oxidative part of GA, including the spliceosome, nuclear protein-

containing, and myosin complexes (Fig. 21C). These findings underscore the dynamic 

alterations in the GOCC composition and organization occurring in response to distinct 

metabolic demands and functional adaptations within different segments of the GA. 

Analysis of the Reactome pathways provides a further comprehensive collection of curated 

pathways, including metabolic pathways, signaling cascades, and molecular interactions 

(297). Among the most upregulated Reactome pathways in the oxidative part of GA were 

mRNA splicing – major pathway, gene expression, and muscle contraction (Fig. 21E). 

Interestingly, in the glycolytic part of GA, upregulated Reactome pathways were transport of 

small molecules, metabolism of lipids, and integration of energy metabolism (Fig.21F). The 

downregulated terms included translation, specifically mitochondrial translation and TCA cycle 

in the oxidative SM part (Fig. 21E) as well as respiratory electron transport, endosomal sorting 

compels, and mitochondrial iron-sulfur cluster biogenesis in the glycolytic one (Fig. 21F) (269). 
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Figure 21: Top selected Gene Ontology (GO) terms associated with proteins enriched 
in skeletal muscle (SM) of Lal-/- mice.  
Analyses of downregulated (blue) and upregulated (red) GO term in the (A, C, E) oxidative 
and (B, D, F) glycolytic parts of GA in juvenile Wt and Lal /- mice (fed state) performed by 
PANTHER. (A, B) A comparative analysis of GO terms associated with enriched proteins in 
Lal-/- SM, categorized by biological processes (GOBP). (C, D) The top selected Gene Ontology 
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Cellular Component (GOCC) terms, revealing cellular localization changes in response to LAL 
deficiency. (E) and (F) depict significantly enriched Reactome pathways identified within the 
oxidative and glycolytic muscle fibers, respectively, providing insights into molecular pathways 
affected by the absence of LAL. The use of this figure obtained from (269) is allowed under 
the terms described in the Appendix. 
 

The oxidative- or glycolytic-enriched fiber parts of GA showed similar patterns in the clusters 

of differentially expressed proteins that were identified by network analysis using protein-

protein interactions displayed in Cytoscape. Notably, both parts revealed clusters of many 

downregulated proteins linked to mitochondrial and oxidative phosphorylation (Oxphos) (Fig. 

22A, B), which may indicate mitochondrial malfunction in Lal-/- SM. Moreover, a different set 

of downregulated proteins grouped around ER functions linked to protein folding and 

processing (Fig. 22A, B), suggesting disturbances in ER homeostasis in GA from Lal-/- mice. 

Several downregulated proteins were also clustered in glucose metabolism (Fig. 22B) or 

glucose homeostasis and TCA cycle (Fig. 22A), whereas glycolysis or lipid metabolism clusters 

contained proteins that did not correspond to a certain expression pattern (Figure 22A).  

On the other hand, there was an abundance of upregulated proteins clustered around functions 

associated with muscle contraction in both parts of the GA (Fig. 22A, B), as well as muscle 

development, particularly in the more oxidative part (Fig. 22A) (269).  
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Figure 22: The protein-protein interaction network revealed alterations in biological 
processes, including mitochondria structure and functions. The protein-protein 
interaction network is based on clusters of up- and downregulated proteins in the 
gastrocnemius (GA) of young Lal-/- mice in the fed state. The interaction network was 
generated by Cytoscape using highlighted up- and down-regulated proteins enriched in (A) 
oxidative and (B glycolytic segments from GA. Blue color represent proteins with z-score < -
0.5; red represents a z-score > 0.5. The use of this figure obtained from (269) is allowed under 
the terms described in the Appendix. 
 

3.12 Increased expression of proteins specific for oxidative myofibers in Lal-/- mice  
 

Proteomics analysis revealed strong upregulation of the slow skeletal fiber markers MyHCI 

(MYH7) and troponin C1 (TNNC1) in both the oxidative and glycolytic parts of GA. Quantitative 

PCR analysis revealed an upregulation of Myh7 gene expression in GA (Fig. 23C) and SO 

(Fig. 23D) muscles of Lal-/- mice. In contrast, only a suggestive trend towards increased Myh7 

expression was observed in QU (Fig. 23A) and TA (Fig. 23B), without reaching definitive 

statistical significance. We confirmed the increased MyHCI protein expression in QU and GA 

of Lal-/- mice by Western blotting (Fig. 23E) and in TA and GA sections by immunofluorescent 

staining with MyHCI antibody coupled with laminin (Fig.23F). These findings hint to an 

overexpression of slow oxidative fibers in Lal-/- SM (269). 

5.7 - 5.7 0.5 - 0.5 



101 
 

A 

Myh1 Myh2 Myh4 Myh7
0.0

0.5

1.0

1.5

2.0

2.5
Wt

Lal-/-

re
l.

 m
R

N
A

 e
x

p
re

s
s

io
n

QU

 

B 

Myh1 Myh2 Myh4 Myh7
0.0

2.5

5.0

20

40 Wt

Lal-/-

re
l.

 m
R

N
A

 e
x

p
re

s
s

io
n

TA
0.0867

 

C 

Myh1 Myh2 Myh4 Myh7
0.0

0.5

1.0

1.5

2.0

2.5
Wt

Lal-/-

re
l.
 m

R
N

A
 e

x
p

re
s

s
io

n *

GA

 

D 

Myh1 Myh2 Myh4 Myh7
0.0

2.5

5.0

25

50
Wt

Lal-/-

re
l.

 m
R

N
A

 e
x

p
re

s
s

io
n

SO

***

 

E 

 

 

 

 

 

 

 

 

 

 

Wt Lal-/-
0.0

0.5

1.0

1.5

2.0

M
y
H

C
I/
G

A
P

D
H

 r
a
ti

o *

QU

Wt Lal-/-
0

1

2

3

M
y
H

C
I/
G

A
P

D
H

 r
a
ti

o

GA

 

  

Wt   Lal-/- Wt Lal-/- 

GAPDH 

QU 

GA 

GAPDH 

MyHCI 

MyHCI 



102 
 

  F 

 

 

 

Wt Lal-/-
0

2

4

6

A
re

a
 (

%
)

**

TA

 

Figure 23: Upregulated gene and protein expression of oxidative fiber-specific myosin 
heavy chain.  
Relative mRNA expression of genes encoding different isoforms of myosin heavy chain (Myh) 
in (A) quadriceps (QU), (B) tibialis anterior (TA), (C) gastrocnemius, and (D) soleus (SO) of 
male mice in the fed state (n=3-4) relative to cyclophilin A expression as reference gene. (E) 
Representative Western blotting experiment of MyHCI, protein expression, and densitometric 
quantifications relative to GAPDH (n=3) in QU and GA from 6-h fasted young male Lal-/- mice 
and their respective controls. (F) Co-staining of MyHCI (red) and laminin (a protein of the 
extracellular matrix, green) in TA sections from Lal-/- and Wt mice. Cell nuclei within these 
tissues have been highlighted using DAPI staining (blue). Scale bar, 100 µm. The graph 
displays the quantification of the MyHCI-positive areas within the tissue sections, measured 
through Image J software, with data represented as mean values derived from 2 to 3 technical 
replicates across samples from 3 different mice. Data represent mean ± SD. *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001. Unpaired Student’s t test. The use of this figure obtained from (269) is 
allowed under the terms described in the Appendix. 
 
 

3.13 Reduced performance in peak effort testing associate with affected metabolites in 

SM of Lal-/- mice 

 

To examine SM functions and whether the observed changes in fiber types translate into 

reduced physical activity, we performed the hanging wire test, in which the mice are forced to 

hang from a wire and their latency to fall is measured (281). Interestingly, we observed a 

tendency to improved performance of Lal-/- mice in this motoric test (Fig. 24A). However, these 

results may be influenced by the animal’s weight, balance, and behavior (298). Due to the 

reduced body weight of Lal-/- mice compared to their control littermates, we compared 

impulses and weight (in grams) times time (in s), which reflects the least amount of sustained 

tension (impulse) required to counteract gravity (281). These results revealed similar motoric 

conditions between the genotypes (Fig. 24B).  

To detect fatigue-like behavior in our model, we performed the treadmill peak effort test 

coupled with indirect calorimetry. Lal-/- mice displayed a shorter running distance (Fig. 24C) 

and a substantially decreased total workload (Fig. 24D). This concomitantly led to reduced 

Wt Lal-/- 

100 µm 100 µm 
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peak aerobic capacity (Fig. 24E) and showed significantly reduced time until exhaustion due 

to effort resistance in Lal-/- mice (269).    
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Figure 24: Unchanged hanging time but decreased treadmill exercise performance in 
Lal-/- mice.  
(A, B) Hanging wire test performance time or impulse of 10-13 weeks old Lal-/- and Wt mice 
(n=7). (C) Maximal running distance, (D) workload, and (E, F) maximal oxygen consumption 
(VO2max) in 16-18 weeks old Lal-/- mice and their Wt littermates during peak effort testing on a 
treadmill (n = 9-10 mice per group). Data show mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001. 
Unpaired Student’s t test. The use of the figures C-F obtained from (269) is allowed under the 
terms described in the Appendix. 
 

The peak treadmill exercise test may provide valuable insights not just into the SM functions 

but also the metabolite profile and thus metabolic adaptations in Lal-/- mice. The observed 

significant changes in metabolites in both oxidative and glycolytic segments of the GA, as 

quantified by NMR, are presented in the heatmap (Fig. 25A). The increase in creatine levels 

in both oxidative and glycolytic parts of GA from Lal-/- mice (Fig. 25B) suggests a stronger 

demand for ATP in the SM of exercised Lal-/- mice. Unexpectedly, the concentrations of lactate 

(Fig. 25C) and glycogen (Fig. 25D) remained unchanged. Furthermore, the observed decrease 

in succinate levels in oxidative Lal-/- GA fibers, while remaining unchanged in glycolytic 

segments, suggests differential regulation of TCA cycle metabolites in response to exercise 
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(Fig. 25E). The notable increase in taurine levels in both studied fiber types of GA from Lal-/- 

mice (Fig. 25F) highlights the potential role of taurine in the adaptive responses of Lal-/- SM to 

endurance training. 

The alterations in glucogenic AA such as Ala, Gly, and His in glycolytic fibers (Fig. 25G) and 

the increased Arg levels in the oxidative part of the GA from treadmill-trained Lal-/- mice 

suggest their additional role in maintaining energy needs in SM of Lal-/-. However, the slight 

increase in Phe levels in oxidative GA fibers (Fig. 25H), but no alterations in ketogenic AA (Fig. 

25I) may suggest only a minor role of AA in mice trained until exhaustion. Overall, these 

findings suggest that while the hanging wire test indicated no sign of strength loss in Lal-/- 

mice, the treadmill peak effort test revealed reduced physical performance and increased 

fatigue, possibly due to complex metabolic adaptations in GA by the loss of LAL. 
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Figure 25: Altered metabolite concentration in treadmill trained Lal-/- mice.  
(A) Heatmap of NMR analysis showing the relative metabolite levels in oxidative (ox) and 
glycolytic (gly) parts of GA from young male Lal-/- and Wt mice where class 1 is Wt oxidative 
GA segment, class 2 is Lal-/- oxidative GA segment, class 3 is Wt glycolytic GA segment, and 
class 4 is Lal-/- glycolytic GA segment. (B-F) Concentrations of metabolites quantified by NMR 
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and expressed as standardized peak intensities in GA separated for glycolytic and oxidative 
parts from young male mice. Individual (G) glucogenic, (H) glucogenic/ketogenic, and (I) 
ketogenic AA quantified by NMR and presented as normalized peak integral enriched in ox or 
gly segments of GA from Lal-/- or Wt mice after peak effort testing. Data represent mean ± SD. 
*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001. Unpaired Student’s t test. 
 

3.14 Inhibition of LAL in C2C12 cells and primary myoblasts 

 

The observed changes in SM of Lal-/- mice raised the question of whether these variations are 

a direct consequence of LAL loss in SM or reflect systemic effects of LAL-D throughout the 

body. Furthermore, despite a slight trend toward decreased QU mass in juvenile mice, our 

study revealed decreased levels of regulated proteins, including IGFBP-5 (299), recognized in 

previous studies as a marker indicative of impaired SM differentiation. Hence, I further 

investigated SM development in Lal-/- mice. 

To address these questions, I utilized primary myoblasts isolated from SM devoid of Lipa gene 

expression (Fig. 26A). Additionally, I used mouse myoblast-derived C2C12 cells as another 

model widely employed to study muscle regeneration and differentiation (300). To investigate 

whether the loss of LAL affects metabolism and growth of newly formed fibers, I incubated 

C2C12 cells with the LAL inhibitor Lalistat-2. Since this inhibitor has also been shown to inhibit 

other lipases, including ATGL, HSL, and MGL (236), it was crucial to use a concentration of 

the inhibitor that only inhibits LAL and no other enzymes. I therefore treated C2C12 cells with 

different concentrations of Lalistat-2 (0.1, 1, and 10 µM) and performed CE and TG hydrolase 

activity assays. These results showed that 0.1 µM Lalistat-2 specifically reduced the activities 

of acid CE and TG hydrolase (Fig. 26B, C), whereas concentrations > 0.1 µM also reduced 

neutral CE and TG hydrolase activities (Fig. 26D, E), suggesting off-target effects of Lalistat-2 

also in muscle cells. Based on these findings, I performed further experiments with C2C12 

cells using a concentration of 0.1 µM of Lalistat-2. 
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Figure 26: Successful inhibition of LAL activity in C2C12 cells.  
(A) Relative gene expression of Lipa in primary myoblasts isolated from Lal-/- and Wt mice 
during differentiation (n=3). Cholesteryl ester hydrolase (CEH) activity at (B) acidic pH and (D) 
neutral pH as well as triglyceride hydrolase (TGH) activity at (C) acidic pH and (E) neutral pH 
in C2C12 cells treated with different concentrations of Lalistat-2. Data represent mean ± SD. 
*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001. (A) Unpaired Student’s t test. (B-E) One-way ANOVA.  
 

Treatment of C2C12 cells with 0.1 µM of Lalistat-2 did not affect their viability (Fig. 27A) or 

proliferation rate (Fig. 27B), indicating that this concentration of Lalistat-2 is not toxic to this 

cell line. Primary myoblasts isolated from Lal-/- mice were both viable and proliferated at rates 

similar to Wt cells (Fig. 27C). This suggests that the absence or inhibition of LAL does not 

adversely affect cell growth in primary myoblasts and C2C12 cells compared with controls. 
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Figure 27: Inhibition of LAL in C2C12 cells and LAL-D in primary myoblasts does not 
affect cell proliferation and viability.  
(A) Cell viability of differentiating C2C12 cells treated with 0.1 µM of Lalistat-2 in % of control 
(0.1% EtOH) (n=3). (B) Proliferation rate of C2C12 cells treated with 0.1 µM of Lalistat-2 (n=3). 
(C) Proliferation rate of primary myoblasts isolated from Lal-/- mice and their respective 
controls (n=4). Data represent mean ± SD. (A) Unpaired Student’s t test. (B, C) One-way 
ANOVA. 
  

3.15 Inhibition of LAL in C2C12 cells and LAL-D in primary myoblasts leads to lipid 

accumulation  

 

Treatment with 0.1 µM of Lalistat-2 resulted in lipid accumulation in proliferating C2C12 cells, 

as demonstrated by ORO staining (Fig. 28A). Quantitative analysis of lipids revealed increased 

concentrations of TG, TC, and CE, along with a decrease in FC levels (Fig. 28B). Of note, 

Lal-/- mice exhibit markedly reduced very low-density lipoprotein concentration (263). To mimic 

these conditions in vitro, we cultivated Lalistat-2-treated C2C12 cells in DMEM containing 

lipoprotein-deficient serum (LPDS). Under these conditions, staining with ORO showed no 

visible lipid accumulation in cells treated with Lalistat-2 (Fig. 28C), which was confirmed by 

unchanged lipid parameters (Fig. 28D). 

In line with observations from C2C12 cells treated with Lalistat-2, primary myoblast cultures 

derived from Lal-/- mice similarly exhibited lipid deposition as evidenced by ORO staining, 

identifying areas of lipid accumulation (Fig. 28E). Subsequent assessments demonstrated an 

elevation in both TC and CE concentrations within differentiated primary myoblasts from Lal-/- 

mice compared to those from Wt controls. However, TG levels remained consistent across 

both genotypes (Fig. 28F). Overall, although there was no specific pattern of lipid accumulation 

in the SM of adult Lal-/- mice, we observed an increase or a trend toward an increase in 
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cholesterol concentrations, indicating that the loss of LAL affects the lipid profile also in the 

SM. 
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Figure 28: Inhibition of LAL in C2C12 cells and LAL-D in primary myoblasts results in 
lipid accumulation.  
Representative images of ORO staining of proliferating C2C12 cells in medium containing 
either (A) 10% fetal bovine serum (FBS) or (C) 10% lipoprotein-deficient serum (LPDS) treated 
with 0.1 µM of Lalistat-2 (scale bar, 50 µm) and (E) primary myoblasts isolated from Lal-/- and 
Wt mice (scale bar, 20 µm). Biochemical analyses of lipid content in differentiated C2C12 cells 
(B) growing in medium containing 2% horse serum (HS) or (D) 10% LPDS treated with Lalistat-

EtOH 
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2 (n=3) and (F) primary myoblasts isolated from Lal-/- and Wt mice (Wt, n=4; Lal-/-, n=7). Data 
represent mean ± SD. *p ≤ 0.05, ***p ≤ 0.001. Unpaired Student’s t test. 
 

3.16 Inhibition of LAL in C2C12 and LAL-D in primary myoblasts does not affect 

myofiber formation 

 

The renewal of muscle cells through cellular processes such as proliferation and differentiation 

plays a crucial role in maintaining muscle mass (286). To investigate the effect of LAL inhibition 

on myocyte differentiation, confluent C2C12 cells were treated with 0.1 µM of Lalistat-2 for 6 

days. mRNA expression of the main myofiber differentiation markers myogenin (Myog), 

myoblast determination protein 1 (Myod), and myogenic factor 6 or herculin (Myf6)) remained 

unaltered, whereas mRNA levels of myogenic factor 5 (Myf5) were slightly reduced (Fig. 29A).  

Unexpectedly, the evaluation of gene expression of the main differentiated markers in primary 

myoblasts revealed minor upregulation in Myog, Myf5, and Myf6 in cells isolated from Lal-/- 

SM (Fig. 29B). The results from both studied cell models suggest that LAL-D is not associated 

with impaired myofiber formation.  
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Figure 29: Unchanged fiber formation in C2C12 cells treated with Lalistat-2 and in LAL-
D primary myoblasts.  
Relative mRNA expression of genes encoding differentiation markers genes of SM fibers 
relative to cyclophilin A expression as reference gene in (A) C2C12 cells treated with 0.1 µM 
of Lalistat-2 or 0.1% EtOH for 6 days during differentiation (n=3) and in (B) differentiated 
primary myoblasts from Wt and Lal-/- mice (n=4). Data represent mean ± SD. *p ≤ 0.05. 
Unpaired Student’s t test. 
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3.17 Loss of LAL in myoblasts and inhibition of LAL activity in vitro do not affect the 

expression of myosin isoform specific to oxidative fibers 

 

I have described earlier an increased expression of markers specific for oxidative, slow-twitch 

fibers in Lal-/- mice. In our in vitro model, Myh7 expression was similar in C2C12 cells treated 

with either EtOH or Lalistat-2 (Fig. 30A) and in primary myoblasts isolated either from Lal-/- 

SM or their respective controls (Fig. 30B). 

In addition, mRNA expression of Myh3 (specific for developing fibers), Myh1 as the fast 

glycolytic fiber marker, and protein expression of MyHCIIx, the predominant isoform of MyHC 

in C2C12 cells, were comparable between cells treated with Lalisat-2 or EtOH (Fig. 30C, D). 

These findings were confirmed by comparable immunofluorescent staining patterns in EtOH- 

and Lalistat-2-treated cells (Fig. 30E). Surprisingly, despite unchanged Myh1 and Myh3 gene 

expression (Fig. 30F), levels of MyHCIIx protein (Fig. 30G) were significantly reduced in 

differentiated myoblasts from Lal-/- mice. Thus, these inconsistent patterns in MyHC 

expression in all studied models suggests that alterations observed in SM of Lal-/- mice may 

stem from systemic alterations rather than being directly caused by the loss of LAL in SM. 
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Figure 30: Inhibition of LAL in C2C12 cells and LAL-D in primary myoblasts do not affect 
expression of myosin heavy chain (MyHC) specific for slow oxidative fibers.  
Relative mRNA expression of genes encoding (A, B) MyHCI (Myh7) or (C, F) MyHCIIx (Myh1) 
and MyHC-emb (Myh3) (A, C) relative to cyclophilin A expression as reference gene in C2C12 
cells (n=3) and (B,F) relative to Gapdh gene expression as reference gene in primary 
myoblasts isolated from Wt and Lal-/- mice (n=4). (D) Representative Western blotting 
experiment and quantification (n=3) of myosin heavy chain IIx (MyHCIIx) protein expression in 
C2C12 cells upon treatment with 0.1 µM of Lalistat-2 at the end of differentiation. α-Tubuline 
(α-tub) was used as loading control. (E) Representative images of immunofluorescence 
staining for MyHCIIx (green) in C2C12 cells differentiated for 6 days. Nuclei are stained with 
DAPI (blue). Scale bar, 100 µm. (G) Representative Western blotting experiment and 
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quantification (n=4) of MyHCIIx protein expression in primary myoblasts at the end of 
differentiation. GAPDH was used as loading control. Data represent mean ± SD. *p ≤ 0.05 
Unpaired Student’s t test. 
 

3.18 Unchanged mitochondrial function in Lalistat-2-treated C2C12 cells  

I have already described above that decreased oxidative capacity and ATP concentration in 

SM of Lal-/- mice correlated with reduced mitochondrial function. In our in vitro model of C2C12 

cells treated with Lalistat-2, however, I failed to confirm defective mitochondrial functions as 

evidenced by unchanged oxygen consumption rate (OCR) (Fig. 31A) and extracellular 

acidification rate (ECAR) (Fig. 31B). 
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Figure 31: Treatment of C2C12 cells with Lalistat-2 did not affect the functionality of 
mitochondria.  
(A) Oxygen consumption rate (OCR) and (B) extracellular acidification rates (ECAR) over time 
of C2C12 cells treated either with EtOH or Lalistat-2 normalized to the cell number. Arrows 
indicate the addition of mitochondrial inhibitors (oligomycin (Oligo); FCCP; rotenone 
(Rot)/antimycin (AntiA)). Data represent mean ± SD. Unpaired Student’s t test. 
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3.19 LAL-D in primary myoblasts does not affect FAO  

 

The experiments using permeabilized muscle fibers from Lal-/- SM revealed reduced 

mitochondrial FAO and substrate utilization. Unfortunately, I failed to identify any difference in 

radioactivity captured by the filter paper after the FAO assay in primary myoblasts isolated 

from Lal-/- or Wt SM (Fig. 32). Thus, both of our in vitro models showed no changes in 

mitochondrial function upon inhibition or loss of LAL activity. 
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Figure 32: Unaffected fatty acid oxidation in primary myoblasts from Lal-/- mice.  
Oxidation of [14C, C-1]palmitate in primary myoblasts isolated from skeletal muscle of Lal-/- 
and Wt mice (n=3-4). Etomoxir was used as negative control. Data represent mean ± SD. 
Unpaired Student’s t test between Wt and Lal-/- cells. 
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4. Discussion 

 

The impact of LAL-D on SM pathophysiology is a topic of interest due to the reported 

characteristic features of decreased muscle size and weakness in LAL-D patients (227, 264-

266, 268). The compromised lipid homeostasis in LAL-D, resulting from impaired hepatic and 

intestinal lipid metabolism, has been associated with improved glucose tolerance, lowered fat 

mass, decreased blood glucose, and a steady increase in LDL- accompanied by reduced HDL-

cholesterol (232, 263, 301, 302). This potentially influences the metabolic state and muscle 

function. Since SM require a considerable amount of energy to work efficiently, changes in 

lipid and/or glucose metabolism may influence the metabolic state of the muscle and, 

consequently, their proper functionality. We, therefore, aimed to characterize SM structure and 

functions in an animal model of LAL-D. We observed a pronounced increase in the expression 

of slow-twitch oxidative fibers in SM and, most likely, affected SM functions, resulting from 

reduced ATP production due to dysfunctional mitochondria and impaired energy metabolism. 

In addition, the inhibition of LAL activity in C2C12 cells and primary myoblasts resulted in 

increased lipid accumulation, particularly CE, indicating a role of LAL in lipid metabolism in 

SM. However, this inhibition had no significant effects on myofiber differentiation or 

mitochondrial functions, suggesting a minor influence of LAL activity on SM formation. This 

implies that the changes in SM observed in Lal-/- mice are more likely linked to broader 

physiological disturbances rather than being a direct result of the lack of LAL in SM.  

Myofibers of vertebrate SM differ in contractile properties, mitochondrial density, and metabolic 

characteristics. Slow-twitch fibers are distinguished by the presence of type I MyHC expression 

and a high mitochondrial density, which results predominantly in an oxidative metabolism. 

Fast-twitch fibers express type II MyHCs, which are divided into three subtypes: IIA, IIx or d, 

and IIB (19). Different SM have a combination of different fibers. For instance, QU, TA, and 

GA mainly consist of MyHCIIB (fast glycolytic fibers) but in different proportions, whereas SO 

has a combination of MyHCI and MyHCIIA (26). Due to this fact as well as their role in 

locomotion, we have chosen these SM types for our studies. 

Lal-/- mice display a notable reduction in QU, TA, and GA size, as indicated by decreased 

muscle weight and diminished CSA and Feret diameter. These findings suggest that the lack 

of LAL may have an impact on muscle growth in these mice. Nonetheless, it is important to 

highlight that there is no substantial disparity in SM mass during the early phases of 

development when compared to Wt mice. However, we have previously shown that impaired 

lysosomal lipolysis disrupts the balance of cholesterol in the placenta and fetus. This manifests 

as an early sign of disease pathology within the womb, evidenced by the accumulation of 
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lysosomal lipids in the liver of Lal-/- fetuses with increases in hepatic lysosomal lipids 

immediately following birth (222). Interestingly, we found IGFBP5 among the significantly 

downregulated proteins in both oxidative and glycolytic segments of GA in our proteomics 

dataset. The expression of Igfbp5 has already been shown to be reduced during states that 

induce muscle atrophy in different pathological conditions (303). Moreover, recent studies have 

suggested a role for IGFBP5 in regulating muscle cell differentiation, which is still controversial 

(299, 304, 305).  

To elucidate whether SM formation is affected in the absence or by inhibiting LAL, conducted 

experiments with primary cells from Lal-/- mice and with C12C12 cells treated with Lalistat 2. 

Validation of the specific inhibition of LAL activity at a concentration of 0.1 µM by Lalistat-2 

highlighted the importance of optimizing the inhibitor concentration to prevent unintended 

effects such as inhibition of other lipases (236). We observed that 0.1 µM Lalistat-2 did not 

affect cell viability or proliferation but significantly reduced acid but not neutral CE and TG 

hydrolase activities in C2C12 cells, emphasizing its efficacy in targeting LAL. Higher 

concentrations of Lalistat-2 resulted in drastic inhibition of neutral CE and TG hydrolase 

activities, confirming our previous results that Lalistat-2 leads to a decrease in neutral lipid 

hydrolase activities (236). Both in vitro models did not reveal any altered expression of key 

myofiber differentiation markers or the predominant isoform of MyHC, suggesting that loss of 

LAL does not affect muscle formation. However, the outcome may additionally indicate that 

the experimental conditions may not have been appropriate for replicating the conditions of the 

whole-body Lal-/- mouse to disrupt the normal processes of muscle fiber differentiation and 

maturation. 

The loss of SM mass is indeed a primary feature of muscle atrophy, regardless of the cause. 

MuRF1 (muscle RING-finger protein-1) and Atrogin1, encoded the by Murf1 and Atrogin1 

genes, respectively, are two muscle-specific ubiquitin ligases that are often upregulated during 

conditions that promote muscle atrophy, such as denervation, immobilization, fasting, sepsis, 

and cancer cachexia (180). Chow diet-fed Lal-/- mice use their muscle AA as an extra source 

of energy being subjected to cold, as seen by increased mRNA expression of these markers 

(262). However, we assumed that Lal-/- mice already begin to use SM proteins as an 

alternative energy source at RT. Unexpectedly, we observed even lower expression of Murf1 

and Atrogin1 in QU, TA, and GA in the fed state and comparable mRNA expression of these 

markers in 12-h fasted Lal-/- and Wt mice. However, their expression levels can be influenced 

by various factors, and they may not always be universally upregulated in all forms of muscle 

atrophy. It is noteworthy that the specific roles and regulation of MuRF1 and Atrogin1 can be 

complex and their expression is not an absolute indicator of muscle atrophy in every scenario. 
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Thus, we additionally estimated the proteasomal activity (the system that degrades proteins) 

and surprisingly found that it was reduced in some cases, raising doubt on the hypothesis that 

muscle wasting is responsible for smaller muscle size and mass in Lal-/- mice. 

Plasma AA could be used as building blocks or substrates for the synthesis or remodeling of 

muscle proteins. The concentrations of glucogenic AA, which were expected to be increased 

in the circulation during starvation by muscle proteolysis (306), were unchanged in Lal-/- 

compared to respective Wt mice, or even reduced (Gln). However, the concentration of Gln, 

an important AA produced by SM, was also reduced in GA from Lal-/- mice. It plays a crucial 

role in nitrogen transport, acid-base balance in the blood, and it participates in TCA cycle 

supplementation (307), which potentially takes place in SM and liver due to the altered 

metabolic conditions of Lal-/- mice (263). Moreover, Gln serves as an essential energy source 

for enterocytes, which utilize it at a high rate for various functions, such as fueling the Krebs 

cycle, supporting cell proliferation, and maintaining the intestinal barrier function (308). Lal-/- 

also exhibit a pronounced intestinal phenotype, however, only in systemic but not enterocyte-

specific knockout mice (259) . 

Ala release from SM is associated with the glucose-alanine cycle (309, 310), which involves 

the transamination of pyruvate to Ala by the enzyme alanine aminotransferase (ALT), using an 

amino group from another AA, often Glu. This newly synthesized Ala can then be transported 

to the liver, where it is converted back to pyruvate and used in gluconeogenesis  to form 

glucose. Interestingly, increased levels of ALT and aspartate aminotransferase (AST) are 

important clinical markers for CESD patients (218) and can be used to distinguish LAL-D from 

FH. Reduced Ala concentration found in Lal-/- GA can be caused by the affected synthesis of 

Ala, which reflects broader metabolic processes and is not due to the breakdown of specific 

storage proteins with high Ala content.  

The decline in Gly levels within SM could arise from various factors. Observations from mouse 

models of diabetes and muscular dystrophy, as well as from studies conducted on the elderly, 

suggest a propensity for reduced SM Gly levels associated with these conditions (311-313). 

Nevertheless, Gly serves not only as a fundamental building block for protein synthesis but 

also participates in other crucial physiological processes. Gly contributes to the synthesis of 

creatine, which plays a pivotal role in the storage and provisioning of energy within muscle 

cells during high-intensity activities (314), thus potentially exerting an important role in 

supporting the energy equilibrium in Lal-/- SM.  

Additionally, we found elevated concentrations of the BCAA Leu, Ile, and Val in plasma from 

fasted Lal-/- mice. BCAA play significant roles in muscle cell metabolism by facilitating the 

translocation of the glucose transporters GLUT1 and GLUT4 to the cell surface, thereby 
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enhancing glucose uptake into the muscle cells (315). In addition to aiding glucose 

metabolism, these AA contribute CoA intermediates such as acetyl-CoA and succinyl-CoA to 

the TCA cycle, supporting the cellular process of energy production (316). However, studies 

have indicated that BCAA, are significant biomarkers for metabolic diseases. Elevated levels 

of BCAAs have been observed in individuals with obesity, insulin resistance, type 2 diabetes 

(317) and, most importantly, with liver pathologies such as non-alcoholic fatty liver disease 

(318). Therefore, it remains elusive whether the elevated circulating levels of BCAAs in Lal-/- 

mice are attributable to their pronounced liver damage or their involvement in SM metabolic 

demands. 

One of the most important signaling pathways controlling protein production in SM is the 

PI3K/Akt/mTOR pathway. Akt phosphorylates and activates mTOR kinase, which in turn 

phosphorylates downstream targets such as 4e-BP1, thereby promoting translation and 

protein synthesis (287-289). The data of protein expression in Lal-/- SM indicate that there 

were no significant changes in the phosphorylation states of Akt and 4E-BP1 relative to their 

total protein levels. This suggests that the IGF-1/Akt/mTOR pathway, which is vital for muscle 

protein synthesis and cell growth, was not altered in Lal-/- mice. AMPK also plays a 

multifaceted role in SM metabolism. It acts as an energy sensor responding to changes in ATP 

levels inside of a cell (319). However, despite decreased ATP content in QU, the overall 

expression of AMPK subunits was reduced in Lal-/- QU and GA. AMPK also affects protein 

synthesis in SM. By inhibiting the mTORC1 signaling pathway, activated AMPK can decrease 

the rate of protein synthesis. This effect is typically seen during energy stress as an attempt to 

conserve energy, which contrasts with the growth-promoting activity of the IGF-1/Akt/mTOR 

pathway (290). Conversely, our mouse model showed decreased AMPK levels and unchanged 

expression of Akt and mTOR, indicating the presence of another mechanism that may affect 

protein synthesis in SM in Lal-/- mice. Despite unchanged expression of these markers, the 

observation that translation as one of the most downregulated Reactome terms in red muscle 

fibers suggests the presence of underlying regulatory issues affecting protein synthesis that 

are not directly revealed by these markers. The nuclear factor kappa B (NF-κB) pathway might 

play a role in these regulatory processes (289). NF-κB is a transcription factor that is typically 

associated with the immune response and inflammation. It is activated by a variety of 

proinflammatory cytokines, such as TNF-α, IL-1, and IL-6 (320). The link between the NF-κB 

pathway and alterations in protein synthesis in muscle fibers may not be direct. However, 

systemic inflammation, as evidenced by elevated levels of MCP1 and macrophage infiltration 

in Lal-/- mice, may be correlated with NF-κB activation (321). 
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Furthermore, the downregulated GOBP terms and protein interaction network generated by 

Cytoscape confirmed impaired protein folding in both oxidative and glycolytic segments of GA 

from Lal-/- mice. Molecular chaperones, such as heat shock proteins (HSP) and protein 

disulfide isomerases (PDI), play essential roles in assisting protein folding and maintaining 

protein homeostasis (proteostasis) (322). A deficiency in these chaperones, as indicated by 

significant downregulation, could lead to protein misfolding and aggregation and contribute to 

cellular stress and potential muscle dysfunction (323). While a direct link between reduced 

expression of chaperones and low muscle mass has not yet been established, it is reasonable 

to suspect that impaired protein folding could negatively affect SM integrity and thus the mass. 

Alterations in muscle size might correspond to a transition in muscle fiber type, particularly as 

slow-twitch (oxidative) fibers generally have a smaller CSA than fast-twitch (glycolytic) fibers. 

This relationship contributes to what is referred to as the "muscle fiber type – fiber size 

paradox” (324).  In Lal-/- mice, an increase in the expression of genes and proteins associated 

with slow-twitch oxidative fibers, such as MyHCI (MYH7), TNNC1, and TNNI1, confirmed by 

proteomics data, qPCR, western blotting, and immunofluorescence staining, indicates a shift 

toward type I myofibers. However, the precise mechanisms leading to this upregulation of type 

I fiber-specific proteins in SM of Lal-/- mice remain to be elucidated. Furthermore, muscles with 

fast-twitch glycolytic fibers are known to be more sensitive than slow-twitch oxidative fibers 

under a range of atrophic conditions (180). Thus, this might be a possible adaptation 

mechanism to changes in whole-body energy metabolism, as slow fibers work sufficiently but 

with lower power utilization and consume less ATP than fast fibers (325). 

SM is a highly active tissue that demands substantial energy, making it sensitive to 

disturbances in metabolism. Previous research on Lal-/- mice revealed that these mice when 

subjected to cold temperatures exhibited disruption in FA metabolism in SM (262). However, 

more importantly, Lal-/- mice kept at RT showed changes in metabolite concentrations (263). 

LAL-D results in the pathological accumulation of lipids, such as CE and TGs, within hepatic 

lysosomes, leading to liver dysfunction and a progressive loss of WAT (256, 263, 295). This 

loss of WAT in Lal-/- mice necessitates metabolic adaptations. Moreover, in the liver of Lal-/- 

mice, the inability to adequately hydrolyze CE and TG leads to a decreased flux of FA and a 

subsequent reduction in hepatic acyl-CoA, which is crucial for the synthesis of very low-density 

lipoproteins (263) and thus manifests in lower plasma TG levels. As a compensatory response 

to this energy crisis, these mice exhibit metabolic adaptations that increase systemic glucose 

utilization. These adaptations have been observed through intraperitoneal glucose tolerance 

tests and insulin tolerance tests, revealing that Lal-/- mice display improved glucose tolerance 

and heightened insulin sensitivity (263). Plasma glucose levels are reduced in these mice as 
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well as decreased hepatic glucose content and glycogen stores, along with diminished liver 

concentrations of Glu (263). As shown before (263), Lal-/- SM increases glucose clearance to 

compensate for a potential energy deficit. The increased glucose and glycogen contents in GA 

of Lal-/- mice support the notion that these mice compensate for the deficiency in lipid 

metabolism by triggering glucose storage and its utilization. Although the concentration of 

succinate was decreased in Lal-/- mice, unchanged concentrations of fumarate do not clearly 

point to an impairment of the TCA cycle as a whole.  

The observed reduction in choline levels in Lal-/- SM can have significant implications for 

muscle function and metabolism, including SM atrophy and altered lipid metabolism (326, 327). 

Moreover, carnosine, a histidine-containing dipeptide, is abundant in SM and is involved in 

muscle buffering, protection against oxidative stress, and muscle contraction (328, 329). Thus, 

the reduced levels of choline and carnosine in Lal-/- SM can considerably impact muscle health 

and activity.  

The formation and accumulation of fat-laden lysosomes and cholesterol (or CE) crystals in 

non-adipose tissues were described in various organs of Lal-/- mice (222, 256, 258, 259). 

Whole-body LAL-D in mice results in the abnormal storage of lipids across different SM as 

well, including a marked increase in CE specifically in GA when the mice are fed chow diet. 

Fasting led to a notable reduction in TG levels in Lal-/- muscles such as QU, indicating altered 

lipid metabolism. These findings highlight the variability of lipid accumulation in SM and the 

dynamic changes in lipid content in response to the metabolic state in Lal-/- mice, reflecting 

the impact of enzyme deficiency on lipid handling in muscle tissue. Interestingly, Lal-/- rats 

showed accumulation of “lipid droplets” in the subsarcolemmal space of muscles fibers (330). 

However, despite altered lipid content, we were unable to detect lipid accumulation in SM of 

Lal-/- mice. Estimation of lipids in Lalistat-2 treated cells as well as in primary myoblasts from 

Lal-/- mice revealed CE accumulation in both cell types. Thus, the obtained data hint to an 

important role of LAL in SM cholesterol metabolism. Surprisingly, Lal-/- mice on a HFHC diet 

show significant changes in SM mass and lipid profile that are comparable to that of older Lal-

/- mice fed a standard chow diet. 

Reduced acyl-carnitine concentrations in QU, TA, and GA from 12-h fasted mice could be a 

consequence of the failure of Lal-/- mice to enhance circulating TG concentrations during 

fasting together with elevated TC (independently of the feeding status), which we have shown 

earlier (263). However, reduced acyl-carnitines may be a sign of mitochondrial dysfunction in 

Lal-/- SM. Cholesterol accumulation in Lal-/- SM could potentially affect the mitochondria, 

characterized by impaired respiration and lower ATP production (331, 332). This connection 

between excess cholesterol and mitochondrial health suggests that the disrupted lipid 
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metabolism associated with LAL-D could have downstream effects on cellular energy 

generation. Despite an increased number of oxidative fibers in Lal-/- mice, which would usually 

indicate a higher mitochondrial count and improved cellular respiration, these mice actually 

showed reduced ability of SM to produce energy through the process of oxidative 

phosphorylation. The quantity and structure of mitochondria appeared unaffected, but 

proteomic analysis revealed that functions related to energy-generating processes in the 

mitochondria were compromised. Proteins essential for the electron transport chain and ATP 

synthesis, specifically complex I, II, III, and V proteins such as NDUF, SDH, UQCR, and ATP5 

family members, were found to be diminished. These proteins are known to be decreased in 

muscles affected by sarcopenia (age-related SM loss) (333). Among the proteins that were 

significantly reduced in SM of Lal-/- mice, MUP isoforms were found in both oxidative and 

glycolytic fibers in dissected GA. SM is known to be one of the key tissues metabolically 

affected by low expression of MUP1, which was observed in models of obesity or diabetes. In 

comparison, elevated Mup gene expression was related to improved mitochondrial biogenesis 

and oxidative phosphorylation primarily in SM (334). Hence, potentially different isoforms of 

Mup could play a role in SM metabolism and somehow affect mitochondrial functionality in Lal-

/- mice but this remains to be elucidated in further studies. 

In contrast to the findings in Lal-/- mice in which we observed reduced FAO and oxidative 

phosphorylation, we failed to recapitulate the findings on mitochondria function in both of our 

in vitro cell models. The differences we observed between in vivo and in vitro/ex vivo models 

might be a consequence of the inaccessibility of lipids in Lal-/- mice, the absence of white 

adipose tissue, and the rapid glucose consumption in a variety of tissues in mice (256, 262, 

263), whereas cells normally grow in a complete glucose-rich environment. Moreover, 

systemic inflammation profoundly influences the SM phenotype as evidenced in various 

pathological conditions such as cachexia (335-337), diabetes (338, 339) or chronic obstructive 

pulmonary disease (340, 341). The consistent elevation of pro-inflammatory cytokines and the 

substantial presence of macrophages in multiple organs indicate systemic inflammation in 

Lal-/- mice, a phenomenon that is challenging to be replicated in cell culture experiments. It is 

noteworthy that local inflammation was not detected in SM of Lal-/- mice.  

The increased GLNA expression but decreased glutamine (Gln) concentration in SM may have 

significant implications for metabolic homeostasis and muscle function. GLNA (Gln synthetase) 

plays a crucial role in the synthesis of the essential amino acid Gln, which is involved in various 

metabolic processes (72). The observed increase in GLNA suggests the upregulation of Gln 

synthesis pathways. However, the decreased levels of Gln may indicate enhanced utilization 

or altered metabolic flux of Gln in SM and maybe even in the liver as discussed above.  
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The comparable performance during the hanging wire test suggested that the strength, 

coordination, and stamina are not affected in SM of Lal-/- mice, indicating no sign of 

neuromuscular and motor impairment in our knockout mouse model. Interestingly, muscle 

contraction was highlighted as one of the clusters in the Cytoscape protein interaction network 

with the majority of upregulated proteins. However, compared to controls, increased 

exhaustion in the treadmill peak effort testing was confirmed for Lal-/- mice. These functional 

deficits may be explained in part by the affected mitochondrial functions described above. 

Another important finding points at the impaired whole-body energy metabolism in Lal-/- mice 

(263), which may also influence exercise performance. Decreased expression of IGFBP5 has 

been reported in cases where muscles are denervated or subjected to unloading, a condition 

that fits the reduced locomotor activity and physical performance in Lal-/- mice. This aligns with 

the well-established opinion that the changes in muscle use, such as those induced by reduced 

movement or external loading, can impact the expression of proteins related to muscle growth 

and maintenance (342). It should be noted that no cardiac abnormalities have been reported 

in Lal-/- mice and it still remains unclear if the pathophysiological characteristics observed in 

the lungs of Lal-/- mice (261) influence their physical capabilities. The observed disparities in 

metabolites such as creatine or amino acids in trained mice may further validate the notion 

that energy metabolism is altered in SM of Lal-/- mice. Under stress conditions, these mice 

appear to attempt to mobilize all available resources to adequately support ATP production. 
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5. Summary and conclusion.  

 

To sum up, our data provide conclusive evidence that the whole-body loss of LAL affects the 

phenotype, and most probably, the functions of SM due to insufficient ATP production 

associated with dysfunctional mitochondria and impaired energy metabolism. The described 

alterations result in increased expression of slow oxidative fibers in SM of Lal-/- mice. 

Experiments on the cell models, together with inhibition of LAL activity, confirm that the 

observed alterations in whole-body Lal-/- mice are the result of systemic loss of the respective 

enzyme, which mainly affects liver, small intestine, adipose tissue, and macrophages and thus 

causes systemic inflammation. Overall, although LAL plays an essential role in lipid 

metabolism of SM, it has only a minor impact on the processes involved in muscle 

differentiation and cellular energy production. 

 

Figure 33 Graphical summary depicting the consequences of loss or inhibition of 
lysosomal acid lipase (LAL) across in vivo, ex vivo, and in vitro models.  
Skeletal muscles (SM) from Lal-/- mice display elevated cholesteryl ester (CE) content and 
increased glucose uptake, accompanied by upregulation of proteins specific to oxidative slow 
(type I) fibers. However, mitochondrial function in the SM studied was diminished. The loss of 
LAL similarly impacted lipid content both in vitro and ex vivo. Interestingly, differentiation and 
mitochondrial functions remained unchanged in Lalistat-2-treated C2C12 cells and primary 
myoblasts isolated from Lal-/- mice. Created with Biorender.com. 
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