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Abstract 

The prevalence of metabolic disorders such as obesity and type 2 diabetes (T2D) has 

increased dramatically worldwide the last decades. Lifestyle factors such as diet and physical 

activity have preventive as well as therapeutic benefits for these metabolic disturbances. 

Skeletal muscle, which constitutes up to 40-50% of total body mass, is one of the main 

regulators of glucose and fatty acid (FA) metabolism in the body. Furthermore, skeletal 

muscle displays a remarkable adaptability in response to exercise. Increasing evidence 

suggests that dysregulation of lipid metabolism in skeletal muscle have significant impact on 

whole-body energy metabolism, and lipid turnover is a potential key to understand the 

impairments attributed to skeletal muscle in conditions such as obesity and T2D. 

Approximately 50-60% of free FAs taken up by skeletal muscle are stored as triacylglycerol 

(TAG) in lipid droplets (LDs). LDs are dynamic organelles that continuously are regulated 

between storage and breakdown of TAG by lipases to generate FAs available for energy 

production and re-synthesis of lipids. Thus, TAG dynamics is a critical factor that balancing 

FA utilization between storage, accumulation of lipid intermediates and FA oxidation. The 

studies presented in this thesis, were aimed to examine the regulation of lipid metabolism in 

cultured skeletal muscle cells related to exercise, obesity and T2D as well as by modulation of 

TAG dynamics.  

Biopsy-derived cultured human myotubes from overweight subjects after exercise showed 

increased FA metabolism as well as increased fractional glucose oxidation compared to 

myotubes retrieved prior to exercise. By studying myotubes established from lean, obese and 

obese T2D donors, we observed that myotubes from obese donors had an increased FA 

uptake and lower complete-to-incomplete FA oxidation ratio, associated with a reduced 

mitochondrial function, compared to myotubes from lean donors. Myotubes from the same 

group of donors were challenged with electrical pulse stimulation (EPS), mimicking exercise 

in vivo. We observed that myotubes from non-diabetic (lean and obese) versus diabetic donors 

(obese T2D) responded differently to EPS. Thus, myotubes from T2D individuals were 

partially refractory to contraction-mediated effects on lipid handling.  

TAG dynamics were studied in myotubes established from lean, healthy donors by using 

selective inhibitors of diacylglycerol acyltransferases 1 and 2 (DGAT), which catalyse the 

final step of TAG synthesis. We explored that the two distinct enzymes, DGAT1 and DGAT2, 

played different roles in lipid metabolism in skeletal muscle cells, where DGAT1 was the 



Abstract 

VI 

 

main enzyme for re-synthesis of TAG while DGAT2 mainly contributed to de novo synthesis 

of TAG. Increases in all processes of FA turnover, i.e. accumulation, lipolysis and oxidation, 

combined with enhanced mitochondrial function, were observed after acute and chronic 

exposure to eicosapentaenoic acid (EPA). EPA also increased accumulation of FAs into TAG, 

indicating an enhanced lipid turnover in myotubes.  

In conclusion, the results presented in this thesis have contributed to new knowledge about 

impact of exercise and modulation of TAG dynamics on lipid metabolism in human skeletal 

muscle cells. Cultured skeletal muscle cells established from satellite cells, activated, 

proliferated and differentiated into myotubes has been proven to be a valuable model system 

for studying mechanisms related to exercise and metabolic diseases. We presented data which 

confirm that myotubes preserve, to some extent, the phenotype of their donors in vitro, and 

that interventions like exercise, both in vivo and in vitro, as well as potential pharmacological 

agents, can positively influence lipid metabolism and mitochondrial function in skeletal 

muscle cells.  
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Introduction 

Obesity and type 2 diabetes 

The prevalence of overweight and obesity has increased dramatically worldwide over the last 

decades and has now reached epidemic proportions [1, 2]. World Health Organization (WHO) 

reported in 2016 that 1.9 billion (39%) adults were overweight, and of these over 650 million 

were obese (13%). The prevalence of obesity varies between countries and the increase is also 

seen in children and adolescents [3-5]. In Norway, 20-25% of adults aged 40-69 are 

considered obese [5]. In most cases, obesity is caused by a combination of excessive energy 

intake and inadequate energy expenditure. Besides this imbalance, genetics and chronic stress 

are other contributors [6-9]. More recently, the gut microbiota has been assessed to influence 

metabolic processes and contribute to low-grade inflammation and obesity [10-12].  

Overweight and obesity are usually defined by body mass index (BMI), but other methods 

include measurements of waist circumstances or waist-hip-ratio. According to WHO, a BMI 

of ≥ 25 kg/m
2
 is considered overweight, and a BMI of ≥ 30 kg/m

2 
is considered obese [13]. 

However, approximately 10-25% of obese individuals are metabolically healthy, and have 

lower risk for cardiovascular events and all-cause mortality [14, 15]. The location of body fat 

appears to be more important than generalized adiposity, as visceral fat and ectopic lipid 

accumulation in liver and skeletal muscle are considered to be of high risk for disease 

development [16-18]. The excessive visceral fat is associated with increased fatty acid (FA) 

release from adipose tissue and raised plasma levels of free FAs [19, 20] causing lipotoxicity 

[20], whereas increased storage of ectopic fat contributes to insulin resistance in peripheral 

tissue [21, 22]. Further, adipose tissue is an endocrine organ that secretes bioactive peptides, 

called adipokines, that are suggested to play a key role in the dynamic cross-talk between 

metabolic organs [23]. However, adipose tissue in obesity is prone to inflammation, and 

combined with the infiltration of macrophages, the production of inflammatory 

adipokines/cytokines cause a chronic low-level inflammation [23-26]. This imbalance in 

secretion between pro- and anti-inflammatory adipokines might contribute to the induction or 

promotion of insulin resistance [27, 28]. Although overweight and obesity are important 

clinical health burdens and strongly associated with insulin resistance, type 2 diabetes (T2D) 

and cardiovascular disease [6, 29, 30], obesity is preventable and the onset of T2D can be 

delayed by regularly exercise, healthy diet, weight loss and pharmaceutical agents [31].  
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T2D is a chronic metabolic disease characterized by the body’s inability to effectively utilize 

glucose. In 2017, it was estimated that 425 million people had diabetes, of which most had 

T2D [32]. Multiple factors are involved in the pathogenesis, which is primarily characterized 

by a failure to adequately respond to insulin and thereby leading to a relative insulin 

deficiency [20, 33]. In more detail, the hallmarks of T2D are insulin resistance in liver, 

adipose tissue and skeletal muscle, increased lipolysis from adipose tissue, increased 

gluconeogenesis in liver and a markedly β cell dysfunction [20, 33], all of which contribute to 

development of hyperglycaemia and dysfunctional energy homeostasis. The epidemic of T2D 

is attributed by a mixture of genetic and epigenetic predispositions combined with a variety of 

behavioural and environmental risk factors [34]. Still, the wide majority of people with T2D 

are classified as either overweight or obese [29]. 

 

Role of skeletal muscle in obesity and type 2 diabetes 

Skeletal muscle constitutes up to 40-50% of total body mass, making it the largest organ in 

the human body and a markedly contributor to whole-body energy homeostasis [35]. Since 

skeletal muscle accounts for more than 80% of the insulin-stimulated glucose disposal, this 

insulin-sensitive organ is quantitatively the most important site for insulin resistance followed 

by liver and adipose tissue [36-38]. Metabolic disturbances in skeletal muscle associated with 

obesity and T2D include decreased glucose uptake (caused by insulin resistance), as well as 

metabolic inflexibility (discussed in more detail under “Metabolic flexibility of skeletal 

muscle”), dysregulation of lipid metabolism and mitochondrial dysfunction [39-41]. Insulin 

resistance is considered the primary impairment causing β cell dysfunction, hyperglycaemia 

and T2D [42]. Lipids stored as intramuscular triacylglycerol (IMTG), are suggested to be the 

link between obesity, insulin resistance and T2D [43], seeing that insulin-resistant individuals 

are characterized by their high levels of IMTG within their muscles [44]. However, IMTG is a 

vital fuel source for skeletal muscle during periods of physical activity, and exercise is further 

known to increase IMTG, which is positively correlated with insulin sensitivity and FA 

oxidation function [44, 45]. Despite muscle in endurance-trained athletes contain high levels 

of IMTG, they are markedly insulin sensitive [44, 46]. Consequently, the balance between 

storage and efficient utilization of IMTG (lipid turnover) is a potential key to understand the 

interaction in dysregulated lipid and glucose metabolism in muscle [43, 44, 47]. Skeletal 

muscle is, therefore, due to its critical role in regulating whole-body energy homeostasis, an 

organ of particular interest in metabolic conditions such as obesity and T2D.   
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Skeletal muscle fibre types 

Skeletal muscle is a complex heterogeneous tissue composed of different fibre types, where 

the metabolic capacity depends on the type of muscle fibre and the level of stimulation. The 

heterogeneity of the muscle fibres is the base of the flexibility which allows the same muscle 

to be used for various tasks from continuous low-intensity activity, to repeated submaximal 

contraction, and to fast and strong maximal contractions [48]. The fibres are all structurally, 

functional and metabolically different. Classification into different muscle fibres (phenotype) 

is based on their speed of contraction (ATPase activity) and the aerobic (oxidative)/anaerobic 

(glycolytic) production of ATP. They are defined as slow- or fast-twitch based on the 

contractile property which coincides with histochemical staining for myosin ATPase as type I 

(slow-twitch) and type II (fast-twitch, highest ATPase activity) [48]. Human skeletal muscle 

fibres express three isoforms of myosin heavy chain (MHC): MHCβ, MHC2A and MHC2X, 

with their respective genes MYH7, MYH2, and MYH1 [49]. MHCβ-expressing fibres are 

characterized as slow, fatigue resistant and oxidative (type 1 muscle fibres), whereas fibres 

expressing MHC2A are fast oxidative (type 2A muscle fibres) and the MHC2X fibres are fast 

glycolytic (type 2X muscle fibres) [50]. The slow-twitch type 1 muscle fibre is associated 

with higher mitochondrial content and glucose transporter 4 (GLUT4) protein expression 

compared to fast-twitch type 2 muscle fibres [51-53]. Also, a higher proportion of type 1 

fibres in muscle have been reported to be associated with increased insulin responsiveness 

[54]. Muscle phenotype is also highly influenced by physical exercise, and the muscle cells 

can change their fibre type and enzymatic properties according to altered functional demands 

[53, 55]. 

   

Energy metabolism in skeletal muscle 

Skeletal muscle consumes a significant amount of energy on a daily basis and has remarkable 

flexibility in substrate oxidation. It is the main tissue involved in lipid and glucose oxidation 

in the human body. Besides, it is the principal site for glucose disposal under insulin-

stimulated conditions (80%) and the largest storage organ for glycogen (4-fold higher 

capacity than liver) [37, 56]. While glucose oxidation dominates in the postprandial state, FA 

oxidation increases during fasting and prolonged exercise [57]. At rest, skeletal muscle 

accounts for about 30% of the metabolic rate in adults [37], which further can be increased 
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during maximal exercise when skeletal muscle is responsible for transforming chemical 

energy to mechanical work [58].  

Glucose is a key metabolic substrate for all cells. In skeletal muscle, glucose can be oxidized 

to generate energy in the form of ATP, stored as glycogen or function as a precursor for lipid 

synthesis. The rate-limiting step in the metabolism of blood glucose is transport across the 

plasma membrane [59, 60]. This step is carried out by a family of transport proteins called 

glucose transporters (GLUT) and are mainly facilitated by GLUT1 and GLUT4 [59]. For the 

constitutive glucose transport at basal conditions, GLUT1 is thought to be the primarily 

responsible, whereas GLUT4 is the main transporter under contraction and insulin-stimulated 

conditions [61-63]. This is reflected by the fact that the abundance of GLUT4 is several folds 

higher than GLUT1 [64, 65]. GLUT1 is solely localized to the plasma membrane [64], 

whereas GLUT4 is translocated from intracellular vesicles to the plasma membrane in 

response to insulin stimulation or contraction, although through different signalling pathways 

[66, 67]. The binding of insulin to its receptor leads to activation of insulin receptor substrate 

1, phosphatidylinositol 3-kinase and protein kinase B (PKB/Akt) [68]. Thus, phosphorylation 

of PKB is the principal signal transductor of GLUT4-translocation from intracellular vesicles 

to the cell surface [69].  

Once inside the cell, glucose is rapidly converted to glucose-6-phosphate (G-6-P) by the 

enzyme hexokinase, and then proceeds into glycolysis generating pyruvate, ATP and NADH 

(Figure 1). Alternatively, glucose-6-phosphate can be converted to glycogen for storage, 

which is mediated by the enzyme glycogen synthase [70]. Moreover, the ability to store 

glycogen is limited, and most excess glucose is converted to triacylglycerol (TAG) through 

lipogenesis (liver and adipose tissue) and stored in adipose tissue [71]. De novo lipogenesis 

does occur in skeletal muscle, however, only to a minor extent [72, 73]. Pyruvate generated 

from glycolysis proceeds to oxidation via decarboxylation to acetyl-CoA in the mitochondria, 

which is catalysed by the pyruvate dehydrogenase complex (PDC) [71]. PDC regulates the 

entry of pyruvate into the tricarboxylic acid cycle (TCA-cycle) and is tightly controlled by 

pyruvate dehydrogenase kinases or phosphatases. Thereby, PDC is as a crucial regulator of 

glucose metabolism as well as for fuel selection in skeletal muscle [74]. In skeletal muscle, 

pyruvate dehydrogenase kinase 4 (PDK4) inhibit the activity of PDC and consequently, the 

expression of PDK4 is correlated with reduced (high expression of PDK4) or increased (low 

expression of PDK4) glucose oxidation [75, 76]. 
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FAs, which is another important fuel source for skeletal muscle, are delivered as free FAs 

bound to albumin derived mainly from adipocyte lipolysis, or derived from the breakdown of 

TAG contained in very low-density lipoproteins and chylomicrons [77]. Further, these FAs 

are taken up into the muscle by passive diffusion through the plasma membrane and via 

transport proteins in the plasma membrane, the latter process thought to contribute to the 

majority of FAs acquisition (Figure 1) [77-79]. The key proteins regulating FA uptake and 

cellular transport are fatty acid translocase/cluster of differentiation 36 (FAT/CD36), plasma 

membrane fatty acid-binding protein (FABPpm) and fatty acid transport proteins (FATP1-6) 

[78-80]. Although FAT/CD36, FABPpm, FATP1 and FATP4 are all co-expressed in skeletal 

muscle and contribute to membrane transport, FAT/CD36 and FATP4 are suggested to be 

quantitatively the most important [81]. Once FAs enter the muscle cell, they are reversibly 

bound to cytoplasmic FABP (FABPc), which acts like a sink for incoming FAs and protect 

against lipotoxic accumulation of free FAs and shuttles FAs throughout cellular 

compartments [77]. FAs are activated by the enzyme acyl-CoA synthetase (ACSL) to form 

FA-CoA (acyl-CoA), which then is transported intracellularly by acyl-CoA binding proteins 

(ACBP). FA-CoA mainly enters the mitochondria for oxidation or is directed towards TAG 

synthesis and storage in lipid droplets (LDs) (discussed more under “Dynamics of lipid pools 

in skeletal muscle”), depending on the metabolic status of the cell [79, 82]. Other routes for 

FA-CoA comprise incorporation into phospholipids (PLs) for use in cellular membranes or as 

lipid second messengers [83]. FA-CoA transport into the mitochondria is facilitated by 

carnitine palmitoyltransferase 1 and 2 (CPT) located on the outer and inner mitochondrial 

membrane [84, 85]. Also, FAT/CD36 has been found on the outer mitochondrial membrane, 

thereby appears to be involved in the regulation of mitochondrial fatty-acid transport [86, 87]. 

FA oxidation involves the coordinated action of three main metabolic pathways (β-oxidation, 

TCA-cycle and electron transport chain (ETC)) ultimately leading to ATP production [80]. 

Briefly, FAs are oxidized in the β-oxidation pathway producing acetyl-CoA which enters the 

TCA-cycle, where most of the energy made available from the TCA-cycle is passed on as 

energy-rich electrons (NADH) to ETC [77, 85]. The mitochondrial β-oxidation is tightly 

regulated by interactions between the key enzymes CPT1 and acetyl-CoA carboxylase (ACC) 

via the intermediate malonyl-CoA (derived from acetyl-CoA from the glycolytic pathway) 

[84]. However, recent work has suggested that the regulation of FA oxidation is much more 

complex, involving multiple regulatory sites like FA transport across the membrane, binding 

and transport of FAs in the cytoplasm and LD formation and degradation [88, 89]. Malonyl-
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CoA is, in addition to inhibiting CPT1, a substrate for de novo FA biosynthesis catalysed by 

the enzyme FA synthase (FASN) [90]. 

 

Dynamics of lipid pools in skeletal muscle  

Skeletal muscle is subjected to various mechanical and energetic demands, especially during 

high intensity and long duration exercise training. The high energy demand requires a 

continuous turnover of lipid stores where LDs serve as energy depots in skeletal muscle [91]. 

In addition to be an energy source, LDs are dynamic organelles involved in signalling and 

intracellular lipid transfer [47]. Approximately 50-60% of FAs taken up by skeletal muscle 

are stored as TAG in LDs [92]. LDs also contain DAG, cholesteryl ester (CE) and free 

cholesterol, and they are surrounded by a monolayer of phospholipids (PLs) and LD-

associated proteins (e.g perilipins (PLINs)) [47, 91]. TAG is a neutral lipid consisting of a 

glycerol backbone and three FAs and is considered to be metabolically inert, while other 

metabolites, such as acyl-CoA, DAG, and ceramides, are thought to promote insulin 

resistance in liver and skeletal muscle [93, 94]. Two major pathways for TAG biosynthesis 

are known: the glycerol-3-phosphate pathway and the monoacylglycerol (MAG) pathway [95, 

96], where both utilize FA-CoA, the activated form of FAs, as acyl donors [97]. The MAG 

pathway plays a main role in dietary fat absorption in the small intestine, whereas the 

glycerol-3-phosphate pathway is a de novo pathway of TAG synthesis present in most tissues 

[98, 99]. In muscle, TAG is predominantly synthesized by the MAG pathway [100], where 

MAG is re-acylated to form DAG, which is subsequently acylated to form TAG [91]. The key 

enzymes involved in the MAG-DAG-TAG pathway are monoacylglycerol acyltransferase 

(MGAT), catalysing the conversion of MAG to DAG, and the enzymes diacylglycerol 

acyltransferase 1 and 2 (DGAT), which esterify FA-CoA to DAG, so generating TAG 

(Figure 1) (discussed more under “Diacylglycerol acyltransferase – a potential drug 

target”) [91, 99, 101].  

Upon energy demand, e.g. during exercise, FAs are released from LDs through lipolysis of 

neutral lipids. Adipose triglyceride lipase (ATGL) initiates the first step in catabolism of TAG, 

which hydrolyses TAG to DAG [102, 103]. Next, the conversion of DAG to MAG is 

catalysed by hormone-sensitive lipase (HSL). HSL also contributes to the lipolysis of TAG 

and MAG-molecules, though it displays a 10-fold higher specificity for DAG [91, 103]. 

Finally, MAG is degraded to glycerol and FA by monoacylglycerol lipase (MGL) (Figure 1). 
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Thus, the breakdown of TAG generates FAs that can undergo mitochondrial oxidation, but 

may also be integrated back into neutral lipids by re-esterification, thereby being a part of a 

substrate/product cycle (discussed more under “Skeletal muscle as thermogenic organ”). 

The activity of ATGL is regulated by its coactivator comparative gene identification 58 (CGI-

58) and the inhibitory G0/G1 switch genes 2 (G0S2), which thereby also plays a pivotal role 

in the regulation of skeletal muscle TAG dynamics [75, 102, 104]. Interestingly, ATGL and 

CGI-58 are strongly associated during contraction-induced muscle lipolysis, and work 

together with PLIN proteins [105]. Activity of HSL is mostly regulated by phosphorylation on 

serine residues [102].  

 

Metabolic flexibility of skeletal muscle 

Skeletal muscle adapts to two quite opposite physiological conditions; a reduced energy 

intake during fasting and increased energy expenditure during exercise. Thus, the energy 

demand of skeletal muscles is highly variable and as described above, mainly covered by 

glucose and FAs [44]. In the fed state, the increased availability of plasma glucose stimulates 

glucose oxidation and FA synthesis, whereas FA oxidation increases during fasting or 

sustained exercise [57, 106]. The ability to efficiently take up and store fuel and to switch 

from FAs to glucose as the primary source of fuel during times of caloric abundance or deficit 

has been termed metabolic flexibility and is a characteristic of healthy skeletal muscle [107, 

108]. In 1963, Randle and colleagues proposed a biochemical mechanism for FA mediated 

suppression of glucose metabolism and vice versa, called Randle cycle [109]. The cycle 

draws attention to the competition between glucose and FAs for oxidation in muscle and 

adipose tissue, and specifically the inhibitory effect that FAs has on glucose oxidation [109]. 

This is mediated by the inhibition of several glycolytic steps. PDK4, the dominant form in 

skeletal muscle inhibits PDC by phosphorylation, and thereby switching the fuel source from 

glucose to FA [110] (Figure 1). Further, increased citrate production from enhanced FA 

oxidation escapes the mitochondria and inhibits the rate-limiting enzyme of glycolysis, 6-

phosphofructo-1-kinase, leading to an increase in G-6-P, which eventually inhibits hexokinase 

and leads to reduced glucose uptake and oxidation [111]. The opposite situation, where 

glucose suppresses FA oxidation is often referred to as “reverse Randle cycle” [112]. Citrate 

escaped from oxidation of glucose is transported back to the cytosol where it is converted to 

acetyl-CoA by ATP citrate lyase (ACL), and further converted to malonyl-CoA by ACC. 

Malonyl-CoA is a potent inhibitor of CPT1, resulting in reduced entry and oxidation of FAs 
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in mitochondria [113, 114] (Figure 1). Thus, the same molecule, citrate, signals in both fed 

and fasted state. 

Loss of ability to easily switch between glucose and lipid oxidation is termed metabolic 

inflexibility [108]. This inflexibility is associated with reduced lipid oxidation, and thereby 

promotes accumulation of lipids in skeletal muscle, which can interfere with insulin signalling 

and function [115]. Obesity and T2D are linked to reduced lipid oxidation during fasting, 

impaired postprandial switch from lipid to glucose oxidation, and reduced capacity to increase 

lipid oxidation during exercise [116, 117]. Since this is also observed in individuals with 

impaired glucose tolerance, it suggests that metabolic inflexibility plays a role in early 

development of T2D [41]. Moreover, skeletal muscle cells established from subjects with 

obesity or T2D have reduced capacity to oxidize FAs compared to myotubes from lean 

subjects [118, 119]. In fact, metabolic flexibility of substrate oxidation is also preserved in 

human skeletal muscle cells, indicating that metabolic switching is an intrinsic property of 

skeletal muscle [120]. Nevertheless, metabolic inflexibility may be due to both intrinsic and 

extrinsic (induced) factors, and the molecular mechanisms still remains to be established. 
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Figure 1. Energy metabolism in skeletal muscle. Glucose is transported into the cells by glucose 

transporters (GLUT) and either stored as glycogen or utilized through glycolysis to yield pyruvate. 

GLUT4 is translocated from intracellular vesicles to the cell membrane after activation of the insulin 

signalling pathway. Uptake of fatty acids (FAs) is facilitated by different transport proteins (CD36, 

FABPpm, and FATP). Intracellular FAs are bound to cytosolic FA binding proteins (FABPc), 

activated by acyl-CoA synthetase (ACSL) to FA-CoA and then transported by acyl-CoA binding 

proteins (ACBP) intracellularly. Under conditions with excessive energy supply, FA-CoA may 

become incorporated into complex lipids as diacylglycerol (DAG), triacylglycerol (TAG) and 

phospholipids (PL), and assembled in lipid droplets (LDs) for storage by the action of 

monoacylglycerol acyltransferase (MGAT) and diacylglycerol acyltransferase 1/2 (DGAT1/2). Upon 

energy demand, TAG, DAG and MAG are hydrolysed by adipose triglyceride lipase (ATGL), 

hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL) to release energy in the form of 

FAs. FA-CoA from both exogenous and endogenous derived FAs are used as fuel and transported into 

the mitochondria as acyl-carnitine facilitated by carnitine palmitoyltransferase (CPT) 1 and 2. 

Thereafter, FA-CoA is metabolized through β-oxidation yielding acetyl-CoA which enters the 

tricarboxylic acid (TCA) - cycle. Pyruvate generated from metabolism of glucose can enter the 

mitochondria via decarboxylation to acetyl-CoA catalysed by the pyruvate dehydrogenase complex 

(PDC), and then enter the TCA-cycle. Citrate can “escape” the TCA cycle, be converted to acetyl-CoA 

via ATP citrate lyase (ACL), and thereafter to malonyl-CoA by acetyl-CoA carboxylase (ACC). 

Malonyl-CoA decarboxylase (MCD) catalyses the reverse reaction from malonyl-CoA back to acetyl-

CoA. Malonyl-CoA can be converted to FAs by the action of fatty acid synthase (FASN). Malonyl-

CoA is a potent inhibitor of CPT1, and can thereby inhibit entry and oxidation of FAs in the 
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mitochondria. FAs are able to suppress glucose oxidation through inhibition of PDC by pyruvate 

dehydrogenase kinase 4 (PDK4) and by acetyl-CoA, as well as inhibition of glycolytic enzymes by 

cytosolic citrate. DAG, diacylglycerol; ETC, electron transport chain; GS, glycogen synthase; HK, 

hexokinase; PKB, protein kinase B  

 

 

Molecular adaptations to exercise  

Physical activity elicits physiological responses in skeletal muscle that result in a number of 

health benefits, including the prevention of obesity, cardiovascular disease and T2D [121]. In 

the acute state, exercise positively moderates glucose homeostasis by enhancing glucose 

transport and insulin action in contracting skeletal muscle [122]. Contraction generates 

transient increases in the quantity of mRNA, which for a multitude of genes typically peaks 3-

12 hours post-exercise and returns to basal levels within 24 hours [123-125]. Therefore, 

frequent bouts of exercise result in acute escalations in transcriptional activity and subsequent 

protein synthesis. Consequently, long-term adaption to training is probably due to cumulative 

effects of each short-term exercise leading to a new functional threshold [126]. Also, regular 

physical activity makes muscle more efficient to utilize substrate for ATP production and thus 

become more resistant to fatigue [121]. The functional consequences and adaptations to 

exercise are determined by training volume, intensity and frequency, whereas many features 

of the training adaptation are specific to the type of stimulus, such as the mode of exercise 

[126]. Moreover, contraction-induced molecular signalling is complex and involves a number 

various signalling molecules including AMP-activated protein kinase (AMPK) and 

intracellular calcium (Ca
2+

) [48, 126].  

Exercise-induced adaptations in energy metabolism are reflected by changes in both 

mitochondrial content (size/number) and function, and improved oxidative capacity [126-130]. 

It is well established that endurance exercise training results in a remodelling of skeletal 

muscle lipid metabolism towards increased lipid oxidation, lipid storage (IMTG) and turnover 

[131-133]. FA uptake, lipid synthesis and oxidation have been shown to be increased in 

exercising muscle [133-136], which takes more of its required energy from lipids and less 

from carbohydrates during submaximal exercise [137]. How FA oxidation is regulated by 

contractile activity is not clear. Nevertheless, the several fold increase in FA utilization during 

exercise is facilitated by a rapid and sustained upregulation of skeletal muscle FA uptake 

[138]. This enhanced uptake during exercise results from a coordinated increase in rates of 

FA delivery, surface membrane FA transport and intracellular substrate flux through 

mitochondrial β-oxidation or storage as intracellular lipids [139]. It has been shown that 
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muscle contractions promote FAT/CD36 relocation from intracellular compartments to the 

plasma membrane and to the outher mitochondrial membrane and thereby contributes to 

regulate FA oxidation through lipid transport [45, 140, 141]. Other exercise responsive key 

regulators of FA oxidation comprise the increased activity and expression of CPT1 [142, 143], 

as well as decreased levels of malonyl-CoA, a potent inhibitor of CPT1 [84, 144]. Moreover, 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), a major 

regulator of skeletal muscle oxidative capacity, is exercise responsive and regulates both 

mitochondrial FA oxidative capacity and possible LD dynamics [145]. Thus, PGC-1α appears 

to partially mediate some of the positive adaptions to exercise [146-148]. Further, exercise 

regulates lipolysis and the relative contribution of plasma non-esterified FAs, plasma TAG 

and IMTG to skeletal muscle FA oxidation [137]. Following exercise, IMTG stores are 

reduced by 60%, mainly in type 1 muscle fibres [149, 150]. The breakdown of IMTG during 

exercise is primarily stimulated via ATGL but also HSL [102, 105, 151, 152]. Several key 

regulators of lipid turnover are regulated by exercise training, including the anabolic enzymes 

stearoyl-CoA desaturase-1 and DGAT1, and the lipolysis-related proteins ATGL and CGI-58 

[145, 153, 154].  

Glucose metabolism in skeletal muscle is also strongly affected by contractile activity. 

Muscle contraction increases glucose transport in skeletal muscle, mediated via an insulin-

independent translocation of GLUT4 to the cell surface [137]. The mechanism is unclear, but 

it is known that contraction activates AMPK, which in turn activates glucose uptake [155]. 

However, as two different transgenic mouse models overexpressing a dominant AMPK 

isoform demonstrates conflicting data, AMPKs specific role has proven hard to confirm [156, 

157]. Although the role of AMPK in contraction-stimulated glucose uptake is still not fully 

clarified, AMPK-regulated glucose transport seems to involve the GTPase-activating proteins 

TBC1D1 and TBC1D4 (AS160), though through different mechanisms than insulin [155, 

158]. Moreover, influx of Ca
2+

 has been shown to provide a signal to increase glucose uptake 

during contraction, possible through activation of calmodulin-dependent protein kinases 

(CaMK) [159, 160]. In addition to exerting acute effects on glucose uptake, exercise promotes 

a short-term increase in insulin sensitivity in the post-exercise period [161]. 

Plasticity of skeletal muscle in response to regular exercise extends beyond the described 

metabolic adaptations. Among other responses to exercise are an increased proportion of 

oxidative muscle fibres after endurance exercise [154, 162]. Taken together, physical activity 

leads to major adaptations in skeletal muscle. A summary of proposed signalling pathways for 
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contraction-stimulated effects on energy metabolism in skeletal muscle are illustrated in 

Figure 2. 

 

 

Figure 2. Proposed signalling pathways for contraction-stimulated effects on energy metabolism 

in skeletal muscle. Contraction leads to energy depletion, i.e. elevated AMPT/ATP ratio, and elevated 

intracellular [Ca
2+

]. This in turn leads to activation of AMP-activated kinase (AMPK) and calmodulin-

dependent protein kinases (CaMK), respectively. Activated AMPK phosphorylates TBC1D1 and 

TBC1D4 at multiple phosphorylation sites allowing the conversion of less active GDP-loaded Rab to 

more active GTP-loaded Rab. The more active Rab-GTP allows GLUT4 storage vesicles to move to 

and fuse with the plasma membrane. Elevated AMP/ATP ratio and [Ca
2+

] levels leads to increased 

expression of several genes important for mitochondrial function and oxidative capacity. Contraction 

also promotes relocation of fatty acid transporter CD36 (also known as FAT) to the plasma membrane 

and to the outer mitochondrial membrane to increase FA uptake, storage and oxidation. Furthermore, 

contraction leads to increased lipolysis of lipid droplets (LDs) by activation of adipose triglyceride 

lipase (ATGL) and hormone-sensitive lipase (HSL).  
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Skeletal muscle as thermogenic organ 

In humans, cold-induced shivering - a repetitive process of muscle contraction, is an 

immediate response to cold leading to heat generation and increases total energy expenditure 

[163-165]. As well as muscle, brown adipose tissue is well-recognized as a highly 

thermogenic organ wherein uncoupling protein 1 play a key role in non-shivering 

thermogenesis (NST) [164]. Skeletal muscle, compared to brown adipose tissue, represents 40% 

of the body mass and is a major consumer of glucose and FAs. Consequently, skeletal muscle 

is another important organ for thermogenic processes, with the capacity to induce energy-

consuming futile cycles [164, 166]. Increasing energy expenditure in muscle could 

substantially affect whole-body metabolism and body weight gain [167, 168]. Although heat 

production from muscle has long been recognized, the question has been whether muscle can 

produce heat independently of contraction through NST. Interestingly, recent studies have 

suggested skeletal muscle to be an important site of NST [165, 166, 169, 170]. One of the 

main mechanisms of NST in skeletal muscle is based on Ca
2+

-slippage by a sarcoplasmic 

reticulum Ca
2+-

ATPase (SERCA), which is regulated by the protein sarcolipin [166, 170, 171]. 

In more detail, sarcolipin uncouples the hydrolysis of ATP from CA
2+

 transport,
 
thus leading 

to futile cycling and thermogenesis [172]. Maintenance of body temperature is also achieved 

partly by modulating lipolysis [173]. A well-known thermogenic process is the 

triacylglycerol-fatty acid (TAG-FA) substrate cycle, in which esterification of TAG is 

followed by hydrolysis, leading to heat expenditure at the expense of ATP [174]. This cycle 

has been observed to play an important role in controlling lipid metabolism in vivo during and 

after exercise [175]. Furthermore, in vitro, TAG-FA cycling is present in isolated human 

white adipocytes and C2C12 myotubes [176, 177], indicating that TAG-FA cycling occurs in 

human skeletal muscle as well.  

 

Diacylglycerol acyltransferase - a potential drug target 

As described under “Dynamics of lipid pools in skeletal muscle” the terminal step 

regulating TAG synthesis is catalysed by the enzymes DGAT 1 and 2 [98, 178, 179]. Thus, 

the enzymes are expressed in a variety of tissues reflecting their important roles in both the 

remodelling and de novo pathways of TAG synthesis [180]. They are both located to the 

endoplasmic reticulum, though DGAT2 is also found to co-localize with LDs and 

mitochondria in cultured fibroblasts and adipocytes [181, 182]. Although catalysing the same 
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reaction, they share no sequence homology with each other and belong to unrelated families 

of proteins [178]. In addition, they are non-redundant in some functions, which are reflected 

by the phenotype of mice lacking DGAT1 or DGAT2. Whereas Dgat1
-/-

 mice were viable with 

a favourable metabolic phenotype showing an increased insulin and leptin sensitivity and 

resistance to diet-induced obesity, Dgat2
-/- 

mice died shortly after birth with a defect in the 

skin barrier leading to rapid dehydration [183-185]. Studies in mouse skeletal muscle have 

shown beneficial effects of DGAT1 overexpression with increased TAG synthesis followed 

by protection against high-fat diet-induced insulin resistance [186]. In contrast, upregulation 

of DGAT2 in glycolytic muscle resulted in increased lipid accumulation and insulin resistance 

[187].  

The pharmaceutical industry gained interest in DGAT1 as a potential target for metabolic 

diseases based on the phenotype of DGAT1 knockout mice. Consequently, several DGAT1 

inhibitors reached clinical trials [188]. Among them were LCQ908 and AZD7687, two 

DGAT1 inhibitors that substantially reduced fasting TAG levels [189-191]. However, both 

compounds turned out to have gastrointestinal side effects, not reported in any of the 

preclinical studies, which may impact the further development of DGAT1 inhibitors [188]. 

Although early knockout studies suggested that inhibition of DGAT2 could be harmful [184], 

DGAT2 has emerged as a potential target after studies in mice overexpressing DGAT2. 

Inducing DGAT2 in mice resulted in development of hepatic steatosis and its complications 

[192-194]. However, the role of DGAT2 and the transferability between rodents and higher 

species has been disputed [195].  

 

Omega-3 fatty acids – effect on energy metabolism 

Intake of dietary fat, such as saturated FAs, are shown to have negative impact on several 

processes regulating energy homeostasis and thereby associated with metabolic disorders [196, 

197]. However, compared to saturated FAs, both mono- and polyunsaturated FAs (PUFA) 

have shown favourable effects on energy homeostasis [196-199]. Eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA), two long-chain n-3 PUFAs, have been given much 

attention during recent decades for their potentially beneficial effects on human health and 

diseases [200]. Considerable efforts have been directed to investigate the effects of n-3 PUFA, 

which today are associated with an improved cardiovascular health [201]. Cardiovascular 

benefits from n-3 FAs may be mediated through modification of lipoprotein profile where 
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EPA and DHA have been shown to decrease the plasma levels of TAG [202, 203]. Recently, 

a placebo-controlled trial showed that highly purified EPA ethyl ester in combination with 

statin therapy significantly reduced the risk of ischemic events including cardiovascular death 

compared to those who received statin therapy only [204]. Among other things, n-3 PUFAs 

exerts effects on energy metabolism, including improvements in lipid metabolism and 

increased thermogenesis, and prevention of obesity [205-207]. Also, it is known that n-3 

PUFAs activate peroxisome proliferator receptor (PPAR) isoforms [208, 209], which are 

ligand-dependent nuclear receptors that regulate transcription of a large variety of genes 

involved in energy metabolism, proliferation and differentiation [35, 210]. The roles for n-3 

PUFAs compared to other FAs in improving overall energy metabolism in skeletal muscle 

cells has been linked to metabolic flexibility [211]. In human myotubes, EPA promoted 

uptake of FAs and increased TAG accumulation as well as stimulating glucose uptake and 

oxidation [211, 212]. In addition, in rodents, EPA has been associated with alterations in the 

expression of genes involved in the regulation of fat oxidation, and has been shown to 

regulate mitochondrial CPT1 activity in heart and skeletal muscle [213, 214].   
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Aims 

The overall aim of the present thesis was to study the regulation of energy metabolism in 

human skeletal muscle cells related to physical activity, obesity and type 2 diabetes, with 

particular approaches targeting lipid metabolism and effects of exercise in vivo and in vitro, 

roles of diacylglycerol acyltransferase (DGAT) and effects of eicosapentaenoic acid (EPA, 

20:5n-3). More specifically, the objectives of the present studies were:  

 

1) Study the effects of a 12-week extensive training intervention on energy metabolism 

in cultured human myotubes established from sedentary normal (BMI < 25 kg/m
2
) 

and overweight (BMI ≥ 25 kg/m
2
) otherwise healthy men in the age of 40-62 years 

(paper I). 

 

2) Examine basal differences and responses to an in vitro model of exercise (EPS) 

related to fatty acid utilization and underlying mechanisms at mRNA and protein 

levels in human myotubes isolated from various donor groups; lean, obese and 

obese subjects with type 2 diabetes (paper II).  

 

3) Investigate the roles of DGAT1 and DGAT2 on lipid metabolism in human 

myotubes using specific small-molecule inhibitors (paper III). 

  

4) Study the effect of EPA in human myotubes with focus on lipid turnover, and 

further explore whether an increased triacylglycerol – fatty acid cycle may be 

induced by EPA in skeletal muscle (paper IV).  
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Summary of papers 

Paper I: Exercise in vivo marks human myotubes in vitro: Training-induced increase in lipid 

metabolism. 

In this paper we aimed to study effects of in vivo exercise on in vitro metabolic adaptions in 

human myotubes. Muscle biopsies from healthy sedentary normal weight and overweight men 

were taken before and after 12 weeks of extensive endurance and strength training. The 

training intervention improved endurance, strength and insulin sensitivity in vivo, and reduced 

the participant’s body weight. Biopsy-derived cultured human myotubes after exercise 

showed increased total FA uptake, oxidation and lipid accumulation, as well as increased 

fractional glucose oxidation compared to myotubes established prior to exercise. Most of 

these exercise-induced increases were significant in the overweight group only.  

In conclusion, a combination of aerobic and anaerobic exercise promoted increased lipid and 

glucose metabolism in cultured human skeletal muscle cells showing that training in vivo is 

able to induce metabolic changes in human myotubes that are detectable in vitro.    
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Paper II: Primary defects in lipid handling and resistance to exercise in myotubes from obese 

donors with and without type 2 diabetes 

In this study we present an extensive description of lipid handling in primary human skeletal 

muscle cells from different donors under basal conditions and in response to in vitro exercise 

(EPS). We characterized fatty acid utilization and underlying mechanisms at the mRNA and 

protein expression level in myotubes from lean, obese and obese subjects with T2D. Our data 

showed that myotubes from obese and T2D donors had increased uptake, incorporation into 

complex lipids and incomplete oxidation of palmitic acid compared to myotubes from lean 

donors. This was associated with a reduced protein expression of mitochondrial respiratory 

complex II, III and IV, indicating an impaired mitochondrial function. Further, we observed 

markedly different responses to one single long-duration exercise bout mimicked by EPS in 

vitro. Lean donors increased oxidation of palmitic acid in response to EPS, while myotubes 

from obese and T2D donors were refractory to this effect. Notably, myotubes from T2D had 

reduced uptake of palmitic acid into complex lipids, in contrast to lean and obese donors. 

In conclusion, our data showed that primary defects in lipid handling are retained in primary 

myotubes from obese and T2D donors. Interestingly, these defects cannot be rescued by EPS, 

which highlights the existence of resistance factors to the beneficial effects of exercise-

mediated muscle contraction. 
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Paper III: Treatment of human skeletal muscle cells with inhibitors of diacylglycerol 

acyltransferase 1 and 2 to explore isozyme-specific roles on lipid metabolism  

In this study the respective roles of DGAT1 and DGAT2 on lipid metabolism in human 

primary myotubes were investigated. DGAT1 and DGAT2 are important modulators of 

energy metabolism by catalysing the last and dedicated step of TAG synthesis. Using specific 

inhibitors, it was found that inhibition of DGAT1 and DGAT2 gave distinct effects on lipid 

metabolism in skeletal muscle cells. DGAT1 was shown to be the major enzyme responsible 

for incorporation of both exogenously supplied and endogenously generated (through 

lipolysis) FAs into cellular lipids in human myotubes. Moreover, results showed that both 

DGATs were involved in de novo synthesis of TAG. Interestingly, DGAT activities were also 

important in determining the rates of FA oxidation, indicating a key role in balancing FAs 

between storage in TAG and efficient utilization of FAs for oxidation. 

In conclusion, inhibitors of DGAT1 and DGAT2 had distinct responses on lipid metabolism 

in skeletal muscle cells. Because DGAT1 and DGAT2 may have distinct roles, they could 

give rise to heterogeneous pools of TAG in skeletal muscle. However, more studies are 

required to determine and further elucidate the mechanism and possible beneficial/deleterious 

effects of DGAT1 and DGAT2 in skeletal muscle. 

 

 

 

  



Summary of papers 

20 

 

Paper IV: Increased triacylglycerol - fatty acid substrate cycling in human skeletal muscle 

cells exposed to eicosapentaenoic acid  

Long-chain n-3 polyunsaturated FAs, such as eicosapentaenoic acid (EPA, 20:5n-3) has been 

given much attention during recent decades for the potential beneficial effects on human 

health and disease. The aim of this study was to examine whether EPA could affect 

triacylglycerol (TAG) – FA cycling in human skeletal muscle cells by altering lipolysis rate, 

intracellular TAG and re-esterification of FAs compared to palmitic acid (PA,16:0). Co-

incubation of myotubes with EPA increased cell-accumulation and incomplete FA oxidation 

of oleic acid (OA, 18:1n-9) compared to PA. Lipid distribution showed higher incorporation 

of oleic acid into all cellular lipids, with markedly increases (3 to 4-fold) for diacylglycerol 

(DAG) and triacylglycerol (TAG). These increases in cellular lipids after co-incubation with 

EPA were accompanied by higher lipolysis and FA re-esterification rate. Correspondingly, 

basal respiration, proton leak and maximal respiration were significantly increased in cells 

exposed to EPA compared to PA. Gene expression studies indicated that EPA, compared to 

PA, did alter the expression of genes involved in neutral lipid metabolism and lipid storage.  

In conclusion, findings from this study suggest an increased TAG - FA turnover i.e. futile 

substrate cycling in human myotubes induced by EPA, combined with increased FA oxidation 

and mitochondrial function. Our data indicate that enhancing these processes could be of 

importance for the potential favourable effects of long-chain n-3 FAs on skeletal muscle as 

well as in whole-body energy metabolism 
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Methodological considerations 

Cultured skeletal muscle as an in vitro model 

Skeletal muscle fibres are able to regenerate following injury, due to the presence of a 

particular cell population, the satellite cells [215, 216], which further has been exploited in 

research. As an essential model system for intact human skeletal muscle, differentiated 

primary human myotubes derived from satellite cells represents an alternative system to intact 

skeletal muscle that can be used to study human diseases [50, 217, 218]. This system has the 

most relevant genetic background (as opposed to rodent cell cultures) and because the cells 

are not immortalized, it allows investigation of the innate characteristics of the donors they 

were obtained from (papers I-II). Although, a limitation is the clear differences between gene 

expression in muscle biopsies and myotubes [50]. However, the myotubes display 

morphological, metabolic and biochemical similarities to adult skeletal muscle [217, 218]. 

Additionally, the extracellular environment can be precisely controlled and modulated ex vivo 

making it a valuable system for the purpose of research.  

The human muscle cells used in this thesis were obtained from biopsies from m. vastus 

lateralis (papers I-IV), m. obliquus internus abdominis (paper IV) and m. interspinales 

(paper IV). Multinucleated myotubes were established by activation of satellite cells and 

proliferation (myoblasts) based on the method of Henry et al. and modified according to 

Gaster et al. and Bourlier et al. [217-219]. The expression of key proteins for both glucose 

and lipid metabolism increases during the differentiation of myoblasts into myotubes [220, 

221]. Myotubes are therefore preferred for experimental use as the protein expression pattern 

resemble what is found in adult skeletal muscle [222]. 

Primary human myotubes are generally characterized by low mitochondrial oxidative capacity 

and their fuel preference is for glucose over FAs [50]. The ratio of GLUT1:GLUT4 is higher 

in human myotubes compared to skeletal muscle, resulting in lower insulin responsiveness on 

glucose transport [220, 223]. Although, the insulin-stimulated glucose uptake is lower in 

myotubes, the molecular mechanisms of glucose transport remain the same [220]. In lipid 

metabolism, palmitate oxidation rate and the activity of citrate synthase have been shown 

comparable between human myotubes and those measured in homogenates from the donor 

muscle [224, 225].  

An important aspect in evaluating the research of myotubes obtained from various sources of 

muscle satellite cells is the heterogeneity of muscle fibres. However, it is demonstrated that 
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myotubes co-express both MHC isoforms regardless of the origin of satellite cells, i.e. 

satellite cells isolated from pools of either fast or slow single muscle fibres co-express both 

MHC isoforms in culture [226]. This demonstrates that myotubes differ from donor muscle 

with respect to MHC expression. In our group, we have observed that differentiated myotubes 

contain both slow and fast fibre types [50, 227], and further that muscle cells have a plasticity 

potential, as the cellular content of MHCI can be increased by electrical pulse stimulation 

[228].  

Despite the discrepancy in expression profile of muscle fibre types, several donor 

characteristics are retained in cell cultures. The diabetic phenotype is conserved in myotubes 

established from subjects with T2D as they exhibit primary defects in glucose metabolism 

[217, 229]. Furthermore, altered lipid metabolism related to obesity and T2D in skeletal 

muscle in vivo is retained in cell cultures [119, 230, 231]. Moreover, the ability to switch 

between glucose and FA oxidation (metabolic switching) is preserved in human myotubes 

which supports the hypothesis that metabolic switching is an intrinsic property of skeletal 

muscle [120]. In addition to the genetic background, epigenetic mechanisms are probably 

involved in retaining the in vivo characteristics of the donors in the cultured cells [50]. 

Epigenetic regulation of skeletal muscle stem cells is well recognized [232, 233], and exercise, 

diet and a family history of T2D have all been described to influence DNA methylation in 

human skeletal muscle [234, 235], all of which are traits that might accompany the isolated 

satellite cells in their correspondingly grown myotubes. Importantly, the proliferative 

potential of myoblasts as well as metabolic properties decreases with increasing passage 

number [236]. Therefore, the experiments performed in this thesis were on cells from passage 

two up to passage four, all which exerted normal responses. Taken together, even with some 

limitations, the cell model of human myotubes seems to be a valuable model for studies of 

skeletal muscle energy metabolism. 

 

Electrical pulse stimulation as a model for in vitro exercise 

Since the vast majority of human myotubes in vitro lack spontaneously contraction [237], 

model improvement with electrical pulse stimulation (EPS) has been used for the induction of 

muscle contraction and thereby mimics exercise in vivo (used in paper II) [238]. The first 

study using human myotubes for EPS was published in 2002, showing that EPS had similar 

effects on glucose uptake in cultured human myotubes as in vivo muscle contraction [237]. 
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Later, a number of various in vitro protocols applying EPS have been used, by which they 

show variability, particularly with respect to frequency and duration (reviewed in [238]). Our 

group has previously shown that acute high-frequency stimulation of human myotubes, that is 

30V, 200ms, 100Hz with pulse every fifth second for 5-60 min, increased glucose uptake in a 

time-dependent manner, decreased cell content of ATP and phosphocreatine and increased 

cell production of lactate [228]. However, the benefits of physical activity in vivo are more 

evident after regular physical activity [239]. Thus, chronic low-frequency EPS of human 

myotubes were developed as an alternative model [228, 240]. Studies using chronic low-

frequency electrical pulse stimulation of human myotubes (11.5-30V, 2ms, 1Hz for 24-48 h), 

similar to what was used in paper II, have been shown to increase glucose and FA oxidation 

and mitochondrial content [228, 240]. Furthermore, responses to EPS may also be dependent 

on donor characteristics [241]. However, the EPS system has its limitations. As an in vitro 

model, EPS cannot mimic changes in the microenvironment within skeletal muscle tissue (i.e. 

changes in O2 concentration, temperature and electrolyte concentration) as well as blood flow 

and innervation which is important for feedback regulations meeting the metabolic demand of 

working muscle. Despite its limitations, EPS as an in vitro model mimicking exercise may be 

suitable for studying signalling events, metabolic adaptations and donor-dependent responses 

to exercise/contracting muscles, as EPS has been shown to induce responses in cultured 

myotubes similar to exercising muscle in vivo [238].  

 

In vivo and in vitro exercise intervention  

Exercise in vivo and in vitro was performed in paper I and paper II. In paper I, male 

subjects participated in a 12-week exercise intervention where each participant exercised 4 

times per week, equally shared between endurance sessions and strength sessions. Each 

session were supervised by one instructor and lasted about 60 min. The research performed in 

paper I was approved, as a part of a larger project: Skeletal muscles, Myokines and Glucose 

Metabolism (“Myoglu”) [242]. Paper I aimed to characterize potential effects of regular 

exercise in vivo, mixing both resistance and endurance training, on their respective myotubes 

in vitro. In paper II however, we used EPS as an exercise model in vitro. A number of 

various protocols applying EPS exist, thus acute short-term high frequency stimulation 

represent a single high-intensity bout of exercise, whereas chronic stimulation for 24-48 hours 

resemble regular physical activity. Yet, there is no consensus on what a certain protocol 



Methodological considerations 

24 

 

represents in terms of resistance or endurance training. However, high-frequency EPS (30 Hz) 

for 4 hours have shown increased activation of kinases linked to resistance training and 

muscle hypertrophy in vivo [243], whereas low-frequency stimulation has been shown to 

increase activity of AMPK and mitochondrial biogenesis [228, 240, 244]. Thus, the different 

EPS models, high vs. low-frequency stimulation appears to activate separate signalling 

pathways. In paper II we used chronic, low-frequency EPS (10V, 2ms, 0.1Hz) for 24 hours, 

which we characterized as a long-duration exercise protocol, and further considered the 

protocol to be more similar to endurance compared to strength exercise.  

 

Methods measuring energy metabolism in human skeletal muscle cells 

In this thesis, metabolic processes were described by combining functional studies using 

radiolabelled substrates with measurement of oxygen consumption rate, gene expression 

analyses (microarrays and qPCR), Gene Ontology (GO) enrichment analysis, protein 

expression (immunoblotting), staining of LDs and nuclei followed by imaging of fixated cells. 

The substrate oxidation assay [245] was used to study oxidation, uptake and accumulation of 

radiolabelled substrates. Scintillation proximity assay (SPA) [245] was used to study real-time 

FA (OA) accumulation, lipolysis and re-esterification in paper III and paper IV. The lipid 

accumulation was monitored over 24 hours with measurements at different time points. 

Thereafter, experimental medium was changed to a medium not containing radiolabelled OA 

and the decline in radioactivity, quantitated as efflux of labelled OA, was measured for the 

duration of several hours as a measure of lipolysis. Triacsin C, an inhibitor of ACSL [75, 246], 

was used to calculate the re-esterification, as triacsin C blocks FA recycling into the TAG 

pool. Oxygen consumption rate was measured by using a Seahorse analyser. Microarray gene 

expression, which generates great amount of data, is a valuable screening tool, used in paper 

IV. GO enrichment analysis, used in paper IV, was performed on gene sets from the 

microarray to examine functional and biological processes to get an overall picture based on 

gene regulation. Real-time qPCR on the other hand, is useful for investigation of a limited 

number of anticipated regulated genes (papers I-III). Immunoblotting methodology was also 

applied to assess the expression levels of relevant proteins, thereby addressing the functional 

changes downstream of gene expression (papers I-II). However, immunoblotting is a semi-

quantitative method and highly dependent on the quality of the antibodies being used. In 

paper III, selective inhibitors of DGAT1 and DGAT2 were used. One important issue 
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concerning pharmacological active inhibitors is the risk of toxicity and non-specific effects, 

which may be related to the concentration being used. A922500 is a commercially available 

DGAT1 inhibitor, which has an IC50 value of 7 nM in vitro [247] and have demonstrated 

excellent selectivity over DGAT2 (IC50 = 53 µM) [248]. In accordance with previous studies 

[249, 250], we used a concentration of 1 µM of A922500 in our myotubes. The DGAT2 

inhibitor, JNJ-DGAT2-A, has an IC50 value of 0.14 µM and exhibits selectivity over DGAT1 

(IC50 value > 10 µM) [250]. Studies published with this inhibitor have used concentrations up 

to 50 µM [251], though, we utilized a concentration of 10 µM. Moreover, the inhibitors did 

not have any effect on cell viability. Other compounds used to modify lipid turnover in human 

myotubes were the inhibitors of ACSL (triacsin C) [75] and CPT1 (etomoxir) [252], which 

blocks TAG re-synthesis and FA oxidation, respectively. 

  

Donor characteristics 

Cultured myotubes used in this thesis were established from different donor groups. All 

subjects were male in papers I-III, whilst both genders were included in paper IV. The age 

varied from 20-63 years, BMI ranging from 19-41 kg/m
2
 and fasting glucose was between 

4.3-15.4, thus reflecting the different donor groups (lean/obese/obese T2D). A summary of 

selected donor characteristics across the papers included in this thesis is presented in table 1.  

Age is a factor affecting metabolic processes of skeletal muscles in vivo. Increasing age has 

been associated with ectopic lipid accumulation, reduced mitochondrial content and function 

[253-255], reduced skeletal muscle mass [256] and impaired insulin sensitivity [253, 257]. 

However, age-related decline in insulin sensitivity has been attributed to both physical 

inactivity and obesity [257]. Moreover, several of these age-related effects may be prevented 

by exercise [258, 259], as age-related mitochondrial dysfunction partly normalize after regular 

exercise [259]. 

Gender is another important factor affecting energy metabolism in vivo and a major source of 

variation in body composition, physiological function as well as hormonal regulation [260, 

261]. Women have higher levels of IMTG, increased insulin sensitivity and higher levels of 

muscle fibre type 1 than men [262-264], whereas men, on the other hand, have greater 

skeletal muscle mass both in absolute terms and relative to body mass compared to women 

[256]. However, these differences do not appear to be reflected in cultured myotubes, unless 

incubated in presence of sex hormones [265, 266]. Likewise, the expression of several 
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important genes involved in glucose and lipid metabolism were found similar in myotubes 

from different genders [265]. Since donor differences were examined related to exercise 

response in papers I-II, only male donors were selected and consequently, the majority of 

muscle biopsy donors used in this thesis were males (papers I-III). Though, in paper IV data 

obtained from myotubes of both genders (4 males and 5 females) were merged. 

 

Table 1. Donor characteristics across studies. Donor characteristics for donors used in the present 

thesis: normal weight before and after the exercise intervention, overweight before and after the 

exercise intervention, lean, obese and obese subjects with type 2 diabetes.  

  

Donor group Paper n Age (years) BMI (kg/m
2
) Fasting glucose (mM) 

Normal weight before 

I 

7 48.0 ± 2.8 
23.3 ± 0.7 5.3 ± 0.2 

Normal weight after 23.3 ± 0.6 5.5 ± 0.2 

Overweight before 
11 51.9 ± 1.8 

29.4 ± 0.7 5.7 ± 0.1 

Overweight after 28.7 ± 0.7 5.9 ± 0.1 

Lean 

II 

4 22.5 ± 1.2 21.5 ± 0.5 4.7 ± 0.1 

Obese 4 35.7 ± 2.5 32.7 ± 1.1 5.1 ± 0.2 

Obese T2D 4 49.8 ± 7.3 34.3 ± 2.2 9.9 ± 2.3 

Lean III 8 25.5 ± 0.9 22.1 ± 0.8 4.7 ± 0.1 

Lean IV 9 38.0 ± 5.0 22.5 ± 1.1 5.3 ± 0.3 

Values are presented as means ± SEM 

BMI, body mass index; n, number of subjects; T2D, Type 2 diabetes 
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General discussion  

In this thesis, studies on lipid metabolism in human skeletal muscle were performed on 

human myotubes which originated from various groups of muscle donors and related to 

exercise, BMI and T2D. In paper I and II, the effect of exercise in vivo and in vitro was 

assessed on muscle cells established from different donor groups; lean, overweight/obese and 

T2D. In addition, differences in lipid metabolism between muscle cells from these donor 

groups were presented in paper II. In paper III, the distinct roles of diacylglycerol 

acyltransferase 1 and 2 (DGATs), which regulate the final step in TAG synthesis, were 

examined. Finally, paper IV addressed the question whether the n-3 polyunsaturated fatty 

acid, EPA, has a potential role for inducing an increased TAG-FA turnover in skeletal muscle 

cells. Taken together, the results from this work provide a platform on which future studies 

can build upon. 

 

Skeletal muscle – response to exercise in vivo and in vitro 

Exercise has numerous health-promoting effects in humans, where skeletal muscle accounts 

for one of the greatest adaptive responses to exercise [267]. However, individual 

responsiveness to exercise with regard to endurance or metabolic health differs markedly 

[268-270]. In this thesis, two of the papers investigated basal and exercise-induced differences 

in vivo (paper I) and in muscle cell cultures in vitro (papers I-II). Paper I demonstrated how 

an exercise intervention combining endurance and strength training sessions, increased 

maximal strength and insulin sensitivity in both normal and overweight men, whereas 

maximal oxygen uptake increased only in the overweight group. Moreover, biopsy-derived 

cultured human myotubes after exercise showed enhanced FA metabolism and fractional 

glucose oxidation compared to cultures established prior to exercise. It is known that satellite 

cell content and function changes following exercise [271, 272], and that physical activity 

levels in vivo influence metabolic properties of differentiated human satellite cells in culture 

[273, 274]. This implies that certain impacts of exercise in vivo are retained in myotubes 

established from satellite cells. Furthermore, it is worth mention that these training-induced 

differences in FA metabolism were predominant in the overweight group. In a similar study, 

Bourlier et al. showed that metabolic adaptations, such as enhanced glucose metabolism in 

vivo, where preserved in vitro in human myotubes after exercise [219]. However, in this study, 

lipid metabolism was not altered in myotubes post-exercise, which is conflicting to our data. 
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This may be attributed to different donor groups (overweight vs. obese), a shorter duration of 

time and workout consisting of endurance exercise only. Bourlier et al. hypothesized that 

microenvironmental changes induced by endurance training led to metabolic imprinting of the 

myogenic progenitor cells [219]. In skeletal muscle, DNA methylation has been shown to 

respond to and be modulated by various stimuli, including exercise [234, 275]. Therefore, we 

also aimed to examine epigenetic modifications in paper I. In our study we found indications 

of exercise-induced changes in promoter methylation, however, the possible link between the 

methylation and metabolic changes were difficult to interpret. 

Exercise benefits most, but not all, individuals with T2D. Stephens et al. showed that several 

genes involved in substrate metabolism and mitochondrial biogenesis were differently 

regulated between responders and non-responders to exercise [276]. Moreover, insulin-

resistant muscle has been linked to reduced response to exercise by transient phosphorylation 

of AMPK and blunted PGC-1α mRNA and protein response [277]. It is tempting to speculate 

whether T2D individuals displaying “exercise resistance” in vivo have an intrinsic “exercise 

resistance” of their skeletal muscle cells. Exercise-induced metabolic adaptations in vivo are, 

as shown in paper I and by others [219], detectable in cell cultures. Previously reports have 

shown that the metabolic phenotype derived from muscle donors is preserved in muscle cells 

in vitro [50, 118, 230, 241]. Consistently, we showed that defects in lipid handling were 

retained in myotubes from obese and T2D donors in paper II, and that the myotubes 

responded differently when challenged with EPS, an in vitro model for exercise. Non-diabetic 

myotubes were most responsive to EPS, showing improvements in several processes of FA 

metabolism, while myotubes from diabetic subjects responded differently by reducing several 

parameters in FA metabolism, including accumulation of lipids (complex lipids, PLs and 

TAG) and reduced mRNA level of the exercise-responsive gene PGC-1α. Moreover, these 

various responses to EPS in myotubes from non-diabetic vs. diabetic subjects highlight the 

existence of resistance factors to the beneficial effect of exercise-mediated muscle contraction. 

Accordingly to previous studies, insulin resistance and T2D correlates with impaired exercise 

capacity and exercise defects [278, 279]. However, these mechanisms could be due to 

intrinsic and/or extrinsic factors of the muscle. Recently, Misu et al. suggested that the anti-

oxidative hepatokine selenoprotein P, could be a new therapeutic target approaching exercise 

resistance [280]. This protein has been reported to partly cause insulin resistance in patients 

with T2D [281]. Selenoprotein P-deficient mice displayed a “super-endurance” phenotype 

after exercise as well as enhanced AMPK phosphorylation and PGC-1α expression in skeletal 
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muscle. Moreover, an increased levels of circulating selenoprotein P has been correlated with 

the inefficiency of training based on endurance capacity in humans [280].  

 

Lipid metabolism in skeletal muscle cells 

Mitochondrial function and oxidative capacity 

Cultured human myotubes are characterized by their low mitochondrial oxidative potential, as 

the production of ATP mainly comes from aerobic glycolysis, rather than mitochondrial 

oxidative phosphorylation [50]. All of the included papers, showed an increased 

mitochondrial capacity for FA oxidation in myotubes after various interventions. Impairments 

in lipid metabolism are central in metabolic diseases, such as T2D [43, 282]. The effects of 

interventions, exercise or pharmacological, are of importance for determining mechanisms 

and for elucidate potential beneficial effects targeting impairments in lipid metabolism in 

skeletal muscle. 

In support with previous data [118, 230, 231], differences in basal (unstimulated) lipid 

metabolism were most pronounced between myotubes retrieved from obese (diabetic and 

non-diabetic) versus lean subjects. Inactivity and the presence of obesity or development of 

insulin resistance/T2D are associated with mitochondrial dysfunction or reduced 

mitochondrial content [283, 284]. The functional data in obese myotubes (paper II) showed 

higher FA uptake and lower complete-to-incomplete FA oxidation ratio. These data were 

accompanied by reduced protein expression of ETC complexes, indicating a reduced 

mitochondrial function and/or content as previously shown [284-286]. Mitochondrial 

dysfunction, associated with insulin resistance, is characterized by low expression of PGC-1α 

and nuclear-encoded mitochondrial genes [277]. Paradoxically, we observed a higher 

expression of genes associated with the enzymatic machinery for β-oxidation and 

mitochondrial function in myotubes from obese compared to lean donors. However, this was 

not coordinated with downstream metabolic pathways such as TCA cycle and ETC. Higher 

levels of IMTG, in cases with unchanged oxidative capacity, have been linked to increased 

levels of lipotoxic intermediates such as DAG and ceramides [287]. Although it has been 

shown that exercise increase mitochondrial function in obese and insulin-resistant subjects 

[288], conflicting data showed no changes in regulators of mitochondrial biogenesis in 

diabetic men after exercise [289]. In paper II, myotubes originated from lean donors were 

most responsive to exercise-induced effects on FA oxidation after EPS, in accordance with a 
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previous report [241]. However, Feng et al. showed no differences in EPS response in 

myotubes between obese and obese subjects with T2D. The explanation for this discrepancy 

may be due to modifications in the EPS protocol, where both time and exercise parameters 

(voltage and frequency) were different. Moreover, the BMI of the muscle donors in this 

publication were much higher than in paper II (42 vs. 32 kg/m
2
), possibly causing this 

inconsistency.   

In paper I, myotubes established from overweight subjects showed exercise-induced increase 

in lipid accumulation and oxidation combined with increased fractional glucose oxidation. 

These results point to an improved mitochondrial capacity after exercise. Increased oxidative 

capacity in muscle ex vivo has been reported in similar exercise studies with obese and 

individuals with T2D, accompanied by improved mitochondrial content and function [290, 

291]. However, we observed no exercise-induced changes on mRNA expression levels of 

mitochondria-related genes. We found a significant correlation between reduced visceral fat 

in vivo post-exercise and higher mRNA expression of PDK4. PDK4 is known to inhibit PDC, 

thus, PDK4 is a major regulatory metabolic enzyme for switching fuel source from glucose to 

FA in skeletal muscle [110]. Therefore, changes in PDK4 expression could be related to the 

increased lipid oxidation seen in overweight subjects post-exercise (paper I).  

In paper III and IV, muscle cells were treated with either DGAT inhibitors or EPA (n-3 

PUFA), showing that DGAT activities and acute or pre-treatment with EPA had impact on β-

oxidation and complete oxidation (CO2) resulting in altered FA rates for oxidation. Blocking 

the major storage pathway of FA in myotubes, caused by DGAT1 (paper III), resulted in 

more substrates being available for oxidation. This has previously been shown in human 

myotubes and mouse cardiac cell models [249, 292]. However, treatment with DGAT2 

inhibitor reduced FA oxidation, both β- and complete oxidation. As suggested in paper III, 

this may be due to a competition between CPT1, mitochondrial glycerol-3-phosphate and 

DGAT1, which is still active. Though, in brown adipocytes, DGAT2 has been linked to 

channelling de novo synthesised FA into a rapidly mobilised pool of TAG, providing 

substrates for mitochondrial FA oxidation [251]. In Paper IV we showed how EPA increased 

FA oxidation. In addition, an increase in basal and maximal respiration was observed with a 

tendency of increased ATP production, representing an enhanced mitochondrial function after 

pre-treatment with EPA compared to palmitic acid (PA). Pre-treatment with various FAs 

(including EPA) in a different study on human myotubes did not show an increased 

mitochondrial mass, thus suggesting that the metabolic effects of EPA were not due to 
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increased mitochondrial biogenesis [211]. However, mitochondrial dynamics and function 

could still be altered.  

 

Lipid storage and turnover 

LDs are the major storage form of lipids in skeletal muscle and consists mainly of TAG, DAG, 

and cholesterol [91], where the efficient regulation of TAG pools may be an important issue 

concerning dysregulated lipid metabolism in muscle of obese and T2D individuals [43]. In 

paper III, DGAT1 and DGAT2, which catalyse the final step of TAG synthesis [178, 179], 

were examined in skeletal muscle cells. Moreover, DGAT1 and DGAT2 have distinct roles in 

various tissues [251, 293, 294], yet their roles in skeletal muscle have remained poorly 

defined. In our study, we confirmed isozyme-specific roles of DGATs on lipid metabolism in 

skeletal muscle cells by using selective inhibitors of the DGAT enzymes without affecting 

cell viability. DGAT1 was shown to be the dominant enzyme responsible for incorporation of 

exogenous and endogenously generated FAs into TAG. Moreover, inhibition of DGAT 

enzymes caused no accumulation of DAG, a lipid intermediate linked to insulin resistance in 

skeletal muscle [20, 93]. On the other hand, DGAT2 was predominantly involved in de novo 

synthesis of TAG. Thus, the two DGAT enzymes may give rise to different pools of TAG in 

skeletal muscle. The isozyme-specific roles of DGATs may be a factor contributing to the 

biphasic relationship between IMTG and insulin sensitivity, whereby IMTG is correlated to 

both high (endurance-training) and low insulin sensitivity (obesity/T2D) [44, 295, 296]. 

Furthermore, the activity of DGAT2 in de novo synthesis of TAG could be important in 

pathophysiological states such as hyperglycaemia and hyperinsulinemia. Interestingly, 

unpublished data (figure 3) show that inhibition of DGAT2 under hyperglycaemic conditions 

abolishes the differences between donor groups (lean vs. T2D), thereby reducing the 

accumulation of FAs to a greater extent in myotubes from T2D donors compared to lean 

donors. This indicates that DGAT2 may be induced under hyperglycaemic conditions and that 

DGAT2 may be more active in skeletal muscle of individuals with metabolic diseases such as 

T2D. 
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Figure 3. Accumulation of oleic acid after treatment with DGAT2 inhibitor (JNJ-DGAT-A). 

Myotubes established from lean subjects or subjects with T2D were treated for 6 h under 

hyperglycaemic conditions (20 mM glucose) supplemented with 0.1% vehicle (DMSO) or 10 µM of 

D2i. Thereafter, myotubes were given medium containing [
14

C]oleic acid (100 µM, 0.5 µCi/ml) and 

0.1% vehicle or 10 µM D2i for 4 h. Cell-associated [
14

C]oleic acid was measured by liquid 

scintillation. Results are presented as mean ± SEM from n = 5 (T2D) or 6 (lean) donors.*p<0.05 vs 

untreated control, paired t-test. D2i, DGAT2 inhibitor; T2D, type 2 diabetes.   

 

LDs are dynamic organelles that are continuously regulated between storage and breakdown 

of TAG by lipases to generate FAs available for oxidation in the mitochondria, thus adapting 

to the metabolic demand of the cell [102]. FAs generated through lipolysis may also be re-

incorporated back to TAG molecules [173]. In paper IV, we examined the potential role of 

EPA to induce an increased TAG-FA turnover. As previously shown in human myotubes, 

EPA has promoted uptake of FA, increased TAG accumulation and β-oxidation, while also 

stimulated glucose metabolism without changing insulin action compared to other FAs [212, 

230]. The increased lipolysis and re-esterification of FAs presented in paper IV after EPA 

exposure is consistent with an increased TAG-FA cycling. Moreover, DGAT1 inhibitor (same 

as used in paper III) counteracted EPA’s effect to promote FA accumulation. This further 

supports that the effect of EPA on FA metabolism and lipid turnover may be dependent on 

TAG synthesis and possibly through TAG-FA cycling. TAG-FA cycling has been shown to 

play an important role during and after exercise enabling a rapid response of FA metabolism 

to major changes in energy metabolism [175]. Clinically, EPA has been shown to reduce 
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serum concentrations of TAG [204, 297] and have multiple cardiovascular disease-related 

physiological effects [201]. In human myotubes, however, findings from paper IV suggest 

that EPA increases TAG-FA turnover, which potentially has favourable effects on energy 

dissipation.  

In obese individuals, TAG synthesis is elevated in skeletal muscle [298]. Similarly, myotubes 

obtained from obese donors showed higher capacity for incorporation of FAs into TAG, as 

well as DAG, CE and total complex lipids (paper II). The mRNA expression of ATGL, 

which catalyse the first and rate-limiting step of skeletal muscle lipolysis, were elevated in 

both groups of myotubes from obese donors compared to lean donors. HSL, which displaying 

a 10-fold higher specificity of DAG compared to TAG [299], was only elevated in myotubes 

from obese non-diabetic subjects. Accordingly, Badin et al. has proposed that an imbalance 

between ATGL relative to HSL may contribute to DAG accumulation and insulin-resistance 

[300]. Therefore, one may speculate if the higher level of HSL in myotubes from obese non-

diabetic donors may represent a protective factor compared to myotubes from T2D 

individuals. Recently, novel evidence has shown that HSL redistributes to LDs in skeletal 

muscle in response to exercise, whereas co-localisation of ATGL is unaltered by exercise 

[301]. Thereby, these lipases may also be important for exercise-induced effects on lipid 

turnover.  

Exercise has been found to increase DGAT1 [153, 302], lipolysis [303] and lipid storage in 

skeletal muscle [162, 304]. In accordance with this, paper II showed that EPS, assessed by 

one single long-duration exercise bout in vitro, increased uptake of FAs into complex lipids in 

myotubes from non-diabetic donors. Moreover, exercise status in vivo has been shown to 

influence FA turnover in myotubes in vitro [274]. In paper I, myotubes from overweight 

subjects post-exercise displayed an increased lipid accumulation and FA oxidation compared 

to normal weight donors, thereby presenting an improved FA turnover. The enhanced lipid 

metabolism could not be explained by alterations in gene expressions, since CD36, PLIN2 or 

CPT1 were unchanged post-exercise. It has been hypothesized that insulin resistance develops 

due to lower lipid accumulation and higher lipolysis without an increased FA oxidation [305], 

processes which may rise the accumulation of lipotoxic intermediates that could interfere with 

insulin signalling [93, 306]. This is all metabolic processes that highlight the importance of 

TAG dynamics in human skeletal muscle. Thus, physical activity is vital for maintaining and 

enhance lipid turnover in skeletal muscle [302]. 
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Conclusion 

The novel and main findings in the present work are summarized as follows: 

 Cultured human skeletal muscle cells established from satellite cells, activated, 

proliferated (myoblasts) and differentiated into myotubes may be used as a model 

system for studying mechanisms related to exercise and metabolic diseases (papers I-

II). 

I. Effects of exercise in vivo are, to some extent, retained in myotubes 

established from satellite cells in vitro. 

II. A) Primary defects in lipid handling are retained in myotubes established 

from obese and T2D individuals.  

B) Resistance factors of exercise-mediated muscle contraction are partially 

conserved in myotubes. 

 

 Diacylglycerol acyltransferase 1 and 2 (DGAT) have distinct roles in lipid metabolism 

in human skeletal muscle cells (paper III). 

III. A) DGAT1 is the major enzyme responsible for utilization of exogenous or 

endogenously FAs for re-synthesis of TAG.  

B) DGAT2 mainly contributes to de novo synthesis of TAG in skeletal 

muscle. 

 

 Eicosapentaenoic acid (EPA) increases FA uptake, turnover and oxidation in human 

skeletal muscle cells (paper IV). 

IV. EPA, compared to PA, increases TAG content followed by enhanced 

lipolysis and re-esterification, which suggests an induced TAG-FA 

substrate cycling in human myotubes.  
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Abstract

Background and aims
Physical activity has preventive as well as therapeutic benefits for overweight subjects. In

this study we aimed to examine effects of in vivo exercise on in vitrometabolic adaptations

by studying energy metabolism in cultured myotubes isolated from biopsies taken before

and after 12 weeks of extensive endurance and strength training, from healthy sedentary

normal weight and overweight men.

Methods
Healthy sedentary men, aged 40–62 years, with normal weight (body mass index (BMI) < 25
kg/m2) or overweight (BMI� 25 kg/m2) were included. Fatty acid and glucose metabolism

were studied in myotubes using [14C]oleic acid and [14C]glucose, respectively. Gene and

protein expressions, as well as DNAmethylation were measured for selected genes.

Results
The 12-week training intervention improved endurance, strength and insulin sensitivity in

vivo, and reduced the participants’ body weight. Biopsy-derived cultured human myotubes

after exercise showed increased total cellular oleic acid uptake (30%), oxidation (46%) and

lipid accumulation (34%), as well as increased fractional glucose oxidation (14%) compared

to cultures established prior to exercise. Most of these exercise-induced increases were sig-

nificant in the overweight group, whereas the normal weight group showed no change in

oleic acid or glucose metabolism.
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Conclusions
12 weeks of combined endurance and strength training promoted increased lipid and glu-

cose metabolism in biopsy-derived cultured human myotubes, showing that training in vivo

are able to induce changes in human myotubes that are discernible in vitro.

Introduction
Physical activity has preventive as well as therapeutic benefits for metabolic diseases associated

with insulin resistance such as obesity and type 2 diabetes mellitus (T2D) [1, 2]. In addition to

increased physical activity, dietary changes and weight loss are important lifestyle changes for

prevention as well as treatment of T2D [2], as increased body mass index (BMI) is strongly

associated with the prevalence of metabolic diseases [3, 4], and most type 2 diabetics are over-

weight or obese [5]. Physical activity is known to improve insulin sensitivity and glucose

homeostasis and to increase fatty acid oxidation in skeletal muscle [6–8], as well as to reduce

blood pressure and beneficially influence plasma lipoproteins [9].

Skeletal muscle is the largest glucose-consuming organ in the body and accounts for more

than 80% of the insulin-stimulated glucose disposal [10]. Skeletal muscle is also the primary

site for insulin resistance [11]. Also with regard to fatty acid metabolism, skeletal muscle is

quantitatively the most dominant tissue during exercise [7]. Satellite cells [12] are dormant

cells in mature skeletal muscle in vivo, but are activated in response to stress, e.g. muscle

growth [13], and may be activated in culture to proliferating myoblasts and differentiated into

multinucleated myotubes. Epigenetic changes such as DNAmethylation of key regulatory

genes has been proposed as one of several molecular mechanisms to explain the beneficial

effects of lifestyle changes, as both diet and exercise can influence DNAmethylation [14, 15].

Several studies indicate that cultured myotubes retain the in vivo characteristics (see e.g. [11,
16–20]), and although the precise mechanisms are not known, epigenetic changes may be

involved (discussed in [21]). Thus, cultured human myotubes may represent an ex vivomodel

system for intact human skeletal muscle [19].

Most studies on the effect of exercise on metabolic diseases have been performed in vivo
[22, 23] or directly on muscle biopsies [24, 25]. However, a study on obese donors revealed

that enhanced glucose metabolism noted in vivo following 8 weeks aerobic exercise, was pre-
served in cultured primary myotubes [16]. To further explore the effects of in vivo exercise on
in vitrometabolic adaptations, we studied different aspects of energy metabolism in cultured

myotubes established from biopsies from healthy sedentary normal weight and overweight

men. Biopsies were obtained before and after 12 weeks of physical training, consisting of both

endurance and strength exercises.

Materials andmethods

Materials
Materials are reported in Table 1.
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Table 1. List of materials and respective producers.

Material Producer

Nunc™ Cell Culture Treated Flasks with Filter Caps ThermoFisher Scientific (Roskilde,
Denmark)Nunc™ 96-MicroWell™ plates

Pierce™ BCA Protein Assay Kit

SuperSignal West Femto Maximum Sensitivity Substrate

O´GeneRuler 100 bp DNA ladder

Antibody against phosphorylated IRS1 at Tyr612 (#44-816G)

Primers for TaqMan PCR

DMEM-Glutamax™ low glucose with sodium pyruvate Gibco Invitrogen (Gibco, Life
Technologies, Paisley, UK)FBS

Trypsin-EDTA

Penicillin-streptomycin (10000 IE/ml)

Amphotericin B

DPBS (without Mg2+ and Ca2+)

Ultroser G Pall (Cergy-Saint-Christophe, France)

Insulin (Actrapid® Penfill® 100 IE/ml) Novo Nordisk (Bagsvaerd, Denmark)

Trypan blue 0.4% solution Sigma-Aldrich (St. Louis, MO, US)

DMSO

L-glutamine

BSA (essentially fatty-acid free)

L-carnitine

D-glucose

Oleic acid (OA, 18:1, n-9)

HEPES

Glycogen

β-mercaptoethanol

Primers for PyroMark PCR and pyrosequencing

96-well Corning® CellBIND® tissue culture plates Corning (Schiphol-Rijk, the
Netherlands)

VWR®Grade 703 Blotting Paper VWR (Poole, UK)

[1-14C]oleic acid (2.083 GBq/mmol) PerkinElmer NEN® (Boston, MA, US)

D-[14C(U)]glucose (9.25 GBq/mmol)

OptiPhase Supermix PerkinElmer (Shelton, CT, US)

96-well Isoplate®

Unifilter®-96 GF/B

TopSeal®-A transparent film

MultiScreen® HTS hydrophobic filter plates with high-protein
binding Immobilon-P membrane

Millipore (Billerica, MA, US)

GelRed™ Nucleic Acid Gel Stain 10000X in water Biotium (Hayward, CA, US)

Clarity™Western ECL Substrate BioRad (Copenhagen, Denmark)

Tris/glycine buffer

Tris/glycine/SDS buffer

SDS

Tween 20

Bromophenol blue

Goat Anti-Rabbit IgG (H+L)-HRP Conjugate (#170–6515)

Goat Anti-Mouse IgG (H+L)-HRP Conjugate (#170–6516)

Mini-Protean® TGX™ gels (4–20%)

Bio-Rad Protein Assay Dye Reagent Concentrate

(Continued )
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Skeletal Muscles, Myokines and Glucose Metabolism (MyoGlu) [26]. The study adhered to the

Declaration of Helsinki, and it was registered with the US National Library of Medicine Clini-

cal Trials registry (NCT01803568).

Donor characteristics
The biopsies were obtained from 18 volunteer men before and after participating in a 12-week

exercise intervention program at the Norwegian School of Sports Sciences, Oslo, Norway. The

biopsies were taken 2 hours after an acute exercise test [26]. To take part in the study the par-

ticipants had to be sedentary men (not regularly exercising more than once a week), 40 to 62

years old, non-smokers and of Nordic ethnicity. Blood samples were analyzed at Oslo Univer-

sity Hospital during clamp measurements or at Fürst Laboratories (Oslo, Norway). Prior to a

euglycemic hyperinsulinemic clamp, body composition by bioelectric impedance analysis was

performed with Tanita Body Composition Analyzer BC-418 MA. Both the clamp and bioim-

pedance measurements were performed under strict criteria, e.g. fasting from the night before,

no alcohol or exercise the last 48 hours and empty bladder before bioimpedance analysis.

Table 1. (Continued)

Material Producer

Glycerol Merck (Darmstadt, Germany)

Tris-HCl

Amersham™ Protran™ Premium 0.45 μmNC Nitrocellulose
Blotting Membrane

Amersham™ (GE Healthcare,
Esbjerg, Denmark)

Antibodies against human total and phosphorylated Akt at Ser473
(#9272 and #9271S, respectively)

Cell Signaling Technology Inc.
(Beverly, MA, US)

Antibodies against total and phosphorylated TBC1D4 at Thr642
(#2670 and #4288, respectively)

Antibodies against total and phosphorylated AMPKα at Thr172
(#2531 and #2532, respectively)

Antibody against total IRS1 (#3407)

Antibody against MHCIIa (#3403S)

Antibody against α-tubulin (#2144)

Antibody against MHCI (#MAB1628) Millipore (Temecula, CA, US)

Antibodies against human total OXPHOS (#110411) Abcam (Cambridge, UK)

RNeasy Mini Kit QIAGEN (Venlo, the Netherlands)

DNeasy Blood & Tissue Kit

EpiTect Fast DNA Bisulfite Conversion Kit

PyroMark® PCR Kit

PyroMark®Q24 Advanced CpG Reagents

PyroMark®Q24 Plate

PyroMark®Wash Buffer

PyroMark® Denaturation Buffer

PyroMark®Q24 Cartridge

Streptavidin Sepharose® High Performance beads GE Healthcare Life Sciences (Little
Chalfont, UK)

TaqMan reverse transcription kit reagents Applied Biosystems (Warrington, UK)

MicroAmp®Optical 96-well Reaction Plate

MicroAmp®Optical Adhesive Film

High-Capacity cDNA Reverse Transcription Kit

Power SYBR®Green PCRMaster Mix

https://doi.org/10.1371/journal.pone.0175441.t001
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The group was further divided in two groups, normal weight and overweight, i.e. below and

above the World Health Organization’s lower limit for overweight (BMI 25 kg/m2), respec-

tively, for all analyses except glycogen synthesis and DNAmethylation experiments where

only a subset of the donors were examined (n< 3 in the normal weight group).

Exercise training
The training program was performed at the Norwegian School of Sport Sciences. Each partici-

pant exercised 4 times per week for 12 weeks, both endurance sessions twice weekly and

strength training sessions twice weekly. Endurance sessions consisted of interval-based

cycling, and strength training sessions consisted of 3 sets of 8 exercises (leg press, arm press,

chest press, cable pull-down, leg curls, crunches, seated rowing, and a back exercise). All ses-

sions were supervised by one instructor for two participants. Each session, whether endurance

or strength training, lasted about 60 min, excluding 10–20 min aerobic warm-up. The endur-

ance exercise was performed with two different intervals; one of the sessions was performed at

7 min intervals, whereas the other session was performed at 2 min intervals. Compliance to the

exercise intervention was equally good in the two BMI groups [26].

Maximal strength was tested before and after the exercise intervention in maximal leg

press, cable pull-down, and breast press, whereas endurance capacity before and after the exer-

cise intervention was evaluated as maximal oxygen uptake (VO2max) after 45 min cycling at

70% of estimated VO2max. Each participant followed a standardized warm-up before testing.

Dietary intakes were registered by a food frequency questionnaire [27] before and after the

exercise intervention. There was no significant change in intake of energy-providing nutrients

during the study [28].

Culturing of human myotubes
Multinucleated human myotubes were established by activation and proliferation of satellite

cells isolated frommusculus vastus lateralis from 7 sedentary normal weight men and from

11 sedentary overweight men. This was based on the method of Henry et al. [29] and modi-

fied according to Gaster et al. [30, 31]. For proliferation of myoblasts a DMEM-Glutamax™
(5.5 mmol/l glucose) medium supplemented with 2% FBS and 2% Ultroser G were used. At

approximately 80% confluence the medium was changed to DMEM-Glutamax™ (5.5 mmol/l

glucose) supplemented with 2% FBS and 25 pmol/l insulin to initiate differentiation into

multinucleated myotubes. The cells were allowed to differentiate for 7 days; no difference in

cell differentiation could be detected based on protein expressions of MHCI and MHCIIa

(S1 Fig), and by visual examination in the microscope. During the culturing process the

muscle cells were incubated in a humidified 5% CO2 atmosphere at 37˚C, and medium was

changed every 2–3 days. Experiments were performed on cells from passage number 2 to 4.

For each experiment and within each donor, i.e. before and after exercise, the passage num-

ber remained constant. Isolation of satellite cells from all biopsies was performed at the same

location and by the same trained researchers. Skeletal muscle cultures have previously been

checked for the adipocyte marker fatty acid binding protein (FABP) 4 to ensure a homoge-

nous skeletal muscle cell-population. All cell cultures were visually checked for fibroblast

content throughout proliferation.

Fatty acid and glucose metabolism
Skeletal muscle cells (7000 cells/well) were cultured on 96-well CellBIND1 microplates.

[1-14C]oleic acid (18.5 kBq/ml), 20, 100 or 400 μmol/l, or D-[14C(U)]glucose (21.46 kBq/ml),

200 μmol/l, were given during 4 h CO2 trapping as previously described [32]. In brief, a
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96-well UniFilter1-96 GF/B microplate was mounted on top of the CellBIND1 plate and

CO2 production was measured in DPBS medium with 10 mmol/l HEPES and 1 mmol/l L-

carnitine adjusted to pH 7.2–7.3. CO2 production and cell-associated (CA) radioactivity

were assessed using a 2450 MicroBeta2 scintillation counter (PerkinElmer). The sum of
14CO2 and remaining CA radioactivity was taken as a measurement of total cellular uptake

of substrate: CO2+CA. Fractional complete oxidation was calculated as: CO2

CO2þCA. Fractional

oxidation gives a picture of what proportion of the substrate taken up that is oxidized and

may or may not correlate to oxidation calculated per amount protein (or cells), depending

on the regulation of the different processes: uptake and oxidation. Thus, an increased frac-

tional oxidation indicates that substrate oxidation is increased relative to the substrate

uptake. Protein levels in the lysate were measured by the Bio-Rad protein assay using a VIC-

TOR™ X4 Multilabel Plate Reader (PerkinElmer).

Determination of lipid accumulation
To study whether an alteration of the radiolabeled oleic acid occurs and if it is incorporated

into complex lipids within the myotubes, lipid filtration was performed. Lysate from the fatty

acid oxidation assays were filtrated through hydrophobic MultiScreen1 HTS filter plates. The

total amount of complex lipids in the cell lysates was determined by liquid scintillation. Lipid

filtration has previously been evaluated against thin layer chromatography and found equal in

describing levels of total complex lipids in a cell lysate [33].

Glycogen synthesis
Myotubes were exposed to serum-free DMEM supplemented with [14C(U)]glucose (18.5 kBq/

ml, 0.17 mmol/l) and 0.5 mmol/l unlabeled glucose, in presence or absence of 100 nmol/l

insulin (Actrapid1 Penfill 100 IE/ml) for 3 h to measure glycogen synthesis. In preliminary

unpublished studies, we have seen a defective insulin-stimulated glycogen synthesis at all

concentrations of insulin, ranging from 1 nmol/l to 100 nmol/l. Thus, we decided to use 100

nmol/l insulin to reach maximal insulin stimulation in all experiments. The cells were washed

twice with PBS and harvested in 1 mol/l KOH. Protein content was determined by use of the

Pierce BCA Protein Assay Kit, before 20 mg/ml glycogen and more KOH (final concentration

4 mol/l) were added to the samples. Then, [14C(U)]glucose incorporated into glycogen was

measured as previously described [34].

Immunoblotting
Myotubes were incubated with or without 100 nmol/l insulin for 15 min before the cells were

harvested in Laemmli buffer (0.5 mol/l Tris-HCl, 10% SDS, 20% glycerol, 10% -mercap-

toethanol, and 5% bromophenol blue). The proteins were electrophoretically separated on

4–20%Mini-Protean1 TGX™ gels with Tris/glycine buffer (pH 8.3) followed by blotting to

nitrocellulose membrane and incubation with antibodies for total Akt kinase and Akt phos-

phorylated at Ser473, total insulin receptor substrate (IRS) 1 and IRS1 phosphorylated at

Tyr612, total TBC1 domain family member 4 (TBC1D4, also known as Akt substrate of 160

kDa, AS160) and TBC1D4 phosphorylated at Thr642, total AMP-activated protein kinase

(AMPK) and AMPK phosphorylated at Thr172, MHCI, MHCIIa, total oxidative phosphoryla-

tion (OXPHOS) complexes, and -tubulin. Immunoreactive bands were visualized with

enhanced chemiluminescence (Chemidoc XRS, BioRad, Copenhagen, Denmark) and quanti-

fied with Image Lab (version 4.0) software. Myotubes from 10 donors were used for the

pTBC1D4/total TBC1D4, MHCI, MHCIIa, and OXPHOS analyses, whereas myotubes from 9
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donors were used for the pAkt/total Akt, pIRS1/total IRS1 and pAMPK /total AMPK analy-

ses. All samples were derived at the same time and processed in parallel. Expression levels were

normalized to one sample used as loading control. Expressions of MHCI, MHCIIa, OXPHOS

complex V, and total IRS1 were further normalized to the endogenous control -tubulin.

RNA isolation and analysis of gene expression by qPCR
Total RNA was isolated from myotubes using RNeasy Mini Kit according to the supplier´s

protocol. RNA was reversely transcribed with a High-Capacity cDNA Reverse Transcription

Kit and TaqMan Reverse Transcription Reagents using a PerkinElmer 2720 Thermal Cycler

(25˚C for 10 min, 37˚C for 80 min, 85˚C for 5 min). Primers were designed using Primer

Express1 (Applied Biosystems). qPCR was performed using a StepOnePlus Real-Time PCR

system (Applied Biosystems). Target genes were quantified in duplicates carried out in a 25 μl
reaction volume according to the supplier´s protocol. All assays were run for 44 cycles (95˚C

for 15 s followed by 60˚C for 60 s). Expression levels were normalized to the average of the

housekeeping gene GAPDH (acc.no. NM002046). The housekeeping gene large ribosomal pro-

tein P0 (RPLP0, acc.no. M17885) was also analyzed; there were no differences between nor-

malizing for GAPDH or RPLP0. The following forward and reverse primers were used at

concentration of 30 μmol/l, GAPDH; RPLP0; pyruvate dehydrogenase kinase, isoenzyme 4

(PDK4, acc.no. BC040239); angiopoietin-like 4 (ANGPTL4, acc.no. NM139314); carnitine pal-

mitoyltransferase 1A (CPT1A, acc.no. L39211); perilipin 2 (PLIN2, acc.no. NM001122); fatty

acid translocase (CD36, acc.no. L06850); cytochrome c-1 (CYC1, acc.no. NM001916); peroxi-

some proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A, acc.no.
NM013261.3); peroxisome proliferator-activated receptor delta (PPARD, acc.no. BC002715);
IRS1 (acc.no. NM_005544.2).

DNAmethylation measurement
gDNA was extracted from myotubes using DNeasy Blood & Tissue Kit. A concentration of

�20 ng/μl was used. The gDNA was bisulfite treated using EpiTect Fast DNA Bisulfite Kit.

Forward, reverse and sequencing primers for PDK4, PPARGC1A, PPARD, mitochondrial

transcription factor A (TFAM), and IRS1were designed using PyroMark AssayDesign 2.0

(QIAGEN, Venlo, the Netherlands). We tested 3 CpGs in the promoter region of PKD4
(chr7:95,226,252–95,226,322), 2 CpGs in the promoter of PPARGC1A (chr4:23,891,715–

23,891,726), 4 CpGs in the promoter of PPARD (chr6:35,309,819–35,309,931), 8 CpGs in the

promoter of TFAM (chr10:60,144,788–60,144,828), and 3 CpGs in the first exon of IRS1
(chr2:227,661,201–227,661,293). For each primer-set, bisulfite-treated DNA was amplified by

PCR using PyroMark PCR Kit and MyCycler Thermal Cycler (BioRad, Copenhagen, Den-

mark). The reaction was visualized by gel electrophoresis to check if it was the right product

according to the size and if it was well amplified with no secondary product. The reaction was

optimized if necessary. DNAmethylation for each region of interest was measured by pyrose-

quencing using QIAGEN PyroMark Q24.

Presentation of data and statistics
Data are presented as means ± SEM. The value n represents the number of different donors;

each in vitro experiment with at least duplicate observations. For immunoblotting, results for

normal weight group before exercise was set to 100%, and for experiments with insulin-stimu-

lation, basal before exercise was set to 100%. Statistical analyses were performed using Graph-

Pad Prism 6.0c for Mac (GraphPad Software, Inc., La Jolla, CA, US) or SPSS version 22 (IBM1

SPSS1 Statistics for Macintosh, Armonk, NY, US). Linear mixed-model analysis was used to
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compare differences between conditions with within-donor variation and simultaneously

compare differences between groups with between-donor variation. The linear mixed-model

analysis includes all observations in the statistical analyses and takes into account that not all

observations are independent. Paired t test was used within groups, whereas unpaired t test

with equal standard deviation was used to evaluate effects between groups. Correlation studies

were performed with Pearson’s test and are presented as Pearson’s correlation coefficient (r).

A p-value< 0.05 was considered significant.

Results

Donor characteristics
Donor characteristics pre- and post-training are presented in Table 2. After 12 weeks of exer-

cise both normal weight and overweight donor groups significantly increased maximal

strength and insulin sensitivity measured as the glucose infusion rate (GIR). Only the normal

weight group significantly reduced percentage body fat (overweight: p = 0.07) after the exercise

intervention, whereas only the overweight group significantly increased VO2max (normal

weight: p = 0.053) and reduced body weight and BMI. Visceral fat area also tended to be

smaller after the exercise intervention in the overweight group (p = 0.07).

As expected, there were significant differences between the normal weight group and

the overweight group both pre- and post-training for body weight, BMI, waist-hip ratio,

Table 2. Clinical and biochemical variables in normal weight (BMI 25 kg/m2) and overweight men (BMI� 25 kg/m2) at baseline (pre-training) and
after 12 weeks of extensive endurance and strength training (post-training).

Pre-training all
donors

Post-training all
donors

Pre-training normal
weight

Post-training normal
weight

Pre-training
overweight

Post-training
overweight

n 18 18 (17†) 7 7 (6†) 11 11

Age, y 50.4 ± 1.6 - 48.0 ± 2.8 - 51.9 ± 1.8 -

Body weight, kg 88.6 ± 3.2 87.1 ± 3.0* 78.4 ± 3.2 78.1 ± 3.3 95.1 ± 3.6# 92.8 ± 3.5*#

BMI, kg/m2 27.0 ± 0.9 26.6 ± 0.8* 23.3 ± 0.7 23.3 ± 0.6 29.4 ± 0.7# 28.7 ± 0.7*#

Waist-hip ratio 0.92 ± 0.01 0.91 ± 0.01 0.88 ± 0.01 0.88 ± 0.01 0.95 ± 0.01# 0.94 ± 0.01#

Fat mass, % 23.2 ± 1.2 22.1 ± 1.2* 18.0 ± 1.0 16.8 ± 0.8* 26.5 ± 0.9# 25.4 ± 1.0#

Visceral fat area,
cm2

138.0 ± 12.5 118.4 ± 9.7 101.6 ± 15.0 90.5 ± 5.9 161.1 ± 14.4# 136.1 ± 13.0#

Fasting glucose,
mmol/l

5.6 ± 0.1 5.7 ± 0.1* 5.3 ± 0.2 5.5 ± 0.2 5.7 ± 0.1 5.9 ± 0.1

GIR, mg/kg/min 6.0 ± 0.6 7.8 ± 0.8* 7.7 ± 0.7 9.4 ± 0.9* 5.0 ± 0.7# 6.7 ± 1.0*

VO2max, ml/kg/
min

39.2 ± 1.1 44.1 ± 1.5* 42.5 ± 0.9 47.1 ± 2.2 37.1 ± 1.5# 42.3 ± 1.8*

Chest pressmax,
kg

67.5 ± 3.6 77.6 ± 4.0*† 61.8 ± 4.7 71.7 ± 6.4*† 71.1 ± 5.0 80.9 ± 5.1*

Cable pull-
downmax, kg

72.5 ± 3.3 82.4 ± 3.0*† 68.9 ± 3.7 78.3 ± 3.4*† 74.8 ± 4.9 84.5 ± 4.4*

Leg pressmax, kg 224.9 ± 10.4 249.3 ± 11.7* 192.9 ± 14.6 209.3 ± 13.9* 245.2 ± 10.5# 274.8 ± 11.7*#

Glucose infusion rate (GIR) measurements were performed with euglycemic hyperinsulinemic clamp analysis; visceral fat area and skeletal muscle mass

were based on bioelectrical impedance analysis with Tanita. Values are given as means ± SEM (n = 7 in the normal weight group and n = 11 in the

overweight group).

*Statistically significant vs. pre-training (p < 0.05, paired t test).
#Statistically significant vs. normal weight (p < 0.05, unpaired t test with equal SD).
†Missing data from one normal weight participant for the post-exercise tests in the two arm exercises (chest press and cable pull-down) due to an arm injury.

BMI, body mass index; VO2max, maximal oxygen uptake.

https://doi.org/10.1371/journal.pone.0175441.t002
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percentage body fat, visceral fat area, and maximal strength in leg press (Table 2). GIR and

VO2max only differed pre-training between the groups.

Increased fatty acid and glucose metabolism in cultured human
myotubes after 12 weeks of exercise
Fatty acid metabolism in myotubes obtained from biopsies before and after 12 weeks of exer-

cise is presented in Fig 1. Results for all participants combined (n = 18) are shown in Fig 1A–

1D, and separated by BMI in Fig 1E–1H. The overall statistically significant exercise-induced

increase in total cellular oleic acid uptake was 30%, in oleic acid oxidation 46%, in fractional

oxidation 45%, and in lipid accumulation of oleic acid 34% (Fig 1D). When study group was

Fig 1. Effects of 12 weeks of exercise onmyotube fatty acid metabolism. Satellite cells isolated from biopsies fromm. vastus lateralis before and
after 12 weeks of exercise were cultured and differentiated to myotubes. Oxidation, cell-associated (CA) radioactivity and lipid accumulation of [14C]
oleic acid were measured, and total cellular uptake (CO2+CA), oxidation (CO2), fractional oxidation ( CO2

CO2þCA), and lipid accumulation were determined.
(A) Lipid accumulation presented as cpm/μg protein. Values are presented as means ± SEM for all participants combined (n = 18). (B)Oleic acid
oxidation and total cellular uptake presented as nmol/mg protein. Values are presented as means ± SEM for all participants combined (n = 18). (C)
Fractional oleic acid oxidation. Values are presented as means ± SEM for all participants combined (n = 18). (D) Fatty acid metabolism relative to
before exercise. Values are presented as means ± SEM for all participants combined (n = 18). (E) Lipid accumulation presented as cpm/μg protein in
study group when separated by BMI. Values are presented as means ± SEM (n = 7 in the normal weight group and n = 11 in the overweight group). (F)
Oleic acid oxidation and total cellular uptake presented as nmol/mg protein in study group when separated by BMI. Values are presented as
means ± SEM (n = 7 in the normal weight group and n = 11 in the overweight group). (G) Fractional oleic acid oxidation in absolute values in study
group when separated by BMI. Values are presented as means ± SEM (n = 7 in the normal weight group and n = 11 in the overweight group). (H) Fatty
acid metabolism relative to before exercise in study group separated by BMI. Values are presented as means ± SEM (n = 7 in the normal weight group
and n = 11 in the overweight group). *Statistically significant vs. before exercise (p < 0.05, linear mixed-model analysis, SPSS). Statistically significant
vs. normal weight group after exercise (p < 0.05, linear mixed-model analysis, SPSS). $Statistically significant vs. normal weight group (p < 0.05, linear
mixed-model analysis, SPSS).

https://doi.org/10.1371/journal.pone.0175441.g001

Changedmetabolism in myotubes from overweight post-training

PLOSONE | https://doi.org/10.1371/journal.pone.0175441 April 12, 2017 9 / 24

https://doi.org/10.1371/journal.pone.0175441.g001
https://doi.org/10.1371/journal.pone.0175441


separated by BMI, myotubes from the overweight group showed exercise-induced increase in

oleic acid oxidation, fractional oxidation and lipid accumulation by 71%, 70%, and 51%,

respectively, after exercise (Fig 1H). Total cellular oleic acid uptake also tended to be increased

after the exercise intervention in the overweight group (p = 0.08, Fig 1H). There were no statis-

tically significant exercise-induced changes in oleic acid metabolism in myotubes from the

normal weight group (Fig 1H). In myotubes established before exercise, lipid accumulation

was lower in the overweight group compared to the normal weight group (Fig 1E). Pre-train-

ing lipid accumulation correlated significantly positively with GIR (r = 0.47, and p = 0.05) and

negatively with fasting glucose (r = -0.53 and p = 0.03), suggesting a relationship between lipid

accumulation and insulin sensitivity (data not shown).

Glucose metabolism in myotubes obtained from biopsies before and after 12 weeks of exer-

cise is presented in Fig 2. Results for all participants combined (n = 18) are shown in Fig 2A–

2C, and separated by BMI in Fig 2D–2F. We observed a 14% exercise-induced increase in frac-

tional oxidation of glucose, but no exercise-induced effect on total cellular glucose uptake or

oxidation for all participants (Fig 2C). When study group was separated by BMI, a significant

exercise-induced increase in fractional glucose oxidation was observed in myotubes from the

overweight group (Fig 2F), while total cellular glucose uptake and oxidation tended to be

higher in the normal weight group compared to the overweight group after exercise (p = 0.07

and p = 0.06, respectively, Fig 2F). Furthermore, we found a significant correlation between

exercise-induced improvement in maximal leg press and exercise-induced increase in glucose

oxidation after exercise (Fig 2G, full line, r = 0.52, and p = 0.03), indicating a relationship

between in vivo and in vitro findings that is not visible when only comparing before and after

exercise. This correlation was also significant for the overweight group (Fig 2G, stapled line,

r = 0.68, and p = 0.02). In myotubes established before exercise, oxidation and uptake of glu-

cose were increased in the overweight group compared to the normal weight group (Fig 2D).

No changes in AMPK phosphorylation in cultured human myotubes after
12 weeks of exercise
AMPK plays an important role in cellular energy homeostasis, acting as a sensor of AMP/ATP

or ADP/ATP ratios and thus cell energy level [35, 36]. To study whether AMPK could be a

part of the observed exercise-induced changes on energy metabolism in vitro cultured myo-

tubes was assessed by AMPK (Thr172) phosphorylation (Fig 3). No changes in pAMPK /

total AMPK ratio (Fig 3B) were observed in cells after exercise, nor between the two BMI

groups (Fig 3C).

No changes in mitochondria-related genes and proteins in cultured
human myotubes after 12 weeks of exercise
To study possible exercise-induced changes in oxidative capacity in the mitochondria we stud-

ied genes and proteins related to mitochondria (Fig 4). PPARGC1A codes for the master regu-

lator of mitochondrial biogenesis PGC-1 [37–39], PDK4, CPT1A and CYC1 are genes coding
for proteins involved in metabolism in mitochondria [40–43], while TFAM codes for a mito-

chondrial transcription factor [44]. There were no significant exercise-induced changes in

PPARGC1A, PDK4 (p = 0.08), CPT1A, or CYC1 for all participants combined (Fig 4A), nor

when separated by BMI (Fig 4B). However, we observed a significant correlation between exer-

cise-induced reduction in visceral fat area in vivo and increased mRNA expression of PDK4 in
the myotubes (Fig 4C, full line, p = 0.02, r = -0.54). This correlation was also significant for the

overweight group (Fig 4C, stapled line, p = 0.04, r = -0.63). We also monitored DNAmethyla-

tion of PPARGC1A, PDK4 and TFAM genes in myotubes from a small subset of donors (n = 6,
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Fig 2. Effects of 12 weeks of exercise onmyotube glucosemetabolism. Satellite cells isolated from biopsies fromm. vastus lateralis before and
after 12 weeks of exercise were cultured and differentiated to myotubes. Oxidation and cell-associated (CA) radioactivity of [14C]glucose were
measured, and total cellular uptake (CO2+CA), oxidation (CO2), and fractional oxidation ( CO2

CO2þCA) were determined. (A)Glucose oxidation and total
cellular uptake presented as nmol/mg protein. Values are presented as means ± SEM for all participants combined (n = 18). (B) Fractional glucose
oxidation. Values are presented as means ± SEM for all participants combined (n = 18). (C)Glucose metabolism relative to before exercise. Values are
presented as means ± SEM for all participants combined (n = 18). *Statistically significant vs. before exercise (p < 0.05, linear mixed-model analysis,
SPSS). (D)Glucose oxidation and total cellular uptake presented as nmol/mg protein in study group when separated by BMI. Values are presented as
means ± SEM (n = 7 in the normal weight group and n = 11 in the overweight group). (E) Fractional glucose oxidation in absolute values in study group
when separated by BMI. Values are presented as means ± SEM (n = 7 in the normal weight group and n = 11 in the overweight group). (F)Glucose
metabolism relative to before exercise in study group when separated by BMI. Values are presented as means ± SEM (n = 7 in the normal weight
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combination of both donor groups) before and after exercise (Fig 4D). Overall, there were no

differences in CpG methylation within the regions we tested in PPARGC1A, PDK4 or TFAM.

However, 1 out of 8 CpGs tested in the TFAM-promoter was hypomethylated after exercise

compared to before exercise (34% decrease, data not shown). Furthermore, we measured

group and n = 11 in the overweight group). *Statistically significant vs. before exercise (p < 0.05, linear mixed-model analysis, SPSS). $Statistically
significant vs. normal weight group (p < 0.05, linear mixed-model analysis, SPSS). (G) Pearson’s test of correlation between exercise-induced changes
in leg press and glucose oxidation in myotubes. Δ = after exercise–before exercise. Full line represents the regression line for all donors (n = 18,
Pearson’s correlation coefficient, r = 0.52, and p = 0.03), whereas stapled line represents the regression line for the overweight group (n = 11,
Pearson’s correlation coefficient, r = 0.68, and p = 0.02).

https://doi.org/10.1371/journal.pone.0175441.g002

Fig 3. Effects of 12 weeks of exercise onmyotube AMPK phosphorylation. Satellite cells isolated from
biopsies fromm. vastus lateralis before and after 12 weeks of exercise were cultured and differentiated to
myotubes. (A-C) AMPKα phosphorylation by immunoblotting. Protein was isolated and total AMPKα and
pAMPKα expressions assessed by immunoblotting. A, one representative immunoblot. Bands selected from
one membrane have been spliced together to show only relevant samples, as indicated by lines separating
the spliced blots. B, quantified immunoblots for participants combined (n = 9) relative to before exercise. C,
quantified immunoblots for study group when separated by BMI relative to normal weight before exercise
(n = 5 in the normal weight group and n = 4 in the overweight group). Values are presented as means ± SEM.
All samples were derived at the same time and processed in parallel.

https://doi.org/10.1371/journal.pone.0175441.g003
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protein expression of the mitochondrial oxidative phosphorylation (OXPHOS) complexes

(Fig 4E–4G), detected with an antibody cocktail recognizing complex I subunit NDUFB8,

complex II subunit 30 kDa, complex III subunit Core 2, complex IV subunit II, and ATP

synthase subunit alpha. Only complex V was quantifiable across the membranes. No clear

exercise-induced changes were observed for participants combined (Fig 4F), nor when sepa-

rated by BMI (Fig 4G).

No change in genes related to lipid metabolism after 12 weeks of
exercise in cultured human myotubes
Some genes related to lipid metabolism were also examined to further probe mechanisms

behind the exercise-induced metabolic changes observed in vitro. mRNA of PLIN2, involved
in coating of lipid droplets and thus lipid accumulation [45, 46], was not significantly different

after the exercise intervention for all participants (Fig 5A) or when the study group was sepa-

rated by BMI (Fig 5B). Neither was mRNA of CD36, an important transporter of fatty acids

across the plasma membrane [47, 48] (Fig 5A and 5B). We have previously shown that

Fig 4. Effects of 12 weeks of exercise onmitochondria-related genes and proteins. Satellite cells isolated from biopsies fromm. vastus lateralis
before and after 12 weeks of exercise were cultured and differentiated to myotubes. (A)mRNA expression of PPARGC1A, PDK4,CPT1A, andCYC1
after exercise relative to before exercise. mRNAwas isolated and expression assessed by qPCR. All values were corrected for the housekeeping
controlGAPDH, and presented as means ± SEM for all participants combined (n = 18). (B)mRNA expression of PPARGC1A, PDK4,CPT1A, and
CYC1 after exercise relative to before exercise in study group when separated by BMI. mRNA was isolated and expression assessed by qPCR. All
values were corrected for the housekeeping controlGAPDH, and presented as means ± SEM (n = 7 in the normal weight group and n = 11 in the
overweight group). (C) Pearson’s test of correlation was performed between exercise-induced changes in visceral fat area and mRNA expression of
PDK4 in myotubes. Δ = after exercise–before exercise. Full line represents the regression line for all donors (n = 18, Pearson’s correlation coefficient, r
= -0.54, and p = 0.02), whereas stapled line represents the regression line for the overweight group (n = 11, Pearson’s correlation coefficient, r = -0.63,
and p = 0.04). (D)DNAmethylation of PPARGC1A, PDK4 and TFAM after exercise relative to before exercise. gDNA was isolated and bisulfite
treated, and methylation assessed by immunoblotting. Values are presented as means ± SEM (n = 6). (E-G)OXPHOS complexes by immunoblotting.
Protein was isolated and OXPHOS complexes assessed by immunoblotting. E, one representative immunoblot. F, quantified immunoblots of complex
V for participants combined. All values were corrected for the housekeeping control α-tubulin, and presented as means ± SEM (n = 10). G, quantified
immunoblots of complex V in study group when separated by BMI. All values were corrected for the housekeeping control α-tubulin, and presented as
means ± SEM (n = 5 in each group).

https://doi.org/10.1371/journal.pone.0175441.g004
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Fig 5. Effects of 12 weeks of exercise onmyotube expression of lipid metabolism associated genes.
Satellite cells isolated from biopsies fromm. vastus lateralis before and after 12 weeks of exercise were
cultured and differentiated to myotubes. mRNAwas isolated and expression assessed by qPCR. (A)mRNA
expression after exercise relative to before exercise for all participants combined. All values were corrected
for the housekeeping controlGAPDH, and presented as means ± SEM (n = 18). (B)mRNA expression after
exercise relative to before exercise for study group when separated by BMI. All values were corrected for the
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activation of PPAR increased lipid oxidation in human skeletal muscle cells [49]. Gene

expression of PPARD or the PPAR-target gene ANGPTL4 [50–52] also showed no exercise-
induced changes (Fig 5A), nor when study group was separated by BMI (Fig 5B). We also

monitored DNAmethylation of PPARD in the small subset of donors (n = 6, combination of

both donor groups) before and after exercise, but no differences in CpG methylation within

the region we tested were observed (data not shown).

No changes in insulin response in cultured human myotubes after 12
weeks of exercise
Both donor groups experienced increased GIR after exercise (Table 2). To examine whether

the improved insulin sensitivity in vivowas mirrored in vitro in the myotubes, the response to

100 nmol/l insulin was assessed by measurement of Akt (Ser473) phosphorylation, TBC1D4

(Thr642) phosphorylation, IRS1 (Tyr612) phosphorylation, and glycogen synthesis (Fig 6). No

housekeeping controlGAPDH, and presented as means ± SEM (n = 7 in the normal weight group and n = 11
in the overweight group).

https://doi.org/10.1371/journal.pone.0175441.g005

Fig 6. Effects of 12 weeks of exercise onmyotube Akt phosphorylation, TBC1D4 phosphorylation and glycogen synthesis with or without
100 nmol/l insulin. Satellite cells isolated from biopsies fromm. vastus lateralis before and after 12 weeks of exercise were cultured and differentiated
to myotubes. (A-C) Akt phosphorylation by immunoblotting. Protein was isolated and total Akt and pAkt expressions assessed by immunoblotting. A,
one representative immunoblot. B, quantified immunoblots relative to basal before exercise for participants combined. Values are presented as
means ± SEM (n = 9). C, quantified immunoblots relative to basal before exercise for study group when separated by BMI (n = 4 in the normal weight
group and n = 5 in the overweight group). (A, D and E) TBC1D4 phosphorylation by immunoblotting. Protein was isolated and total TBC1D4 and
pTBC1D4 expressions assessed by immunoblotting. A, one representative immunoblot. D, quantified immunoblots relative to basal before exercise for
participants combined. Values are presented as means ± SEM (n = 10). E, quantified immunoblots relative to basal before exercise for study group
when separated by BMI (n = 5 in both groups). All samples were derived at the same time and processed in parallel. (F)Glycogen synthesis relative to
basal before exercise. Values are presented as means ± SEM (n = 5). Absolute values (range) representing 100%: Basal glycogen synthesis 3.9–15.4
nmol/mg protein. #Statistically significant vs. basal before exercise (p < 0.05, paired t test).

https://doi.org/10.1371/journal.pone.0175441.g006
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changes in the basal level of pAkt/total Akt ratio or pTBC1D4/total TBC1D4 ratio were

observed in cells after exercise. As expected, insulin significantly increased the pAkt/total Akt

ratio in myotubes from both groups before and after exercise (Fig 6A and 6B), whereas there

were no significant effect of insulin on pTBC1D4/total TBC1D4 ratio (Fig 6A and 6D). When

the study group was separated by BMI, no significant differences in basal or insulin-stimulated

levels of pAkt/total Akt ratio or pTBC1D4/total TBC1D4 ratio were observed (Fig 6C and 6E,

respectively). No changes in the basal level or insulin-stimulated levels of pIRS1/total IRS1

ratio were observed (data not shown). Furthermore, no changes in the basal level of glycogen

synthesis were observed in myotubes, and insulin significantly increased glycogen synthesis by

about 1.5-fold both before and after exercise (Fig 6F). Thus, there was no exercise-effect on

insulin-stimulated Akt phosphorylation, TBC1D4 phosphorylation or glycogen synthesis.

Decreased IRS1mRNA expression and increased DNAmethylation
within first exon region of IRS1 after 12 weeks of exercise in cultured
human myotubes
To further study the insulin signaling pathway, we also measured mRNA expression, DNA

methylation and protein expression of IRS1 (Fig 7). We found that the mRNA expression of

IRS1was significantly decreased by 31% after exercise (n = 8, Fig 7A), which was only signifi-

cant in myotubes from the normal weight group upon separation by BMI (n = 3 in the normal

weight group and n = 5 in the overweight group, Fig 7B). Furthermore, DNA methylation of 1

out of 3 CpGs tested within the first exon region of IRS1was significantly increased by 23%

(n = 6, Fig 7C). There were no exercise-induced changes in protein expression of IRS1 detected

with immunoblotting (n = 9, Fig 7E), nor when study group was separated by BMI (n = 5 in

the normal weight group and n = 4 in the overweight group, Fig 7F).

Discussion
We show that 12 weeks of exercise alters metabolism and gene expression of cultured human

myotubes. Fatty acid metabolism and fractional glucose oxidation were significantly increased

in myotubes established from skeletal muscle isolated from sedentary men after 12 weeks of

exercise. These exercise-induced metabolic changes in fatty acid metabolism in myotubes were

more predominant in cells from overweight subjects. Moreover, we observed a significant

exercise-induced decrease in mRNA expression of IRS1, as well as DNA hypermethylation in

the first exon of IRS1, however not detectable on protein level.

Bourlier et al. showed that cultured myotubes retained the exercise-trained phenotype in
vitro concerning some aspects of glucose metabolism [16]. Their study involved 8 weeks of aer-

obic exercise intervention and included only obese individuals [16]. In the present study we

examined a broader group of subjects including normal weight and overweight men, a longer

exercise intervention as well as a combination of aerobic and anaerobic exercise, to observe

and possibly explain differences in energy metabolism in cultured myotubes in vitro after the
in vivo exercise intervention, and also to explore whether BMI of the subjects affected the

results.

As expected, the exercise intervention significantly increased VO2max (overweight group),

chest press, cable pull-down, and leg press capacity. The exercise intervention also improved

the metabolic health, with a significant increase in GIR, as well as a small, but significant

reduction in BMI. VO2max was not significantly increased in the normal weight group

(p = 0.053) even though they complied to the exercise intervention equally well [26]. The mean

increase was variable between the participants, and combined with the smaller sample size it

may explain the lack of statistical difference.
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With the combination of aerobic and anaerobic exercises and longer intervention we have

several interesting findings with regard to fatty acid metabolism in myotubes established from

biopsies taken before and after 12 weeks of exercise. We observed a significantly increased

oleic acid oxidation, fractional oxidation and lipid accumulation in the cells, statistically signif-

icant only in the overweight group (except total cellular oleic acid uptake).

In our study there are no data on lipid utilization in vivo or ex vivo to directly compare

with in vitro data. However, from the same clinical study muscle lipid content, measured by

Fig 7. Effects of 12 weeks of exercise onmyotube IRS1 gene expression and IRS1 first exon DNAmethylation. (A) IRS1mRNA
expression after exercise relative to before exercise for participants combined. mRNAwas isolated and expression assessed by qPCR. All
values were corrected for the housekeeping controlGAPDH, and presented as means ± SEM (n = 8). *Statistically significant vs. before
exercise (p < 0.05, paired t test). (B) IRS1mRNA expression after exercise relative to before exercise for study group when separated by BMI.
mRNA was isolated and expression assessed by qPCR. All values were corrected for the housekeeping controlGAPDH, and presented as
means ± SEM (n = 3 in the normal weight group and n = 5 in the overweight group). *Statistically significant vs. before exercise (p < 0.05,
paired t test). (C) IRS1 first exon DNAmethylation after exercise relative to before exercise. gDNA was isolated and bisulfite treated, and
methylation was assessed by pyrosequencing. Values are presented as means ± SEM (n = 6). *Statistically significant vs. before exercise
(p < 0.05, paired t test). (D-F) IRS1 total protein expression. Protein was isolated and total IRS1 expression assessed by immunoblotting. D,
one representative immunoblot. Bands selected from one membrane have been spliced together to show only relevant samples, as indicated
by lines separating the spliced blots. E, quantified immunoblots relative to before exercise for participants combined. All values were corrected
for the housekeeping control α-tubulin, and presented as means ± SEM (n = 9). G, quantified immunoblots relative to before exercise for study
group when separated by BMI. All values were corrected for the housekeeping control α-tubulin, and presented as means ± SEM (n = 5 in the
normal weight group and n = 4 in the overweight group). All samples were derived at the same time and processed in parallel.

https://doi.org/10.1371/journal.pone.0175441.g007
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magnetic resonance spectrometry in vivo and electron microscopy ex vivo, was found to be

significantly reduced after the exercise intervention [26, 28], in line with an increase in lipid

metabolism in vitro.
An exercise-induced increase in lipid oxidation in cultured myotubes is also in accordance

with findings from others in skeletal muscle in vivo during and after combined types of exer-

cise [7, 53]. A study by Ramos-Jiménez et al. [8] showed that lipid oxidation was increased in

endurance trained men (athletes trained at a competitive level) compared to untrained men, as

measured by lower respiratory exchange ratio. Increased lipid oxidation after exercise is also

in line with observations from an in vitromodel (electrical pulse stimulation) of myotube exer-

cise [54, 55]. Bourlier et al. did not observe exercise-induced differences in lipid metabolism

in cultured myotubes, however, they hypothesized that longer exercise interventions and/or

interventions including different types of exercise might lead to functional changes in lipid

metabolism [16].

Bourlier et al. [16] reported increased glucose metabolism in myotubes from obese subjects

after an 8-week aerobic exercise intervention. In our study we observed increased fractional

oxidation of glucose, statistically significant only in the overweight group, as well as a signifi-

cant correlation between exercise-induced increased maximal leg press capacity and increased

oxidation of glucose in the cells, indicating a relationship between glucose oxidation and exer-

cise outcome. However, the effects of exercise on glucose metabolism were less pronounced in

our study than described by Bourlier et al. [16], possibly explained by different donor groups

and exercise programs. Increased storage of glycogen is a well-reported physiologic response

to exercise as a mean to increase endurance capacity during submaximal exercise [11, 56], and

Bourlier et al. also reported increased basal glycogen synthesis in myotubes cultured from sat-

ellite cells after exercise in vivo [16]. However, this was not observed in this study, possibly

caused by different study conditions.

In this study we have compared myotubes from normal weight and overweight subjects. In

pre-training myotubes we found increased oxidation and uptake of glucose and lower lipid

accumulation in the overweight group compared to the normal weight group, as well as a pos-

sible association between lipid accumulation in vitro and insulin sensitivity in vivo. Several
previous studies show no significant donor-related differences i basal glucose oxidation in

myotubes [54, 57–59], however Gaster [17] observed increased glucose oxidation in myotubes

from obese patients with T2D compared to myotubes from lean donors. It was suggested that

under certain conditions metabolism of myotubes from diabetic donors relies more on glucose

oxidation than myotubes from lean donors [17]. We have previously reported lower lipid accu-

mulation in myotubes from obese subjects with T2D compared to myotubes from obese non-

diabetic donors, explained by a reduced capacity for lipid accumulation and increased lipolysis

[60]. Our overweight donors are not diabetic, however this donor group had reduced pre-

training insulin sensitivity and myotubes from this group may resemble cells from T2D donors

in some ways. The donor-dependent differences in glucose metabolism and lipid accumula-

tion found in pre-training myotubes were evened out after exercise, in line with the increased

response to exercise in myotubes from the overweight group.

Satellite cells are usually dormant in vivo until they are challenged with growth or injury

[13], e.g. exercise. We observed changes in energy metabolism in skeletal muscle cells following

exercise intervention, and aimed to determine whether gene or protein expression were coin-

cident with the observed changes in energy metabolism.

Despite the increased fatty acid oxidation, we did not observe any significant exercise-

induced differences in phosphorylation of AMPK , and no changes in mRNA expression

levels of mitochondria-related genes or genes related to fatty acid metabolism. However,

there was a significant correlation between reduced visceral fat area in vivo and higher
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mRNA expression of PDK4 in vitro. PDK4 is involved in phosphorylation and inactivation of

the pyruvate dehydrogenase complex (PDC). Increased expression of PDK4 inhibits PDC
and reduces glucose oxidation, which makes PDK4 a major regulatory metabolic enzyme in

skeletal muscle as it is involved in switching from carbohydrate to lipid utilization [41, 61,

62]. Bourlier et al. [16] found a reduced PDK4mRNA expression after exercise in cultured

myotubes, in line with the increased glucose oxidation [16], while we previously have found

that increased lipid oxidation of cultured human myotubes in vitro simultaneously also

increased PDK4 expression [49, 55, 63]. Thus, the correlation between reduced visceral fat

area and increased PDK4 expression may indicate a relationship between lipid metabolism in
vivo and in vitro.

DNA methylation has been proposed as a molecular mechanism for exercise-mediated

changes in metabolic health [15] and has been associated with transcriptional silencing [64],

possibly by blocking the promoter that activating transcription factors normally bind. In

our study, DNA methylation of the mitochondrial genes TFAM and PDK4 were not changed
in myotubes after exercise. This is in contrast to findings ex vivo after acute exercise. Barrès
et al. [65] showed that acute exercise increased mRNA expression of PDK4 and PPARGC1A
in skeletal muscle, and that changes in methylation was part of the explanation. However,

we found both hypermethylation of IRS1 and reduction of IRS1mRNA expression in cul-

tured myotubes after 12 weeks of training, whereas protein expression apparently was

unchanged. The functional significance of these findings is unknown and not easy to

explain. Protein expression of IRS1 has previously been shown to be both increased [66]

and decreased [67] in human skeletal muscle after exercise. We have recently shown

enhanced tyrosine phosphorylation of IRS1, concomitant with increased glucose metabo-

lism in cultured myotubes obtained from donors before and after gastric by-pass surgery

[68]. Our study indicates that exercise-induced changes in promoter methylation may be

retained in satellite cells and during transition of these precursor cells to myoblasts and

finally to myotubes, however, at present we cannot explain a possible link between this and

the metabolic changes observed.

Disturbances in energy metabolism of skeletal muscle are associated with metabolic dis-

eases related to insulin resistance [69, 70]. In vivo we found a significant increased GIR after

training i both donor groups, indicating increased insulin sensitivity, while no exercise-

induced changes in in vitro insulin response (i.e. insulin-stimulated Akt phosphorylation,

TBC1D4 phosphorylation or glycogen synthesis) were observed. This could be explained by

sub-optimal experimental conditions (i.e. a maximal insulin stimulation), though we have

previously been able to detect donor-specific differences in insulin-response with the same

experimental setup [20, 60]. We hypothesize therefore that the lack of these effects are a

result of the underlying study in vivo where the two donor groups were quite similar with

regard to insulin sensitivity, and that the difference were too small to be able to detect in
vitro.

In conclusion, our data show that a combination of aerobic and anaerobic exercise mediates

changes in fatty acid and glucose metabolism in skeletal muscle cells. Thus, certain impacts of

exercise in vivo are retained in myotubes established from satellite cells, and our findings may

indicate that cultured, passaged myoblasts established from these progenitor cells and differen-

tiated into myotubes, can be used as a model system for studying mechanisms related to exer-

cise and metabolic diseases. Furthermore, we observed that the exercise-induced changes were

predominant in the overweight group. Future studies are required to explore whether epige-

netic or other changes can explain this relationship further, and to get a deeper insight into

molecular mechanisms behind changes in energy metabolism in myotubes after an exercise

intervention.
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Supporting information
S1 Fig. No differences in protein expression of differentiation markers. Satellite cells iso-

lated from biopsies fromm. vastus lateralis before and after 12 weeks of exercise were cultured
and differentiated to myotubes. (A, B)MHCI expression by immunoblotting. Protein was iso-

lated and MHCI expression assessed by immunoblotting. A, one representative immunoblot.

Bands selected from one membrane have been spliced together to show only relevant samples,

as indicated by lines separating the spliced blots. B, quantified immunoblots for study group

when separated by BMI relative to normal weight before exercise (n = 5 in both groups). (A,

C)MHCIIa expression by immunoblotting. Protein was isolated and MHCIIa expression

assessed by immunoblotting. A, one representative immunoblot. Bands selected from one

membrane have been spliced together to show only relevant samples, as indicated by lines sep-

arating the spliced blots. C, quantified immunoblots for study group when separated by BMI

relative to normal weight before exercise (n = 5 in both groups). All values were corrected for

the housekeeping control -tubulin. Values are presented as means ± SEM. All samples were

derived at the same time and processed in parallel.

(TIF)
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Abstract

It has previously been shown that pretreatment of differentiated human skeletal muscle cells

(myotubes) with eicosapentaenoic acid (EPA) promoted increased uptake of fatty acids and

increased triacylglycerol accumulation, compared to pretreatment with oleic acid (OA) and

palmitic acid (PA). The aim of the present study was to examine whether EPA could affect

substrate cycling in human skeletal muscle cells by altering lipolysis rate of intracellular TAG

and re-esterification of fatty acids. Fatty acid metabolism was studied in human myotubes

using a mixture of fatty acids, consisting of radiolabelled oleic acid as tracer (14C-OA)

together with EPA or PA. Co-incubation of myotubes with EPA increased cell-accumulation

and incomplete fatty acid oxidation of 14C-OA compared to co-incubation with PA. Lipid dis-

tribution showed higher incorporation of 14C-OA into all cellular lipids after co-incubation

with EPA relative to PA, with most markedly increases (3 to 4-fold) for diacylglycerol and

triacylglycerol. Further, the increases in cellular lipids after co-incubation with EPA were

accompanied by higher lipolysis and fatty acid re-esterification rate. Correspondingly, basal

respiration, proton leak and maximal respiration were significantly increased in cells

exposed to EPA compared to PA. Microarray and Gene Ontology (GO) enrichment analysis

showed that EPA, related to PA, significantly changed i.e. the GO terms “Neutral lipid meta-

bolic process” and “Regulation of lipid storage”. Finally, an inhibitor of diacylglycerol acyl-

transferase 1 decreased the effect of EPA to promote fatty acid accumulation. In

conclusion, incubation of humanmyotubes with EPA, compared to PA, increased processes

of fatty acid turnover and oxidation suggesting that EPAmay activate futile substrate cycling

of fatty acids in human myotubes. Increased TAG—FA cycling may be involved in the poten-

tially favourable effects of long-chain polyunsaturated n-3 fatty acids on skeletal muscle and

whole-body energy metabolism.
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Introduction
Fatty acids (FA) have many diverse functions ranging from being structurally the main com-

ponent in cellular membranes, to play a central role in metabolic processes and acting as sig-

naling molecules [1]. Long-chain n-3 polyunsaturated fatty acids (n-3 FA), such as

eicosapentaenoic acid (EPA, 20:5n-3) has been given much attention during recent decades

for their potentially beneficial effects on human health and diseases [2]. Among other things,

n-3 FA exerts favourable effects on energy metabolism, including improvements in lipid

metabolism and increased thermogenesis, and prevention of obesity [3–6].

In the mammalian cell there are certain processes that are entirely uncoupled,”futile”, and

therefore thermogenic or energy consuming. It is well known that brown adipose tissue is a

highly thermogenic organ wherein uncoupling protein 1 play a central role [7]. In comparison,

skeletal muscle mass in human is much greater and potential futile cycling or uncoupling

mechanisms in muscle could therefore have a substantially effect on regulating energy homeo-

stasis as well as muscle function [7]. The energy lost by triacylglycerol—fatty acid (TAG—FA)

cycling is an example of a substrate cycle in which esterification of TAG is followed by hydro-

lysis, leading to heat expenditure [8]. For instance, it has been observed that TAG—FA cycling

plays an important role in controlling lipid metabolism in vivo in humans during and after

exercise [9]. This cycle is also present in vitro in cells such as isolated human white adipocytes

[10, 11], 3T3-L1 mice adipocytes [12] and C2C12 myotubes [13]. Further, it has been observed

that a combined intervention using n-3 FA (docosahexaenoic acid (DHA) and EPA) and mild

calorie restriction exerted synergism in the prevention of obesity in mice fed a high-fat diet.

This was associated with strong hypolipidemic and insulin-sensitizing effects involving a futile

substrate cycle in white adipose tissue based on lipolysis of intracellular TAG and re-esterifica-

tion of fatty acids, in association with induction of mitochondrial oxidative phosphorylation

capacity, fatty acid -oxidation and increased energy expenditure [6, 14]. Thus, there are some

mechanistic animal studies that suggest futile TAG—FA cycling induced by feeding n-3 FA/

EPA, and that this might also occur in human skeletal muscle. We have previously observed

that pretreatment of human skeletal muscle cells (myotubes) with EPA promoted uptake of

FA, increased TAG accumulation and fatty acid -oxidation while also stimulating glucose

uptake and oxidation without changing insulin action [15, 16]. EPA was also shown to increase

FA accumulation compared to palmitic acid (PA) and oleic acid (OA), to positively influence

energy metabolism and metabolic switching of myotubes [15–17]. In addition, we have

observed in human myotubes that the differences between OA and PA on their cellular accu-

mulation and lipolysis were eliminated when co-incubated with EPA [18]. However, in that

study we did not focus on the possibility of EPA to increase cellular TAG—FA cycling.

In the present study our focus was therefore to simultaneously examine the effect of EPA

compared to PA on real-time fatty acid accumulation, lipolysis and re-esterification and on

fatty acid oxidation and mitochondrial function to further explore if an increased TAG—FA

turnover, e.g. futile substrate cycling, may be present in skeletal muscle and possibly be

involved in the favourable effects caused by EPA on cellular energy metabolism.

Materials andmethods

Materials

Dulbecco´s modified Eagles medium (DMEM-Glutamax), DMEM without phenol red, mini-

mum essential media ( MEM), heat-inactivated fetal calf serum (FCS) and horse serum, and

penicillin-streptomycin-amphotericin B were purchased from Gibco Invitrogen (Gibco, Life

Technologies, Paisley, UK). Ultroser G was purchased from PALL Life Science (Port
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Washington, NY, US), insulin (Actrapid) from NovoNordisk (Bagsvaerd, Denmark), BSA

(bovine serum albumin) (essentially fatty acid-free), Dulbecco’s phosphate-buffered saline

(DPBS with Mg2+ and Ca2+), eicosapentaenoic acid (EPA, 20:5n-3), palmitic acid (PA, 16:0),

oleic acid (OA, 18:1n-9), linoleic acid (LA, 18:2n-6), extracellular matrix gel, HEPES, A922500

(DGAT1 inhibitor) were all obtained from Sigma (St. Louis, MO, US).

[1-14C]oleic acid (58.2 mCi/mmol) was from PerkinElmer NEN (Boston, MA, US). Corn-

ing CellBIND tissue culture 96-well plates were obtained from Corning Life-Sciences (Schi-

phol-Rijk, The Netherlands). Biocoat 25 cm2 cell flasks were from BD Biosciences (Franklin

Lakes, NJ, US) and 12-well plates from Corning Life-Sciences (Lowell, MA, US). Ecoscint A

scintillation solution was from National diagnostics (Hessle, England, UK). OptiPhase Super-

mix, UniFilter-96 GF/B, ScintiPlate-96 TC plates and all liquid scintillation was performed by

2450 MicroBeta2 scintillation counter, were obtained from PerkinElmer (Shelton, CT, US).

Thin layer chromatography plates were purchased fromMerck (Darmstadt, Germany). NuGO

human Genechip arrays were obtained from Affymetrix (Santa Clara, CA, US). Seahorse

XF96e analyzer, XF Base medium and XF Cell Mito Stress Test Kit were from Agilent (Wil-

mington, DE, US).

Methods

Cell culture. Satellite cells were isolated as previously described [19] from them. obliquus
internus abdominis,m. vastus lateralis ormm. interspinales of 9 healthy donors. Donors were
both male (4) and female (5), 38 ± 5 years old, had a body mass index of 22.5 ± 1.1 kg/m2 and

fasting glucose 5.3 ± 0.3 mM. The biopsies were obtained with informed consent and approved

by the National Committee for Research Ethics, Norway (S-04133 REK sør, 2011/2007 REK
sør-øst B, 2015/124 REK sør-øst B). Clonetics human myoblasts isolated from two healthy

female donors were used for measurement of oxygen consumtion rate (Lonza, Cologne, Ger-

many). Skeletal muscle cells from each donor (at passage 2–4) were cultured on 12- or 96-well

plates or 25 cm2 flasks in DMEM-Glutamax (5.5 mM glucose), 2% fetal calf serum (FCS), 2%

Ultroser G, 25 IU pencillin, 25 μg/ml streptomycin, and 1.25 μg/ml amphotericin B. At 70–

80% confluence, the growth medium was replaced by DMEM-Glutamax supplemented with

2% FCS, 25 IU penicillin, 25 μg/ml streptomycin, 1.25 μg/ml amphotericin B, and 25 pM insu-

lin to induce differentiation of myoblasts to form multinucleated myotubes. Experiments were

performed after 6–7 days of differentiation. The cells were cultured in humidified 5% CO2

atmosphere at 37˚C, and the media were changed every 2–3 days. Each experiment were per-

formed with different donors, however not all donors were used in all experiments. For the

oxygen consumption rate measurements, skeletal muscle cells cultured and differentiation

into myotubes were initiated by replacing the growth medium by MEM containing 2% horse

serum.

Scintillation proximity assay (SPA). Radiolabeled substrates taken up and accumulated

by adherent cells will be concentrated close to the scintillator embedded in the plastic bottom

of each well (ScintiPlate-96 TC, PerkinElmer) and provide a stronger signal than the radiolabel

dissolved in the medium alone [20]. Myotubes were cultured in 96-well ScintiPlate as

described above with a mixture of 100 μM fatty acids. Measurements of fatty acids present in

the cell by scintillation proximity assay (SPA) were performed in medium without phenol red

with [1-14C]OA (0.5 μCi/ml, 9 μM) and non-labeled PA (16:0) and EPA (20:5, n-3) and were

monitored for 0, 1, 2, 4, 6 and 24 h during the incubation. Thereafter, the media were changed

to DPBS with 10 mMHEPES, 0.5% BSA, and 0.1 mM glucose and liquid scintillation measure-

ments were monitored at 0, 1, 2, 4 and 6 h. The decline in [1-14C]OA present in the cells in the

absence and presence of triacsin C (10 μM) was then studied. Triacsin C inhibits long-chain
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fatty acyl-CoA synthetase and will therefore inhibit, among other pathways, fatty acid re-esteri-

fication. Earlier reports in human skeletal myotubes have shown that TAG synthesis is effi-

ciently blocked with incubation of 10 μM triacsin C (an inhibitor of fatty acid re-esterification

and oxidation) for 3 h [21]. Re-esterification can be estimated as fatty acid present in the cells,

calculating the difference with and without triacsin C present, as previously reported by

Bezaire et al. [22]. The amount of radioactivity in the cells was related to total cell protein con-

tent measured according to Bradford [23].

Lipid distribution. Myotubes were treated with a mixture of 100 μM fatty acids for 24 h.

The mixture was trace amounts of [1-14C]OA (0.5 μCi/ml, 9 μM) and non-labeled PA (16:0)

and EPA (20:5, n-3). After incubation the myotubes were washed twice with PBS and har-

vested with two additions of 125 μl distilled water. Cellular lipids were extracted as previously

described [24] by extraction of homogenized cell fraction, separation of lipids by thin layer

chromatography and quantification by liquid scintillation. A non-polar solvent mixture of

hexane:ether:acetic acid (65:35:1) was used to separate the lipids. The amount of neutral lipids

was related to total cell protein content.

Acid soluble metabolites. Myotubes were treated with a mixture of 100 μM fatty acids for

24 h. The mixture was trace amounts of [1-14C]OA (0.5 μCi/ml, 9 μM) and non-labeled PA

(16:0) and EPA (20:5, n-3). Measurement of acid soluble metabolites (ASMs) was performed

using a method modified from Skrede et al. [25]. Incubation media (100 μl) were transferred
to Eppendorf tube, precipitated with 300 μl HClO4 (1 M) and 30 μl BSA (6%), and centrifuged

at 10.000 rpm (9600×g) for 10 min at 4˚C. Then, 200 μl of the supernatant was counted by liq-

uid scintillation. ASMs consist mainly of tricarboxylic acid cycle metabolites and reflect

incomplete fatty acid oxidation, and were related to total cell protein content.

Substrate oxidation assay. Myotubes were cultured on 96-well CellBINDmicroplates.

The cells were preincubated with 100 μMPA or EPA for 24 h. Then [1-14C]OA (0.5 μCi/ml,

100 μM) was given to the cells in DPBS (with Mg2+ and Ca2+, Gibco) with 10 mMHEPES and

1 mM L-carnitine during the 4 h CO2 oxidation assessment. OA was bound to BSA at a ratio

of 2.5:1. A 96-well UNIFILTER microplate (PerkinElmer) was mounted on top of the Cell-

BIND plate as previously described [20], and the cells were incubated at 37˚C for 4 h. The

[14C]CO2 trapped in the filter was counted by liquid scintillation, and the result reflects CO2

production. The remaining cell-associated radioactivity (substrate accumulated) was also

assessed by liquid scintillation, and both CO2 and cell-associated were related to total cell pro-

tein content.

Measurement of oxygen consumption rate. Oxygen consumption rates (OCR) were

recorded in primary human skeletal muscle cells from two different donors (Lonza) on a Sea-

horse XF96e analyzer. One hour before the start of the recordings, the medium was changed to

Seahorse XF Base medium, supplemented with 5 mM glucose, 2 mM glutamine, 1 mM sodium

pyruvate and 0.5 mMHEPES, pH 7.4. Then, OCR was recorded three times at 6 min intervals

at baseline, and following injections with 5 μM oligomycin, 3 μMFCCP and 4 μM rotenone/

antimycin A (XF Cell Mito Stress Test Kit), respectively. Determinant of mitochondrial func-

tion (basal respiration, proton leak, maximal respiration, spare respiratory capacity, non-mito-

chondrial oxygen consumption and ATP production) were calculated by the Seahorse XF

Mito Stress Test Report Generator using the following formulaes: basal respiration = last rate

measurement before first injection–non-mitochondrial respiration rate; proton leak = mini-

mum rate measurement after oligomycin injection–non-mitochondrial respiration; maximal

respiration = maximum rate measurement after FCCP injection–non-mitochondrial respira-

tion); spare respiratory capacity = maximal respiration–basal respiration; non-mitochondrial

oxygen consumption = minimum rate measurement after rotenon/antimycin A injection;
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ATP production = last rate measurement before oligomycin injection–minimum rate mea-

surement after oligomycin injection.

Gene expression and bioinformatics analysis. Previously performed array was submitted

to Gene Expression Omnibus (accession number: GSE18589). In short, human myotubes

from three donors were cultured in 25 cm2 flasks and preincubated with 100 μMPA or EPA

for 24 h. Thereafter the cells were harvested, RNA isolated and Affymetrix human NuGO Gen-

eChip arrays was run [17]. Here log2-transformed values were imported into Partek Genomics
Suite 6.6. software for analysis, corrected for donor differences and 2-way ANOVA was per-

formed. Genes with a p<0.05 for EPA vs PA were used for GO enrichment analysis.

Presentation of data and statistics. All values are reported as means ± SEM. The value n

usually represents the number of different donors used each with at least triplicate samples.

Linear mixed models (LMM) (SPSS version 20 (IBM SPSS Statistics, Armonk, NY, US) were

used to compare effects of different fatty acids over time when SPA was used in accumulation,

lipolysis and re-esterification experiments. A p-value<0.05 was considered significant. Stu-

dent´s t-test was also used for comparison of EPA vs PA for single data points. Data underlying

the findings are presented in S1 File.

Results

Fatty acid accumulation was increased in myotubes during co-incubation
with eicosapentaenoic acid

Myotubes were treated with mixtures of 100 μM fatty acids for 24 h and cell-associated radio-

activity was measured during 24 h by scintillation proximity assay (SPA). By using non-

labelled PA or EPA it was necessary to use a different fatty acid as tracer, like [14C]OA, to

study the effect the two fatty acids had on lipid metabolism. The FA mixtures were trace

amounts of [14C]OA (9 μM) and non-labeled PA (16:0) or EPA (20:5n-3). Co-incubation of

human myotubes with eicosapentaenoic acid (EPA) markedly increased real-time accumula-

tion of labeled OA as compared to co-incubation with PA at all time points measured (Fig

1A). The difference in accumulation between EPA and PA was established already after 1 h of

co-incubation. For co-incubation experiments with [14C]OA and LA (18:2n-6) the effect on

Fig 1. Accumulation and distribution of oleic acid in myotubes when co-incubated with fatty acids.Human
myotubes were grown and differentiated in 96-well ScintiPlate or 12-well tissue culture plates. On day 6 of
differentiation the myotubes were treated with a mixture of 100 μM fatty acids for 24 h. The mixture was trace
amounts of [14C]OA (9 μM) and non-labeled PA (16:0) or EPA (20:5, n-3) (91 μM). (A) Cell-associated radioactivity
was measured during 24 h by SPA. Real-time accumulation of radiolabel was monitored as described in Methods.
Results represent mean ± SEM (nmol/mg protein) for n = 3 donors. Significant increase for EPA vs. PA (all-over
effect). p<0.05 for EPA vs. PA, LMM statistical test (SPSS). (B-C) Lipids were separated by thin layer chromatography
and quantified by liquid scintillation. Results are shown as mean ± SEM for absolute values, nmol/mg protein (B) and
related to PA, % (C) from 4 individual experiments. �p<0.05 for EPA vs. PA (t-test). EPA, eicosapentaenoic acid; PA,
palmitic acid; SPA, scintillation proximity assay; LMM, linear mixed model; FFA, free fatty acid; DAG, diacylglycerol;
TAG, triacylglycerol; CE, cholesteryl ester; PL, phospholipids.

https://doi.org/10.1371/journal.pone.0208048.g001
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fatty acid accumulation was similar to the effect of PA (S1 Fig). Moreover, also when using

[14C]PA as substrate EPA showed increased accumulation during co-incubation compared to

OA and LA (S1 Fig).

Lipid distribution was changed after co-incubation with eicosapentaenoic
acid

Myotubes were treated with the two mixtures of 100 μM fatty acids as described above for 24 h

and lipid distribution was measured. EPA caused a significantly higher incorporation of

labeled OA into diacylglycerol (DAG) and triacylglycerol (TAG) in comparison with PA (Fig

1B). When relating the data to PA, EPA significantly increased the incorporation of labeled

OA into all lipid classes (total cellular lipids, free fatty acids, phospholipids, DAG, TAG and

cholesteryl ester) (Fig 1C). The greatest difference between EPA and PA was observed with a

3.9-fold increase for TAG and 3-fold for DAG, respectively. The level of unesterified oleic acid

in the cells was also higher for EPA compared to PA (Fig 1C).

Lipolysis and fatty acid re-esterification was increased after co-incubation
with eicosapentaenoic acid

After 24 h co-incubation with PA or EPA and [14C]OA total lipolysis (lipolysis in presence of

triacsin C) was measured by SPA at 0, 1, 2, 4 and 6 h. Total lipolysis was markedly increased by

EPA compared to PA for all time points measured (Fig 2A). The relative decline in cell-associ-

ated [14C]OA after 24 h co-incubation was also significantly higher for EPA compared to PA

indicating that lipolysis of [14C]OA was increased also when adjusting for increased accumula-

tion of labeled OA in the presence of EPA (Fig 2B). After 24 h co-incubation with PA or EPA,

re-esterification of [14C]OA was also increased by EPA during 2–6 h compared to PA (Fig 2C).

Fatty acid beta-oxidation was increased during co-incubation with
eicosapentaenoic acid

Myotubes were co-incubated with the same mixtures of fatty acids as above. Cell culture

medium was collected at 24 h and fatty acid oxidation measured as acid-soluble metabolites

Fig 2. Lipolysis and re-esterification of oleic acid in myotubes after co-incubation with fatty acids.Human
myotubes were grown and differentiated in 96-well ScintiPlate tissue culture plates. On day 6 of differentiation the
myotubes were treated with a mixture of 100 μM fatty acids for 24 h. The mixture was trace amounts of [14C]OA
(9 μM) and non-labeled PA or EPA (20:5, n-3) (91 μM). (A) Total lipolysis (lipolysis measured in presence triacsin C,
10 μM) of cell-associated [14C]OA at 1, 2, 4, and 6 h after 24 h pretreatment. (B) Total lipolysis presented as relative
decline (i.e. data normalized to cell-associated radioactivity at zero time) in cell-associated [14C]OA at 1, 2, 4, and 6 h
after 24 h pretreatment. (C) Re-esterification of [14C]OA, calculated as the difference between lipolysis measured at 1,
2, 4, and 6 h by SPA in the presence or absence of triacsin C (10 μM). Results represent mean ± SEM as nmol/mg
protein (A, C) and relative decline in cell-associated radioactivity (B) for n = 3 donors. Significant increased lipolysis,
decline and re-esterification for EPA vs. PA. p<0.05 for EPA vs. PA (all-over effect), LMM statistical test (SPSS). EPA,
eicosapentaenoic acid; PA, palmitic acid; SPA, scintillation proximity assay; LMM, linear mixed model.

https://doi.org/10.1371/journal.pone.0208048.g002
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(ASMs), which give an indication of fatty acid -oxidation. There was a 60% increase in forma-

tion of ASM in the presence of EPA when compared to PA (Fig 3A).

Cell-associated fatty acid and complete fatty acid oxidation were increased
in myotubes after incubation with eicosapentaenoic acid

Oleic acid metabolism was also examined after exposure to 100 μMEPA or PA for 24 h (Fig

3B). Cell-associated and oxidation to carbondioxide (CO2) after 4 h incubation with [14C]OA

was increased by 70% and 48% after pretreatment with EPA in comparison with PA.

Mitochondrial respiration was increased after incubation with
eicosapentaenoic acid

Mitochondrial respiration was determined in human skeletal muscle cells using an extracellu-

lar flux analyzer (Fig 4A). Basal respiration, proton leak and maximal respiration were signifi-

cantly increased (by means 30, 30 and 19%, respectively) in cells exposed for 24 h to 100 μM
EPA compared to PA (Fig 4B), while ATP production tended to increase (mean increase 43%,

p = 0.055).

Microarray analysis of gene expression

Microarray analysis was performed to examine whether treatment for 24 h with 100 μMEPA

regulated gene expression differently in the myotubes compared to 100 μM PA. Gene Ontol-

ogy (GO) enrichment analysis revealed that, among others, the GO terms”Neutral lipid meta-

bolic process” (GO:0006638) and”Regulation of lipid storage” (GO:0010883) were significantly

changed (p<0.05) by EPA compared to PA (Fig 5). Genes involved in the GO terms in Fig 5

Fig 3. Oleic acid accumulation and oxidation after preincubation with fatty acids. (A)OA -oxidation during co-
incubation with fatty acids. Human myotubes were grown and differentiated in 12-well tissue culture plates. On day 6
of differentiation the myotubes were treated with a mixture of 100 μM fatty acids for 24 h. The mixture was trace
amounts of [14C]OA (9 μM) and non-labeled PA (16:0) or EPA (20:5, n-3) (91 μM). Figure shows formation of acid-
soluble metabolites (ASMs) in myotubes after 24 h. Results are shown as mean ± SEM (related to PA, %) from 4
individual experiments. Absolute values (mean ± SEM); PA: 24.5 ± 4.8; EPA: 41.3 ± 8.7 nmol/mg cell protein. (B)OA
accumulation and complete oxidation after preincubation with fatty acids. Humanmyotubes were treated with fatty
acids (100 μMEPA or PA) for 24 h. Thereafter, accumulation (cell-associated) and complete oxidation (CO2

production) from added [14C]OA (100 μM) was measured for 4 h. Results represent mean ± SEM, n = 3. Absolute
values (mean ± SEM) for PA; CO2: 15.9 ± 2.3; Cell-associated: 49.9 ± 10.9 nmol/mg cell protein. �p<0.05 for EPA vs.
PA (t-test). CA, cell-associated; EPA, eicosapentaenoic acid; PA, palmitic acid.

https://doi.org/10.1371/journal.pone.0208048.g003
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are listed in S1 Table. All genes that were differently regulated (EPA vs. PA) are listed in S2

Table.

Diacylglycerol acyltransferase 1 inhibition reduced the effect of
eicosapentaenoic acid to promote lipid accumulation

To further look into mechanisms for increased TAG accumulation by EPA compared to PA

we studied how the effect of a specific inhibitor of diacylglycerol acyltransferase 1 (A922500

[26]) affected lipid accumulation and turnover for 4 h (Fig 6A) or 24 h (Fig 6B). Diacylglycerol

acyltransferase (DGAT) catalyse the last and dedicated step in TAG synthesis, the esterification

of fatty acyl-CoA to DAG [27]. By using an inhibitor of DGAT we could determine if the effect

of EPA on skeletal muscle cells was mechanistically linked to TAG accumulation and turnover.

This inhibitor has previously been used in experiments with human myotubes showing 90%

decrease in incorporation of [14C]OA into TAG [18]. DGAT1 inhibition significantly reduced

cell-associated [14C]OA in myotubes both after preincubation with EPA (Fig 6A) and during

co-incubation with EPA (Fig 6B), whereas there was no effect when cells were treated with PA.

Discussion
In the present study our focus was to study the effects of fatty acids to modify cellular TAG—

FA cycling in human skeletal muscle cells. Based on previous studies with different fatty acids

we decided to examine the effect of eicosapentaenoic acid (EPA) compared to palmitic acid

(PA) on real-time fatty acid accumulation, lipolysis, re-esterification and -oxidation during

co-incubation with trace amounts of labeled oleic acid (OA) in myotubes. We observed an

enhanced accumulation, lipolysis and re-esterification of [14C]OA by co-incubation with EPA

Fig 4. Mitochondrial function after preincubation with fatty acids.Human skeletal muscle cells were grown in
96-well Seahorse tissue culture plates, and treated with 100 μM of PA or EPA for 24 h, before measurement of oxygen
consumption rate (OCR) with the Seahorse XF96e analyzer. (A)OCR time curve from an experiment with one of two
donors. (B)OCR parameter calculations by the Seahorse XFMito Stress Test Report Generator from experiments with
two different donors (n = 8). Results represent mean ± SEM. �p<0.05 for EPA vs. PA (t-test). EPA, eicosapentaenoic
acid; PA, palmitic acid; Oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rot,
rotenone, AA, antimycin A.

https://doi.org/10.1371/journal.pone.0208048.g004
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when compared to PA. Lipid distribution showed that EPA promoted increased incorporation

of [14C]OA into various lipid classes, especially into DAG and TAG, and the level of unesteri-

fied [14C]OA in the cells was also higher in presence of EPA compared to PA. Furthermore, an

increased fatty acid -oxidation was seen after co-incubation with EPA. Preincubation of myo-

tubes with EPA also increased basal and maximal mitochondrial respiration and proton leak,

as well as complete oxidation of [14C]OA. Gene expression studies indicated that EPA,

Fig 5. GO enrichment analysis.Myotubes were incubated with PA or EPA (100 μM) for 24 h and then harvested for
RNA isolation. Affymetrix human NuGOGeneChip arrays was used to measure gene expression and analysis
performed in Partek Genomics Suite 6.6 software. GO enrichment analysis revealed that the GO terms”Neutral lipid
metabolic process” (GO:0006638, upper 3) and”Regulation of lipid storage” (GO:0010883, lower 4) were changed
significantly (p<0.05) by EPA vs. PA. They are presented with % of genes up- or down-regulated in each child GO
term and genes are presented in S1 Table. EPA, eicosapentaenoic acid; PA, palmitic acid.

https://doi.org/10.1371/journal.pone.0208048.g005

Fig 6. Effect of DGAT1 inhibitor on cell-associated and accumulated oleic acid. (A)Human myotubes were treated
with fatty acids (100 μMEPA or PA) for 24 h. Cell-associated [14C]OA (100 μM) was measured after 4 h with and
without DGAT1 inhibitor (D1i, A922500, 1 μM). Results represent mean ± SEM, from experiments with 4 different
donors and 4–8 parallels (n = 26). Cell-associated PA (100%): 53.8 ± 4.0 nmol/mg cell protein. (B)Human myotubes
were grown and differentiated in 96-well ScintiPlate tissue culture plates. On day 6 of differentiation the myotubes
were treated with a mixture of 100 μM fatty acids for 24 h and cell-associated radioactivity was measured during 24 h
by SPA. The mixture was trace amounts of [14C]OA (9 μM) and non-labeled PA or EPA (91 μM). DGAT1 inhibitor
was also added for 24 h. Results represent mean ± SEM from experiments with 3 different donors and 8 parallels
(n = 24). Accumulated PA (100%): 156 ± 13.8 nmol/mg cell protein. #p<0.05 for D1i inhibitor vs. control in EPA-
treated cells (t-test). EPA, eicosapentaenoic acid; PA, palmitic acid; D1i, diacylglycerol acyltransferase 1 inhibitor.

https://doi.org/10.1371/journal.pone.0208048.g006
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compared to PA, did alter the expression of genes involved in neutral lipid metabolism and

lipid storage. Finally, the effect of EPA to promote fatty acid accumulation was reduced by

inhibition of diacylglycerol acytransferase 1 (DGAT1), which catalyzes the conversion of DAG

and fatty acyl-CoA to TAG.

The effect of EPA to increase uptake of fatty acids acutely (during 4 h) after pretreatment,

as well as during co-incubation is in accordance with our previous observations that EPA pro-

moted accumulation of labeled fatty acids such as OA and PA [15, 16, 18]. In the present study

this effect was established already after 1 h of co-incubation. Previously, we have seen that

chronic incubation of human myotubes with EPA for 24 h or 4 days, respectively, promoted

uptake of both labeled OA and PA, increased TAG accumulation and fatty acid -oxidation

and reduced the levels of acyl-CoA [16]. Consistent with this, treatment with EPA increased

the number of lipid droplets compared to PA in another study on human myotubes [17]. Fur-

thermore, we have also observed that the differences between OA and PA on their cellular

accumulation and lipolysis were eliminated in human myotubes when co-incubated with EPA

[18].

Here we in addition observed indications of an increased TAG—FA cycling after EPA

exposure in myotubes. The observation that EPA increased lipolysis and re-esterification

might be a result of a higher accumulation of TAG. However, EPA also caused increased lipol-

ysis compared to PA when adjusting for the amount of accumulated fatty acid in the cells.

Moreover, fatty acid re-esterification was simultaneously increased by EPA. Combined with

co-incubation data this indicates a higher enrichment in TAG as well as increased turnover of

labeled fatty acids in the presence of EPA when compared to PA, but also during co-incubation

with other fatty acids such as LA and OA. It was shown in vivo in mice that n-3 FA supplemen-

tation to a high-fat saturated diet modulated metabolic pathways of TAG synthesis, lipolysis,

fatty acid oxidation and thermogenesis in skeletal muscle at mRNA and protein levels suggest-

ing activation of TAG—FA substrate cycling [28]. To study TAG accumulation and turnover

in more detail we blocked the final step in the synthesis of TAG using an inhibitor of DGAT1.

Our data showed that DGAT1 inhibition counteracted EPA´s effect to promote OA accumula-

tion, indicating that the effect of EPA on fatty acid metabolism and lipid turnover may be

dependent of TAG synthesis and possibly be mediated through increased TAG—FA cycling.

Accordingly, there was no effect of DGAT1 inhibition on OA accumulation after co-incuba-

tion with PA. In another study, increased fatty acid uptake was shown to increase futile cycling

of fatty acids into TAG in C2C12 mice skeletal muscle cells [13]. They observed that cycling of

fatty acids was important for maintaining a low TAG content and insulin responsiveness of

the cells [13]. Futile cycling of TAG has been described in adipocytes by induction of glycerol

kinase and glycerogenesis mediated by PGC-1 alpha and PPARs activation [11, 12, 29]. It is

known that n-3 fatty acids activates PPAR isoforms [30–32], although their affinity for the

receptors may vary. However, we have previously observed that various fatty acids (PA, OA,

LA and EPA) increase mRNA expressions of PPAR-regulated genes in skeletal muscle cells

compared to a fatty acid-free control [17]. This is likely because both saturated and unsatu-

rated fatty acids are ligands for PPAR activation [33], which further might explain why there

was only small effects on PPAR-regulated genes in our microarray gene expression analysis

when EPA was compared with PA.

In the present study mitochondrial respiration and proton leak was increased in myotubes

after exposure to EPA for 24 h. We have previously observed that pretreatment of human myo-

tubes with EPA promoted fatty acid -oxidation, while also stimulating glucose transport and

oxidation compared to OA [15, 16]. There are also in vivo studies that suggest increased skele-

tal muscle mitochondrial function after n-3 FA supplementation [28, 34]. Ten weeks of EPA

supplementation in aging mice improved mitochondrial oxidative capacity and bioenergetic
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efficiency in skeletal muscle, however supplementation of another n-3 FA, docosahexaenoic

acid (DHA), had no effect [34]. In a study in older human adults, 16 weeks of n-3 PUFA sup-

plementation did not change skeletal muscle mitochondrial respiration, but reduced mito-

chondrial ROS production [35], neither did supplementation of EPA plus DHA for 6 months

change muscle mitochondrial function in insulin-resistent non-diabetic humans [36]. How-

ever, in young, healthy adults 12 weeks of EPA plus DHA supplementation improved mito-

chondrial membrane composition and ADP kinetics in skeletal muscle [37].

In our study, we compared expression of genes induced by EPA related to PA, and the fold

changes found (S2 table) are in general small (e.g. carnitine palmitoyltransferase 1A (CPT1A),

perilipin 2 (PLIN2) and monoglyceride lipase (MGLL) with fold change 1.2–1.4) or opposite

of expected (e.g. cluster of differentiation 36/fatty acid translocase (CD36) fold change -1.33).

Therefore, GO enrichment analysis from the microarray mRNA expression analysis was

exerted to get a more overall picture of the biological processes that may be modified differ-

ently by the two fatty acids. GO enrichment analysis revealed that EPA compared to PA

enhanced only some biological processes involved in neutral lipid biosynthesis and catabolic

processes. Among GO terms under “Regulation of lipid storage”, “Regulation of sequestering

of triglyceride” was increased and “Negative regulation of lipid storage” was decreased by

EPA. Among GO terms under “Neutral lipid metabolic process”, both “Neutral lipid biosyn-

thetic process” and “Neutral lipid catabolic process” were increased by EPA. This, as well as

the acute effect of EPA to promote fatty acid accumulation during co-incubation, suggest that

the effects of EPA on lipid turnover and oxidation in part may be mediated by changes in gene

expression and that non-genomic mechanisms also may be involved [38, 39]

Skeletal muscle is the largest organ and a major contributor to basal metabolic rate. Increas-

ing energy expenditure in muscle through non-shivering thermogenic mechanisms such as

TAG—FA cycling could substantially affect whole body metabolism and body weight gain [40,

41]. Although heat production from muscle has long been recognized as a thermogenic mech-

anism, whether muscle can produce heat independently of contraction remains controversial.

Thus, current evidence does not indicate a clear role of skeletal muscle in non-shivering ther-

mogenesis, which may be due to lack of methods allowing measurement of these processes

separately from other muscle thermogenic processes [40]. We believe our cell model is a valu-

ble tool to study some of these procesess in more detail.

In conclusion, findings from this study suggest an increased TAG—FA turnover i.e. futile

substrate cycling in human myotubes induced by EPA, combined with increased fatty acid oxi-

dation and mitochondrial function. Our data indicate that enhancing these processes could be

of importance for the potential favourable effects of long-chain n-3 fatty acids on skeletal mus-

cle as well as whole-body energy metabolism.

Supporting information
S1 File. Data underlying the findings. Absolute data from each experiment.

(XLSX)

S1 Fig. Real time fatty acid accumulation in myotubes when co-incubated with various

fatty acids.Human myotubes were grown and differentiated in 96-well ScintiPlate. On day 6

of differentiation the myotubes were treated with a mixture of 100 μM fatty acids for 24 h and

cell-associated (CA) radioactivity was measured during 24 h by SPA. The mixture was trace

amounts of [14C]OA (9 μM) and non-labeled PA (16:0) and LA (18:2, n-6) (A), or or trace

amounts of [14C]PA (9 μM) and non-labeled OA (18:1, n-9), LA (18:2, n-6) and EPA (20:5, n-

3) (B). Results represent mean ± SEM for n = 5–7 donors related to PA or OA at 24 h in per-

cent (70 ± 17 nmol/mg for PA (A) and 107 ± 54 nmol/mg for OA (B)). Significant increase for
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EPA vs. OA/LA (all-over effect). p<0.05 for EPA vs. OA/LA, LMM statistical test (SPSS). EPA,

eicosapentaenoic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic acid; SPA, scintillation

proximity assay; LMM, linear mixed model.

(TIF)

S1 Table. Genes changed by EPA vs. PA in myotubes. Genes in the GO terms”Neutral lipid

metabolic process” (GO:0006638) and”Regulation of lipid storage” (GO:0010883) that is

changed (p<0.05) for EPA vs. PA are presented. Myotubes from three donors were incubated

with PA or EPA (100 μM) for 24 h and then harvested for RNA isolation. Gene expression was

measured by Affymetrix human NuGO GeneChip arrays and analysis performed in Partek
Genomics Suite 6.6. software. EPA, eicosapentaenoic acid; PA, palmitic acid.

(DOCX)

S2 Table. Genes changed by EPA vs. PA in myotubes. Genes that is changed (p<0.05) for

EPA vs. PA are presented. Myotubes from three donors were incubated with PA or EPA

(100 μM) for 24 h and then harvested for RNA isolation. Gene expression was measured by

Affymetrix human NuGO GeneChip arrays and analysis performed in Partek Genomics Suite
6.6. software. EPA, eicosapentaenoic acid; PA, palmitic acid.

(XLSX)
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