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Abstract 

Obesity and diabetes mellitus have been identified as major worldwide 

health problems. There is a growing body of evidence which suggests lipid 

signalling molecules including fatty acids, endocannabinoids and fatty acid 

amides may play a role in the development of obesity and insulin resistance. 

Much of the current research has focused upon the synthesis and release of 

such molecules by adipose tissue and their effects upon the endocrine 

system. Interestingly, cannabinoid (CB) receptors and other 

endocannabinoid components are also found to be expressed in human and 

animal skeletal muscle cells. However, there is minimal information 

regarding the role of these fatty acid derivatives in skeletal muscle and the 

lack of these data represents a significant gap in our knowledge. The aims 

of this thesis were to investigate the effects of cannabinoid receptor CB1 

modulation upon insulin-stimulated glucose uptake and its effects upon 

regulation of selected genes expression in primary skeletal muscle 

myotubes. In addition, we would like to investigate the synthesis and 

secretion of Lipocalin 2 (LCN2), a type of lipid binding protein as a novel 

myokine. 

Our previous laboratory data demonstrated that the level of GLUT4 was 

expressed at approximately 3000-fold lower in non-contracting primary 

skeletal muscle cell cultures as compared to skeletal muscle tissue. Since 

the mechanism of glucose uptake in contracting skeletal muscle is 

determined by the translocation of GLUT4 to the surface membrane, we 

have developed a contractile model of skeletal muscle myotubes by 

electrical pulse stimulation (EPS) which is sensitive to insulin-stimulated 

glucose uptake for further studies on CB1 receptor characteristics. CB1 
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activation demonstrated a significant reduction in insulin-stimulated 

glucose uptake in contractile primary skeletal muscle myotubes by 

inhibition of Akt phosphorylation and alteration in p85/p110 ratio in insulin 

signalling cascade. Apart from that, CB1 modulation in primary skeletal 

muscle showed no effects on regulations of selected genes that known to 

be related to obesity and insulin resistance namely LCN2, Neuropeptide Y, 

NR4A1, NR4A2 and NR4A3. On the other hand, the upregulation of these 

genes were influenced by low free fatty acid levels and muscle contractions. 

In addition, this study also demonstrated that LCN2, a lipid binding protein 

was found to be expressed in skeletal muscle. LCN2 protein were 

synthesized and secreted by rat myotubes post-EPS and human skeletal 

muscle cells following acute eccentric exercise in vivo.  

 

In conclusion, the development of this contractile myotubes model provides 

an important tool not only for the study on CB1 receptor characteristics as 

in this thesis, but also for other aspect in future such as oxidative 

phosphorylation and exercise. This thesis provides a new understanding of 

the CB1 characteristic in skeletal muscle, in which it inhibit insulin-

stimulated glucose uptake by interrupting the important steps in insulin 

signalling cascade.  Even though the current study has demonstrated that 

skeletal muscle is able to synthesize and secrete LCN2, further future works 

need to be done to investigate its role in mediating other metabolic changes 

or exerting specific endocrine effects to other organs such as the liver and 

the adipose tissue, in order to classify LCN2 as a novel myokine.  
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Chapter 1: General Introduction 

 

1.1 Skeletal Muscle 

Muscle tissues are generally divided into three types namely cardiac 

muscle, smooth muscle and skeletal muscle. The integrated function of 

cardiac, skeletal, and vascular smooth muscles is essential for oxygen 

delivery and utilization, especially during exercise. Cardiac muscle, which is 

striated and involuntarily control type of tissue, produces the driving force 

to transport blood-borne oxygen to the periphery. Smooth muscle, a non-

striated and involuntarily controlled type of tissue, is the major component 

of the arterial system that is involved in the distribution of blood flow and 

oxygen transport to the whole body. Whereas skeletal muscle, a striated 

and voluntary type of tissue, utilize the oxygen for the movements and 

metabolic requirements (Park et al., 2014). 

 Skeletal muscle is largely composed of heterogeneous populations of 

muscle fibres. On the basis of metabolic and contractile properties and 

myosin heavy chain (MyHC) isoforms, muscle fibres can be broadly 

classified as type I, oxidative, slow-twitch fibres and type II, fast-twitch 

fibres. Type II muscle fibres can be further classified into type IIa fibres, 

which possess a more oxidative type of energy metabolism, or type IIx and 

IIb fibres, which are more glycolytic in nature (Shi et al., 2007). 

 

1.1.1 Skeletal muscle metabolism 

Skeletal muscle is one of the most metabolically active tissues in the 

body. It is considered the largest tissue in the body which constitutes ~40% 

of the human body mass (Delbono et al., 2007) and represent 35-40 % of 
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the total body mass in the rat (James, Jenkins, & Kraegen, 1985). Skeletal 

muscle is a contractile tissue that important in energy homeostasis due to 

the large amount of energy required in performing its activities (Abdul-

Ghani & DeFronzo, 2010). Due to this fact, skeletal muscle was found to be 

the primary site of glucose and fatty acid oxidation accounting for up to 

30% of basal energy requirements (Zurlo, Larson, Bogardus, & Ravussin, 

1990). Skeletal muscle is also a major site of action for insulin involving the 

regulation of glucose entrance into the cells. Subsequent impairment of 

glucose uptake and transport, glucose oxidation or glucose synthesis in 

muscles might be the major determinant of the severity of type-2 diabetes 

mellitus (T2DM) (Abdul-Ghani & DeFronzo, 2010).  

Apart from that, recent data showed that several humoral factors or 

cytokines have been synthesized and secreted by contracting muscle cells 

which were found to play important roles in metabolism. Due to this fact, 

skeletal muscle can be considered as an endocrine organ that is able to 

secrete hormone-like factors or myokines such as interleukin (IL)-6, IL-8 

and IL-15 that may influence metabolism in other tissues or organs 

(Pedersen, 2011b).  

Skeletal muscle rapidly adapts to changing energy needs such as 

following exercise or reduced energy intake by increasing fatty acids 

oxidation (Henriksson, 1995). Increased fatty acid oxidation delays the 

consumption of glycogen stores within skeletal muscle and conserves 

circulating plasma glucose (Henriksson, 1995). The capacity for skeletal 

muscle to adapt appropriately depends upon insulin sensitivity, leanness 

and aerobic fitness (Ukropcova et al., 2005). 
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  In order to perform its activity, skeletal muscle utilizes adenosine 

triphosphate (ATP) as the energy source. The skeletal muscle fuel 

metabolism requires continuous source of ATP in order to match the ATP 

supply and demand. Under normal physiological condition, skeletal muscle 

depends on both glucose and lipids (fatty acids and ketone bodies) as the 

substrate for oxidative metabolism. Around 55 years ago, Randle and his 

colleagues hypothesised the interaction and competition between glucose 

and fatty acids for oxidation, known as the glucose-fatty acid cycle or 

Randle cycle. The study revealed that, in starvation or diabetic state, the 

availability of free fatty acids (FFA) will be the main source for oxidation. 

The increase in FFA oxidation will raise the production of acetyl-coA, 

increase the mitochondrial ratio of acetyl-CoA/CoA, resulting in the 

inhibition of pyruvate dehydrogenase complex (PDC) activity and elevation 

of citrate levels in tricarboxylic acid cycle. Elevated citrate levels together 

with an increase in ATP/ADP ratio can inhibit the activity of 

phosphofructokinase (PFK) and the flux of glucose through the glycolytic 

pathway resulting in glucose-6-phosphate accumulation, hexokinase 

inhibition and consequently reduced glucose uptake (Randle, 1998; Randle, 

Garland, Hales, & Newsholme, 1963).  

Interestingly, a study by Sidossis and his colleague suggested that 

the intracellular availability of glucose could reverse the glucose-fatty acid 

cycle in human skeletal muscle. Their study demonstrated that high 

concentrations of glucose lead to increased glycolysis, formation of 

pyruvate (as the end product of glycolysis), stimulation of PDC and 

formation of acetyl-coA. This in turn would result in increased formation of 

malonyl-CoA, a potent inhibitor of carnitine palmitoyl transferase 1 (CPT-



4 
 

I). Thus accelerated glucose metabolism may inhibit fatty acid oxidation by 

limiting long-chain fatty acids uptake by the mitochondria, thus reducing 

the β-oxidation rates (Sidossis & Wolfe, 1996). The ability of skeletal muscle 

to switch from fat oxidation during the fasting state to glucose oxidation 

during the postprandial state has been referred to as metabolic flexibility 

(Kiens, 2006). Both mechanisms are described in Figure 1-1. 

 

Figure 1- 1: Summary of ‘glucose-fatty acid cycle’ and reversal of 
glucose-fatty acid cycle.  

Glucose metabolism inhibition by fatty acids or ‘glucose-fatty acid cycle’ as 

proposed by Randle et al 1963, and reversal of glucose-fatty acid cycle as 
proposed by Sidossis & Wolfe 1996. Glucose transporter type-4 (GLUT4), 
hexokinase (HK), phosphofructokinase (PFK), pyruvate dehydrogenase 

complex (PDC), acetyl-coA carboxylase (ACC), fatty acid translocase 
(FAT/CD36) and carnitine palmitoyl transferase (CPT-1).   
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1.1.2 Skeletal muscle glucose uptake and insulin signalling 

Skeletal muscle is a contractile tissue that is important in energy 

homeostasis due to the large amount of energy required in performing its 

activities (Abdul-Ghani & DeFronzo, 2010). Glucose is an important source 

of energy for skeletal muscle and its uptake into the cells is mainly 

stimulated by contraction and insulin.  

Glucose transport is mediated by carriers known as glucose 

transporters (GLUT) family which facilitate glucose movement into the cells. 

There are 13 members of GLUT family but the best-characterized are the 

class 1 GLUT (GLUT 1-4). The GLUT1 transporters are commonly 

responsible for basal glucose uptake. The GLUT2 is mainly expressed in beta 

cells and liver, and has relatively low affinity for glucose. GLUT3 has the 

highest affinity and only expressed during fetal development and in adult 

neurons. Finally GLUT4 is predominantly responsible for insulin-stimulated 

glucose uptake in fat and muscle (Khan & Pessin, 2002), and it acts as a 

major facilitative glucose transporter in skeletal muscle (Zisman et al., 

2000) 

As mentioned above, both GLUT1 and GLUT4 are expressed in 

skeletal muscle, however there is a significant difference in the level of each 

transporter. Even though GLUT4 was identified as the major facilitative 

glucose transporter, several studies have shown that the level of GLUT1 is 

higher in skeletal muscle. Sarabia et al. demonstrated that skeletal muscle 

myotubes expressed both the GLUT1 and GLUT4 glucose transporter protein 

isoforms at an average molar ratio of 7:1 (Sarabia, Lam, Burdett, Leiter, & 

Klip, 1992). In another study by Al-Khalili et al., the protein and mRNA 

expressions of GLUT1 were found to be significantly reduced in myotubes 
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as compared to myoblasts. In contrast, protein and mRNA expression of 

GLUT4 increased with differentiation. Despite the differentiation-induced 

increase, GLUT4 expression remained lower than GLUT1 in which in 

myoblasts, GLUT1:GLUT4 expression was 37:1 and in myotubes, 12:1. 

Furthermore, the level of GLUT4 in differentiated cultured myotubes was 

significantly reduced as compared to mature skeletal muscle (53 fmol/mg 

protein in cultured myotubes vs 1128 fmol/mg protein in rat skeletal muscle 

homogenates, and 4130 fmol/mg protein in human skeletal muscle) (Al-

Khalili et al., 2003). 

The insulin stimulation of glucose uptake in muscle tissue occurs via 

a signalling pathway through the insulin receptor tyrosine kinase. The main 

effect is to promote the movement of GLUT4 from the intracellular space to 

the plasma surface membrane. Therefore, the rate limiting step in insulin-

stimulated glucose uptake in muscles is the translocation of GLUT 

transporters to the cell surface membrane  (Khan & Pessin, 2002). 

The insulin receptor (IR) is a heterotetrameric membrane protein 

which composed of two identical α and β subunits. Insulin binds to the α 

subunit of IR and subsequently activates intrinsic kinase activity in β 

subunit. This leads to intramolecular transautophosphorylation reaction in 

which one β subunit tyrosine phosphorylates the other β subunit. Then the 

insulin receptor substrate (IRS) protein family interacts with the 

phosphorylated IR through a phosphotyrosine binding module (Saltiel & 

Kahn, 2001). This IRS protein becomes a docking site for proteins with Src 

Homology 2 (SH2) domains in which p85 becomes the most important 

regulatory subunit of the type 1A phosphatidylinositol 3’ kinase (PI3K). PI3K 
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exists as a dimer consisting of a regulatory p85 subunit and a catalytic p110 

subunit (Fruman, Meyers, & Cantley, 1998). 

The catalytic p110α subunit is brought to the cell membrane and 

catalyzes the phosphorylation of 3’ position in the inositol ring of 

phosphoinositide (PI) lipids. Specifically the type 1A PI3K catalyzes the 

transformation of PI(4,5)-biphosphate to PI(3,4,5)-triphosphate and PI(4)-

phosphate to PI(3,4)-biphosphate (Fruman et al., 1998). The 

phosphorylation of the 3’ further activates 3’phosphoinositide-dependent 

kinase-1 (PDK-1) and Akt (protein kinase B) (Rameh & Cantley, 1999). 

Subsequently, PDK-1 phosphorylates and activates Akt and protein kinase 

C (PKC) ζ/λ. Akt and PKC ζ/λ promote the GLUT4 translocation from the 

intracellular into the cell membrane (Khan & Pessin, 2002) (Figure 1-2). 
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Figure 1- 2: Insulin signalling and glucose uptake in skeletal 

muscle.  

Insulin (I), glucose (G), insulin receptor (IR), insulin receptor substrate 

(IRS), phosphatidylinositol 3’ kinase (PI3K), p85 regulatory subunit (p85), 

p110 catalytic subunit (p110), phosphoinositide (PI), PI (4,5)-biphosphate 

(PIP2), PI(3,4,5)-triphosphate (PIP3) phosphoinositide-dependent kinase-1 

(PDK-1) and Akt (protein kinase B), protein kinase C (PKC) and glucose 

transporter type-4 (GLUT4).  
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1.1.3 Skeletal muscle glucose uptake during exercise  

 In order to maintain its function, contracting muscle tissues require 

FFA and glucose as their major source of energy. During low intensity 

exercise (25% of maximal oxygen uptake [VO2 max]), an intensity 

comparable to walking, most of the energy requirements can be met from 

plasma fatty acid oxidation, with a small contribution from the oxidation of 

plasma glucose. With  an  increase  in  exercise  intensity  from  25%  to 

65%  of  VO2 max  (the  pace  that  could  be  sustained  by  a trained  

person  for  up  to  eight  hours),  total  fat  oxidation reaches  its  peak,  

despite  a  slight  decline  in  the  rate  of appearance  of  plasma  fatty  

acid.  During high intensity exercise at 85% of VO2 max (race pace for 

endurance events lasting approximately one hour) there is a decline in total 

fatty acid oxidation compared to moderate intensity exercise. This 

continuous high intensity exercise is associated with high rates of 

glycogenolysis and the concomitant production of lactic acid which 

accumulates in muscle and blood. The increased glycolytic flux also acts to 

inhibit fatty acid oxidation by skeletal muscle. Thus, this progressive decline 

in plasma FFA turnover with increasing exercise intensity appears to be 

offset by progressively increasing blood glucose turnover; therefore the 

contribution of plasma substrates to caloric expenditure remains 

remarkably constant over this wide range of exercise intensities (Romijn et 

al., 1993). 

During prolonged, strenuous exercise, muscle glucose uptake is 

mainly determined by exercise intensity, duration and also glucose supply 

(Richter & Hargreaves, 2013).  
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 There are three main sites of glucose uptake that can be regulated; 

the glucose delivery to the skeletal muscle cell, glucose transport through 

the surface membrane and glucose intracellular metabolism (Rose & 

Richter, 2005) as shown in Figure 1-3.  

There are several differences in glucose uptake between resting and 

exercise. Since GLUT4 is kept within intracellular storage sites and GLUT1 

expression is relatively low, glucose transport is believed to be the rate 

limiting step for glucose uptake at rest. On the other hand, the limiting step 

of glucose uptake during exercise (in particular intense exercise) is mainly 

glucose phosphorylation since limitations in glucose delivery and transport 

can be overcame by skeletal muscle hyperaemia, capillary recruitment and 

GLUT4 translocation (Wasserman, 2009). 

 

 

Figure 1- 3: Potential sites of regulation of muscle glucose uptake 
during exercise. 

Glucose transporter type-4 (GLUT4) and glucose-6-phosphate (G6P). 
Adapted with modification from (Rose & Richter, 2005). 
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1.1.3.1 Glucose delivery  

Glucose delivery or supply to a tissue vascular bed is expressed as 

the product of blood flow and arterial blood glucose concentration. Since 

muscle blood flow will increase up to 20-fold during intense, dynamic 

exercise (Andersen & Saltin, 1985), the increase in muscle blood flow is 

important for the increase in glucose supply (Rose & Richter, 2005). Apart 

from an increase in blood flow to the contracting muscles during exercise, 

there is also capillary recruitment that increases the surface area for the 

glucose delivery and exchange (Inyard, Clerk, Vincent, & Barrett, 2007). 

 In vitro studies of glucose uptake during electrical stimulation of 

perfused rat hindlimb muscle have demonstrated the importance of an 

increase in perfusion for the rate of glucose uptake during contractions 

(Hespel, Vergauwen, Vandenberghe, & Richter, 1995). Other than that, the 

other important factor for muscle glucose uptake during exercise is the 

arterial glucose level. This is because, during exhaustive prolonged 

exercise, there is a gradual depletion of glycogen in the liver and 

gluconeogenesis is unable to compensate. Thus, there is a reduction in the 

liver glucose output that may lead to hypoglycaemia which may limit the 

glucose uptake (Ahlborg, Felig, Hagenfeldt, Hendler, & Wahren, 1974). 

 

1.1.3.2 Glucose transport 

The augmentation in translocation of GLUT4 from the intracellular 

sites to the sarcolemma and T-tubules increases the muscle glucose 

transport during exercise (Richter & Hargreaves, 2013). A study conducted 

by Ryder and his colleagues demonstrated that, contraction-induced 

glucose uptake was fourfold lower in the skeletal muscle of GLUT4 knockout 
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mice when compared to the wild-type group. This result suggests the 

important role of GLUT4 as the primary mediator of exercise-induced 

glucose uptake in skeletal muscle (Ryder et al., 1999). In addition, mice 

with muscle-specific GLUT4 deletion demonstrated a significant reduction in 

muscle glucose uptake and exercise tolerance during exercise (Fueger et 

al., 2007). 

 

1.1.3.3 Glucose metabolism 

Glucose phosphorylation to glucose-6-phosphate (G6P) occurs after 

the glucose has been transported into the cell across the sarcolemma. This 

reaction is catalysed by hexokinase-2 (HK2). G6P is the first substrate in 

glucose metabolism in which it is catalysed for energy production during 

exercise via glycolysis or stored as glycogen during recovery from exercise. 

In maximal, dynamic exercise, HK2 activity is inhibited by elevated levels 

of intramuscular G6P as the result of an increase in muscle glycogenolytic 

rate. At the start of submaximal exercise, the limitation of glucose uptake 

and utilization is the inhibition of HK2 by G6P. As exercise continues, the 

HK2 inhibition is resolved by the lowering of G6P concentration that leads 

to reduction in intramuscular glucose concentration and increase in glucose 

uptake (Hargreaves, Meredith, & Jennings, 1992).  

 

1.1.4 Exercise-induced GLUT4 translocation 

 GLUT4 is mainly retained in intracellular vesicle structures in resting 

muscle (Foley, Boguslavsky, & Klip, 2011) and several studies showed that 

both insulin as well as muscle contractions can translocate GLUT4 to the 

sarcolemma and T-tubular system (Derave, Hansen, Lund, Kristiansen, & 
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Richter, 2000; Derave et al., 1999; Douen et al., 1990). It is believed that 

there are two different intracellular pools of GLUT4 which are recruited by 

insulin and muscle contraction respectively (Coderre, Kandror, Vallega, & 

Pilch, 1995). 

 During insulin-stimulated GLUT4 translocation to the surface 

membrane, the event is controlled by proteins known as SNARE proteins 

(soluble N-ethylmaleimide-sensitive factor-attachment protein receptors) 

and proteins that regulate SNAREs. (v-) SNARES and (t-) SNARES are the 

proteins that are located in the GLUT4 vesicles and at the cell membrane 

respectively. Once interaction between v-SNARES and t-SNARES occurs, it 

leads to the formation of SNAREpin complex which consists of four SNARE 

motifs assembled into a twisted parallel four-helical bundle (Hong, 1998). 

This helical structure catalyzes the fusion of vesicles with the target 

membrane. The specific SNARE proteins that are known to be involved in 

this process include VAMP2, syntaxin 4 and SNAP23. These proteins are 

regulated by other proteins namely munc18C, synip and synaptotagmin 

(Foley et al., 2011). 

 On the other hand, it is generally believed that the contraction-

stimulated GLUT4 translocation is different form insulin-stimulated 

mechanism (A. D. Lee, Hansen, & Holloszy, 1995). Calcium (Ca2+) was 

found to activate glucose transport by indirect effect. By inducing muscle 

contraction and activation of sarcoplasmic reticulum Ca2+-ATPase (SERCA) 

pump (Norris, Bombardier, Smith, Vigna, & Tupling, 2010), it results in 

metabolic stress to the muscle cell via activation of AMP-activated protein 

kinase (AMPK), which increases muscle glucose uptake (Jensen, Rose, 

Hellsten, Wojtaszewski, & Richter, 2007). 
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 Other than that, mitogen activated protein kinase (MAPK) are also 

involved in glucose uptake in skeletal muscle during exercise. The MAPK 

extracellular signal–regulated kinase (ERK)1, ERK2, p38 and c-Jun N-

terminal kinases (JNK) are activated during muscle contraction (Aronson et 

al., 1997; Richter & Hargreaves, 2013; Ryder et al., 2000). However, JNK 

knockout mice were found to have no effect on glucose uptake (Witczak et 

al., 2006). Furthermore, blockade of ERK by inhibiting MAP kinase kinase 

(MEK) had no effect on contraction-induced glucose uptake in rat muscle 

(Hayashi, Hirshman, Dufresne, & Goodyear, 1999). The role of p38 MAPK 

in regulating contraction-induced glucose uptake in skeletal muscle is not 

yet well established (Richter & Hargreaves, 2013). 

 The actin cytoskeleton also found to be associated with glucose 

uptake in contracting muscle. Inhibition of Rac1 in contracting mouse 

muscle was found to impair the glucose uptake process (Sylow et al., 2013). 

Myo1c an actin based motor protein is also involved in glucose uptake and 

Myo1c mutated mice showed reduction in contraction-stimulated glucose 

uptake (Toyoda et al., 2011). 

 In addition, glucose uptake in skeletal muscle during exercise may 

also involve nitric oxide (in fast-twitch muscle) (Ross, Wadley, Clark, 

Rattigan, & McConell, 2007) and reactive oxygen species (in very intense 

electrical stimulation in vitro) (Richter & Hargreaves, 2013).  
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1.2 Endocannabinoids 

1.2.1 Cannabis and cannabinoids 

Cannabis is known to be among the first plants that have been used 

for a broad range of medical and non-medical applications (Pertwee, 2006). 

Cannabis sativa is one of the oldest plants cultivated by man and it is a 

member of the Cannabaceae family (Russo, 2007). Besides being applied 

as a therapeutic compounds, Cannabis sativa is widely consumed as a 

recreational drug through its various products such as marijuana, hashish 

and hash oil (Elsohly & Slade, 2005). 

It is believed that cannabis has been used for more than 4000 years 

(Pagotto, Marsicano, Cota, Lutz, & Pasquali, 2006) and is the third most 

commonly used drug after tobacco and alcohol (D. Baker, Pryce, 

Giovannoni, & Thompson, 2003). Several reviews have been written on the 

use of cannabis in therapeutic drugs such as anticonvulsive, analgesics, 

antianxiety and antiemetic agents (D. Baker et al., 2003; Kumar, 

Chambers, & Pertwee, 2001). Apart from that, the acute effects of cannabis 

were clearly recognised such as euphoria, psychoactive, relaxation and 

intoxication and these mild altering effects may cause misuse or abuse as 

an illicit drug especially among youngsters (Hall & Degenhardt, 2009; 

Kumar et al., 2001). 

In some cases, acute unwanted effects of cannabis may arise 

including impairment in short term memory, alteration in orientation to time 

and space, anxiety, and it may lead to acute psychosis involving 

hallucinations (Hall & Degenhardt, 2009; Kumar et al., 2001). Apart from 

that, there are numerous chronic effects of cannabis that have been 

identified which include respiratory symptoms such as bronchitis and 



16 
 

malignancies (if consumed by smoking), reproductive effects such as 

impairment in sperm production and disturbance of ovulatory cycle, 

psychotic symptoms including delusions, hallucinations and amnesia; 

dependence and withdrawal symptoms (Hall & Degenhardt, 2009; Kumar 

et al., 2001). Despite of all these unpleasant and adverse side effects, 

cannabis does not seem to be significantly associated with an increase in 

mortality (Degenhardt & Hall, 2012). 

Cannabis is a complex plant containing more than 400 compounds 

(Ashton, 2001) and among those more than 60 compounds have been 

identified and collectively referred to as cannabinoids (Ashton, 2001; Hall & 

Solowij, 1998). 

In the early 1960’s, the structure and ingredients of cannabis were 

discovered and among those, the main psychoactive compound delta-9-

tetrahydrocannabinol (∆9-THC) was identified and isolated (D. Baker et al., 

2003; Mechoulam, Devane, Breuer, & Zahalka, 1991; Mechoulam, Fride, & 

Di Marzo, 1998). Other important natural cannabinoids include delta-8-

tetrahydrocannabinol (∆8-THC), cannabidiol and cannabinol (Pertwee, 

2006; Thakur, Duclos, & Makriyannis, 2005). The structures of these 

compounds are shown in Figure 1-4. 
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Figure 1- 4: The structures of Delta-9-tetrahydrocannabinol (∆9-
THC), delta-8-tetrahydrocannabinol (∆8-THC), cannabidiol and 

cannabinol.  

Adapted with minor modification from (Pertwee, 2006).  
 

 

1.2.2 Endocannabinoid system 

The endocannabinoid system (ECS) has been identified to play an 

important role in human regulation of energy balance and metabolism 

(Butler & Korbonits, 2009; Nogueiras et al., 2009; Silvestri, Ligresti, & Di 

Marzo, 2011). 

This system consists of G-protein coupled receptors (GPCR), their 

lipid signalling ligands and enzymes involved in ligand generation and 

metabolism (Silvestri et al., 2011). It is known to act both at central and 
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peripheral sites; it modulates calorie intake centrally and affects the 

nutrients transport, cellular metabolism and energy storage peripherally 

(Silvestri et al., 2011).  

Upon stimulation, the ECS may increase food intake causing weight 

gain, promoting lipogenesis and impairing glucose tolerance. There is 

increasing evidence in humans that the ECS is overactive in obesity, thus 

targeting and supressing this system may help in treating obesity, T2DM 

and metabolic syndrome (Scheen & Paquot, 2009). 

Two types of cannabinoid G-protein couple receptors have been 

discovered, namely cannabinoid receptor type-1 (CB1) in year 1990 and 

cannabinoid receptor type-2 (CB2) in year 1993 (Howlett et al., 2002). 

These G-protein-coupled receptors cause the inhibition of the enzymatic 

activity of adenylate cyclase responsible for the production of cyclic 

adenosine monophosphate (cAMP) in the cell. In addition, the CB1 receptor 

is reported to have an effect on calcium and potassium channels (Howlett, 

2002; Howlett et al., 2004). 

The discovery of CB receptors led to the identification of their ligands, 

endogenous lipid mediators named endocannabinoids that bind to CB 

receptors. Anandamide (the ethanolamide of arachidonic acid, AEA) was the 

first endocannabinoid identified in year 1992 and the second 

endocannabinoid was isolated in 1995 named 2-arachidonoyl glycerol (2-

AG) (Begg et al., 2005). Three other endocannabinoids, albeit not well-

characterised, have also been identified, namely nolandin ether, 

virhodamine and N-arachidonoyldopamine (Cota, 2007). 

CB1 was initially described as “brain type” receptor because it was 

first thought to be expressed predominantly in the central nervous system. 
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CB1 was identified in the brain cortex, hippocampus, amygdala, pituitary 

and hypothalamus. Subsequently, the CB1 receptor was found in other 

peripheral organs and tissues namely gastrointestinal tract, adipose tissue, 

thyroid, adrenals, skeletal muscle, hepatocytes, kidneys, reproductive 

organs and endocrine cells of the pancreas (O'Keefe, Simcocks, Hryciw, 

Mathai, & McAinch, 2013; Pagotto et al., 2006). Conversely, CB2 receptors 

are present mainly in immune and blood cells, where they may participate 

in immune responses (Howlett, 2002; Pagotto et al., 2006). 

In the brain, endocannabinoids work at the synaptic level as 

neuromodulators. They are synthesized from cell membrane phospholipids 

and are immediately released, usually from the post-synaptic side and act 

in a retrograde manner by binding to presynaptic CB1 receptors (Freund, 

Katona, & Piomelli, 2003; Piomelli, 2003). 

 

1.2.3 CB1 receptor 

CB1 is located in the cell membrane in which it is coupled to the 

intracellular effector system via G-proteins. As mentioned earlier, CB1 is a 

typical GPCR. Thus it contains seven transmembrane domains connected by 

three extracellular and three intracellular loops with an extracellular N-

terminal tail, and an intracellular C-terminal tail (Turu & Hunyady, 2010). 

 At cellular level, CB1 has been found to modulate several functions 

such as inhibiting voltage-gated Ca2+ channels, activating K+ currents, 

phosphorylating and activating MAPK such as p42/p44 MAPK, p38 MAPK 

and JNK, inhibiting adenynyl cyclase in most tissues and cells (Turu & 

Hunyady, 2010) and increasing NO signalling (O'Keefe et al., 2013).   
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CB1 is an inhibitory type of GPCR. Activation of CB1 results in the 

stimulation of Gi/o protein that inhibits the edenynyl cyclase-mediated 

conversion of ATP to cAMP. In the normal state, cAMP molecules can bind 

to the regulatory subunits of protein kinase A (PKA) and cause the release 

of the catalytic subunits. Furthermore, activated PKA phosphorylates the A-

type potassium (K+
A) channels, which in turn, cause a reduction in the 

current. Thus the negative effects of CB1 on adenynyl cyclase results in the 

activation of K+ channels. Gi/o activated by CB1 can also directly inhibit N- 

or P/Q-type Ca2+ channels and activate inwardly rectifying potassium (Kir) 

channels. These last two effects are controlled by protein kinase C (PKC), 

which upon activation can phosphorylate CB1 in the third cytoplasmic loop 

and uncouple the receptor from the ion channels. Activation of CB1 can also 

stimulate several intracellular kinases, such as focal adhesion kinase (FAK), 

phosphatidyl inositol 3-kinase (PI3-K) and its downstream effector protein 

kinase B (PKB)/AKT, ERKs, JNK and p38 MAPK. Stimulation of cytoplasmic 

kinases could also mediate the CB1-induced expression of the immediate 

early genes (IEG), such as the transcription factors c-fos, c-jun, and zif268, 

and the brain-derived neurotrophic factor (BDNF) (Pagotto et al., 2006; 

Svizenska, Dubovy, & Sulcova, 2008) as shown in Figure 1-5. 

CB1 has gained more attention than CB2 in studies investigating 

aspects of energy balance regulation mainly due to the discovery of the 

specific CB1 receptor antagonist Rimonabant and the development of CB1 

knockout (CB1 (-/-)) mice models (Nogueiras et al., 2009). 

 



21 
 

 

Figure 1- 5: Schematic representation of the main effects of CB1 

on intracellular signalling cascades.  

Adapted from (Pagotto et al., 2006). 
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1.2.4 CB2 receptor  

In contrast to CB1 receptors, CB2 receptors are present mainly in 

immune and blood cells, where they may participate in immune responses 

(Howlett, 2002; Pagotto et al., 2006). CB2 are also expressed in immune 

tissues including spleen, tonsils, monocytes, B and T cells (Galiegue et al., 

1995; Hohmann & Suplita, 2006). Besides that, CB2 has been implicated 

recently in the regulation of liver fibrosis and atherosclerosis (Ofek et al., 

2006). On the other hand, CB2 receptors are also found in central nervous 

system (CNS) but only in low levels (Munro, Thomas, & Abu-Shaar, 1993). 

In addition, CB2 messenger RNA (mRNA) has been detected in the lumbar 

dorsal horn together with appearance of activated microglia in pathological 

states (J. Zhang et al., 2003). 

 There is also evidence that CB2 receptors play an essential role in 

the maintenance of bone mass with these receptors expressed in both cells 

of osteoblasts and osteoclasts lineages. Exposures of those cells to CB2-

specific agonists suggested CB2 signalling contributes to the bone-mass 

maintenance by at least two mechanisms (i) direct stimulation of stromal 

cells/osteoblasts and (ii) inhibition of monocytes/osteoclasts (Ofek et al., 

2006). 

 

1.2.5 Endocannabinoid ligands 

The discovery of CB receptors led to the identification of their ligands, 

endogenous lipid mediators named endocannabinoids that bind to CB 

receptors.  

 As mentioned earlier, anandamide (ethanolamide of arachidonic 

acid/AEA) was the first endocannabinoid identified (Devane et al., 1992) 
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and the name adapted from the Sanskrit word ‘ananda’ means bliss. 

Subsequently, the second endocannabinoid 2-arachidonoyl glycerol (2-AG) 

was discovered (Sugiura et al., 1995). 

 Both of these compounds are the derivatives of arachidonic acid and 

have the ability to bind to CB1 and CB2 receptors, however with different 

affinity and activation efficacies (Howlett, 2002). Unlike other 

neurotransmitters, endocannabinoids are very lipophilic in nature. Due to 

this property, they are rapidly produced and degraded, thus they are not 

stored in vesicles (Freund et al., 2003). The regulation of endocannabinoid 

signalling is controlled by their synthesis, release, uptake and degradation 

(Piomelli, 2003). 

 In the brain, these endocannabinoids work at the synaptic level as 

neuromodulators. They are systhesized from phospholipids in the cell 

membranes and immediately released from the post-synaptic side in 

retrograde manner by binding to pre-synaptic CB1 receptors (Piomelli, 

2003). 

 Neurons produce both anandamide and 2-AG following depolarization 

of the membrane and an increase in intracellular calcium. Anandamide is 

formed by hydrolysis of N-arachidonoyl phosphatidyl ethanolamine by 

phospholipase D, whereas 2-AG is formed following hydrolysis of 

phosphatidylinositol by phospholipase C and diacylglycerol lipase. After 

synthesis, anandamide and 2-AG are released into the extracellular space 

and bind to CB1 receptors. Activation of pre-synaptic CB1 receptors leads 

to modulation of neurotransmitter release thus affecting synaptic activity 

(Freund et al., 2003; Piomelli, 2003). 



24 
 

 Endocannabinoids are rapidly metabolized. Inactivation of 

anandamide occurs by cellular re-uptake and subsequent hydrolysis by a 

fatty acid amide hydrolase (FAAH). Meanwhile, 2-AG degradation in neurons 

is primarily due to hydrolysis by monoacylglycerol lipase (MAGL). Both 

FAAH and MAGL are abundantly expressed in the brain and in peripheral 

organs (Dinh et al., 2002; Thomas, Cravatt, Danielson, Gilula, & Sutcliffe, 

1997). 

 

1.2.6 Role of ECS in central regulation of energy balance  

There is growing evidence that both CB1 receptor agonists and 

antagonists have an effect on food intake. Treatment with oral ∆9-THC can 

cause hyperphagia and increased food intake in rats (Brown, Kassouny, & 

Cross, 1977; Williams & Kirkham, 2002). Furthermore, animals given 

anandamide via intraperitoneal (IP) and subcutaneous routes also showed 

an increase in food intake (Hao, Avraham, Mechoulam, & Berry, 2000; 

Williams & Kirkham, 1999). It is believed that these effects are mediated 

by activation of the CB1 receptor since pre-treatment with the CB1 receptor 

antagonist SR 141716 (rimonabant) was found to inhibit hyperphagia 

(Williams & Kirkham, 1999, 2002). In addition, CB1 receptor blockage was 

found to have a significant reduction in the consumption of both bland and 

palatable foods in different animal models (Colombo et al., 1998; Verty, 

McGregor, & Mallet, 2004; Werner & Koch, 2003; Williams & Kirkham, 

1999). 

 Furthermore, CB1 receptor knockout mice (CB1 (-/-)) were found to 

be slightly hypophagic and have a lean phenotype associated with reduced 

body weight and fat mass percentage (CB1–/– fat mass, 9.7% ± 0.55% vs. 
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CB1+/+ 12.3% ± 0.51%, P<0.005); and increased in lean mass percentage 

(CB1–/– lean mass, 73.1% ± 0.43% vs. CB1+/+ 71.6% ± 0.44%, P<0.05) 

(Cota et al., 2003). This supports the involvement of CB1 receptors in 

feeding behaviour and transient anorexia. Moreover, the CB1 receptor 

antagonist rimonabant has no effect on the eating behaviour of CB1 (-/-) 

mice (Di Marzo et al., 2001). In addition, CB2 receptor antagonism does 

not affect eating behaviour in mice (Wiley et al., 2005). 

 Intrahypothalamic administration of CB1 receptor agonists and 

antagonists provides direct evidence for the involvement of ECS in the 

hypothalamus in regulating food intake. Administration of anandamide 

through the ventromedial nucleus of the hypothalamus showed stimulation 

of eating in pre-satiated rats and pre-treatment with CB1 receptor 

antagonist rimonabant successfully blocked anandamide-induced 

overeating (Jamshidi & Taylor, 2001). Furthermore, treatment with 

rimonabant (20mg/day) in human subjects reported reduction in appetite 

and their desire for sweets and high-fat food consumption (Scheen et al., 

2006).  

 

1.2.7 Role of ECS in peripheral metabolism 

Initially, it was thought that the ECS acted solely centrally through 

its effects on appetite and food intake. However, CB1 receptors have been 

identified in a number of peripheral organs and tissues involved in the 

regulation of metabolism including adipose tissue, muscle, pancreas, liver 

and gut. CB1 receptors innervating the gastrointestinal tract affect gastric 

emptying, gut motility and peristalsis thus play a role in satiety signalling 

(Massa, Storr, & Lutz, 2005). 
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 A human study showed an increase in calorie intake and weight gain 

in subjects who smoked cannabis when compared to control. They observed 

that the weight of the participants continued to increase throughout the 3-

week study, despite of cessation of increase in food intake after just a few 

days (Greenberg, Kuehnle, Mendelson, & Bernstein, 1976). In another 

study, chronic oral administration (5 weeks) of the CB1 antagonist SR 

141716/rimonabant in mice with diet-induced obesity (DIO) caused a 

transient reduction of food intake but weight reduction persisted even after 

food intake returned to the level of normal untreated group (Ravinet Trillou 

et al., 2003). Both of the above studies suggest that endocannabinoids 

promote weight gain by other peripheral effects such as direct adipogenesis 

and inhibiting adiponectin (Matias et al., 2006), rather than only by 

stimulating appetite.  

 In addition, neurotoxin capsaicin-induced destruction of sensory 

afferent fibres of the gut showed absence of hyperphagia and hypophagia 

after peripheral administration of CB1 receptor agonist and antagonist 

respectively, suggesting that these agents modulate food intake by acting 

on CB1 receptors located on capsaicin-sensitive sensory terminals (Gomez 

et al., 2002). 

 The levels of endocannabinoids in adipose tissue were found to be 

similar to those in the brain and experimental evidence has shown that 

besides the existence of CB1 receptors, adipose tissue also contains 

enzymes regulating the synthesis and degradation of the endocannabinoids 

(Pagano et al., 2007). Moreover, there was a 3-fold higher CB1 receptor 

mRNA expression in the adipose tissue of obese rats when compared to lean 

rats (Bensaid et al., 2003).  
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 The CB1 receptors are also expressed in the liver (Osei-Hyiaman et 

al., 2005; Pagotto et al., 2006), pancreas (Juan-Pico et al., 2006) and 

skeletal muscle (Crespillo et al., 2011; Eckardt et al., 2009; Pagotto et al., 

2006). Diet-induced obesity is associated with increased hepatic CB1-

mediated fatty acid synthesis and increased levels of CB1 receptor mRNA 

and anandamide were reported in the liver of wild-type mice on high fat 

diet (Osei-Hyiaman et al., 2005). CB1 and CB2 receptors are also expressed 

in the islet of Langerhans in rat and mouse pancreas, and CB2 receptors 

were identified in both alpha and beta cells of the islet (Bermudez-Silva et 

al., 2007; Juan-Pico et al., 2006). 

 

1.2.8 ECS in adipose tissues 

  The adipose tissue is a central metabolic organ in the regulation of 

whole-body energy homeostasis. It is originally considered as a passive 

reservoir for energy storage (Frayn, Karpe, Fielding, Macdonald, & Coppack, 

2003) and plays a crucial role in obesity and its co-morbidities (Fain, Madan, 

Hiler, Cheema, & Bahouth, 2004). Lately, it was reported that adipose 

tissues also act as an endocrine organ in which it secretes various hormones 

and adipokines that control systemic energy balance by regulating 

appetitive signals from the central nerve system as well as metabolic 

activity in peripheral tissues (Choe, Huh, Hwang, Kim, & Kim, 2016; 

Silvestri et al., 2011). 

Cultured primary adipose cells from mice treated with a CB1 agonist 

showed increased levels of lipoprotein lipase activity in dose dependent 

manner (Cota et al., 2003). Lipoprotein lipase is an essential enzyme in 
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adipose tissue that serves the function of fatty acid uptake and storage 

(Gonzales & Orlando, 2007). 

 On the other hand, the upregulation of lipoprotein lipase in adipose 

tissue was blocked following the treatment with the CB1 receptor antagonist 

rimonabant (Jbilo et al., 2005).  

 In a study by Bluher et al., adipose tissue samples from both lean 

and obese individuals following open abdominal surgery were investigated 

for the presence of endocannabinoids. The findings from that study showed 

that the mRNA expression of FAAH was higher in adipose tissue of lean 

subjects and exhibited a negative correlation with visceral obesity. 

Furthermore, there was higher CB1 expression in visceral compared to 

subcutaneous tissue in both groups (Bluher et al., 2006). 

 

1.2.9 ECS hyperactivity in obesity 

Experimental data demonstrated that ECS is upregulated in obesity 

in both humans and animals (Di Marzo & Matias, 2005). The amount of 2-

AG was found to be significantly higher in the visceral fat of obese and 

overweight subjects when compared to normal-weight control subjects 

(Matias et al., 2006). Furthermore increased levels of anandamide and 2-

AG, together with a reduced expression of FAAH, were observed in obese, 

post-menopausal women compared to control subjects, which suggest 

impairment of endocannabinoid degradation may play an important role in 

the upregulation of ECS in obesity (Engeli et al., 2005). 

 In addition, specific gene polymorphisms affecting the regulation of 

the ECS activity may also contribute to the incident of obesity. Indeed, a 

missense polymorphism in FAAH, which occurs at higher frequency of obese 
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individuals, was found to correlate with body mass index (BMI). 

Furthermore, FAHH activity was reduced in individuals with this type of 

polymorphism when compared with control subjects, thus suggesting that 

upregulation of ECS due to a defect in their degradation might contribute 

to the development of obesity (Sipe, Waalen, Gerber, & Beutler, 2005). 

 

1.2.10 ECS in muscles  

 CB receptors and other ECS components are expressed in human and 

animal muscle cells (Crespillo et al., 2011; Eckardt et al., 2009). 

Furthermore, in a study by Eckardt et al. using primary skeletal muscle 

cells, anandamide was able to induce ERK 1/2, p38 and insulin receptor 

substrate 1 (IRS1(Ser307)) phosphorylation, which inhibits insulin-

dependent PKB/Akt phosphorylation and glucose uptake (Eckardt et al., 

2009). 

 ECS was also seen to alter muscle glucose transport; isolated soleus 

muscle from ob/ob Leptin mutant mice treated with rimonabant 

demonstrated increased skeletal muscle glucose uptake (Y. L. Liu, 

Connoley, Wilson, & Stock, 2005). Furthermore, by using rat myotubes in 

vitro, Esposito et al. found that direct CB1 inhibition with rimonabant at a 

low concentration increases glucose uptake without affecting the expression 

levels of the glucose transporters GLUT1 and GLUT4. However, CB2 

blockage had no effect on the alteration in glucose uptake (Esposito et al., 

2008).  
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1.3 Skeletal muscle myokines 

1.3.1 Overview of the myokines 

Skeletal muscle is the largest organ in human body and recent data 

showed that several humoral factors or cytokines have been synthesized 

and secreted by contracting muscle cells which were found to play some 

roles in metabolism. Due to this fact, skeletal muscle can be considered as 

an endocrine organ which is able to secrete hormone-like factors that may 

influence metabolism in other tissues or organs (Pedersen, 2011b). In 

accordance with this, it was suggested that any cytokines and other 

peptides that are synthesized, expressed and secreted by muscle fibres and 

exert either paracrine or endocrine effects are classified as ‘myokines’ 

(Pedersen, Akerstrom, Nielsen, & Fischer, 2007).  

For decades, researchers have tried to reveal a relationship between 

muscle contraction and changes in other organs in the form of myokine 

release which can mediate several exercise-induced metabolic changes in 

other organs especially liver and adipose tissue (Pedersen, 2011b).   

Recent research revealed that skeletal muscle has the capacity to express 

several myokines including interleukin (IL)-6, IL-8 and IL-15 (Pedersen et 

al., 2007). Specifically, research has shown that IL-6 (Febbraio & Pedersen, 

2002, 2005; Pedersen, Steensberg, Fischer, et al., 2003; Pedersen, 

Steensberg, Keller, et al., 2003) and IL-8 (Chan, Carey, Watt, & Febbraio, 

2004; Nieman et al., 2003) mRNA and protein expression was regulated by 

concentric muscle contractions, whereas IL-15 mRNA was upregulated in 

human skeletal muscle following strength training (Nielsen et al., 2007).  
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1.3.2 Interleukin 6 (IL-6) 

IL-6 belongs to a family of cytokines that also includes leukemia 

inhibitory factor, interleukin-11, ciliary neurotrophic factor, cardiotrophin-

1, and oncostatin M. In addition to structural similarities, these cytokines 

share the gp130 receptor subunit (Kamimura, Ishihara, & Hirano, 2003; 

Kishimoto, Akira, Narazaki, & Taga, 1995).  

 Skeletal muscle contractions are the main source of IL-6 in the 

systemic circulation in response to exercise. In the resting state, IL-6 mRNA 

content in skeletal muscle is very low, whereas small amounts of IL-6 

protein may be detected using sensitive immunohistochemical methods in 

type I fibres (Plomgaard, Penkowa, & Pedersen, 2005). The level of 

circulating IL-6 rises in an exponential manner (up to 100-fold) in response 

to exercise; and the peak of IL-6 is reached at the end or shortly after 

exercise followed by a rapid decline to the level seen before exercise 

(Pedersen & Fischer, 2007).  

 IL-6 may be produced by both immune cells, specifically 

macrophages, and skeletal muscle. However, the IL-6 synthesized by 

macrophages leads to an inflammatory response, whereas IL-6 synthesized 

and produced by muscle cells do not activate classical pro-inflammatory 

pathways (Pedersen & Febbraio, 2008). 

 In terms of systemic effects, a number of studies demonstrated that 

IL-6 is able to induce insulin resistance in vitro (Lagathu et al., 2003; Rotter, 

Nagaev, & Smith, 2003; Senn, Klover, Nowak, & Mooney, 2002; Senn et 

al., 2003) and in rodents in vivo (Kim et al., 2004; Klover, Clementi, & 

Mooney, 2005; Klover, Zimmers, Koniaris, & Mooney, 2003). In addition, a 

study in both primary mouse hepatocytes and the human hepatocarcinoma 
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cell line, HepG2 suggested that insulin resistance is induced by IL-6 through 

its adverse effects on the liver in which it inhibits both insulin receptor (IR) 

signal transduction and Akt phosphorylation (Senn et al., 2002). 

Furthermore, the IL-6 induced insulin resistance seems to be associated 

with an increase in the expression of suppressor of cytokine signalling 3 

(SOCS-3) (Senn et al., 2003), which may directly inhibit insulin receptor 

activity (Ueki, Kondo, & Kahn, 2004).   

However, there are also several studies that suggested positive 

effects of IL-6 on insulin stimulated glucose uptake. Acute treatment of 

muscle cells in vivo with IL-6 may increase basal and insulin-stimulated 

glucose uptake through the increase in GLUT4 translocation from 

intracellular compartments to the plasma membrane (Carey et al., 2006). 

In addition, IL-6 was also suggested to have a link with AMP-activated 

protein kinase (AMPK). AMPK activation leads to the induction of fatty acid 

oxidation and enhancement in glucose uptake (Kahn, Alquier, Carling, & 

Hardie, 2005), and IL-6 was found to increase AMPK activity in skeletal 

muscle and adipose tissue (Kelly et al., 2004). IL-6 was also identified as a 

lipolytic factor on the basis of evidence showing that infusion of recombinant 

human IL-6 into healthy humans (to achieve physiological concentrations) 

stimulates lipolysis without alterations in cathecolamines, insulin, glucagon 

or any other adverse effects in healthy individuals (Lyngso, Simonsen, & 

Bulow, 2002; van Hall et al., 2003).  

 

1.3.3 Interleukin 8 (IL-8) 

IL-8 is a known myokine that attracts primarily neutrophils and acts 

as an angiogenic factor (Pedersen, 2011b; Pedersen et al., 2007). There is 
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an increase in plasma concentration of IL-8 following exhaustive eccentric 

exercise such as marathon running in trained individuals (Nieman et al., 

2003; Nieman et al., 2002; Nieman et al., 2001; Ostrowski, Rohde, Asp, 

Schjerling, & Pedersen, 2001). In contrast, there was no increment of 

plasma IL-8 in response to concentric exercise such as rowing (Henson et 

al., 2000) or bicycle ergometry (Chan et al., 2004). However, another study 

reported a local low amount of IL-8 secretion by contracting limb muscle 

following concentric exercise, detected by arterio-venous concentration 

differences, without a measurable effect on systemic plasma IL-8 levels 

(Pedersen, 2011b). 

 The primary role of muscle-derived IL-8 appears to be stimulation of 

angiogenesis. IL-8 associates with CXC chemokine receptor 1 (CXCR1) to 

induce chemotactic effects and CXC chemokine receptor 2 (CXCR2), which 

is present in human microvascular endothelial and mediates the induction 

of angiogenesis (Bek, McMillen, Scott, Angus, & Shaftan, 2002; Brat, Bellail, 

& Van Meir, 2005; Koch et al., 1992). 

 

1.3.4 Interleukin 15 (IL-15) 

IL-15 is a four α-helix cytokine which has structural similarities to IL-

2 (Bamford et al., 1994; Grabstein et al., 1994). IL-15 mRNA was shown 

to be upregulated following a single bout of strength training in human 

skeletal muscle (Nielsen et al., 2007) and was found to exert anabolic 

effects on skeletal muscle both in vitro and in vivo (Pedersen et al., 2007). 

A study by Furmanczyk demonstrated that IL-15 stimulates the 

accumulation of protein myosin heavy chain in differentiated muscle cells in 

skeletal myogenic cultures. Since the accretion of this major myofibrillar 
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protein, myosin heavy chain, was used as a measure of muscle anabolism, 

the result supports the role of IL-15 as an anabolic factor in muscle growth 

(Furmanczyk & Quinn, 2003).  

On the other hand, IL-15 was shown to play a role in reducing 

adipose tissue mass (Pedersen et al., 2007). Indeed, a 33% reduction in 

white adipose tissue mass was observed following 7 days of IL-15 

administration in adult rats (Carbo et al., 2001). In addition, another study 

reported a negative association between IL-15 concentration and trunk fat 

mass. This was demonstrated by a reduction in truncal fat mass upon 

overexpression of IL-15 in mice, however there was no alteration in 

subcutaneous fat mass (Nielsen et al., 2008). 

 

1.4 Lipocalin 2 

1.4.1 Overview of Lipocalin 2 

Lipocalin 2 (LCN2), also known as neutrophil gelatinase-associated 

lipocalin, was originally identified as a 25-kDa protein secreted from human 

neutrophils (Kjeldsen, Bainton, Sengelov, & Borregaard, 1994; Kjeldsen, 

Johnsen, Sengelov, & Borregaard, 1993). It was recently identified as an 

adipokine that belongs to the superfamily of lipocalins that appear to affect 

glucose metabolism and insulin sensitivity (Kjeldsen et al., 1994). 

Lipocalins are small proteins with a hydrophobic ligands binding 

pocket (Flower, 1996). As a member of lipocalin family, LCN2 possesses 

common crystal structures of an eight-stranded antiparallel β-barrel and 

participate in various biological processes. This structure indicates that 

lipocalins are able to bind and transport a wide variety of small hydrophobic 
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molecules such as retinol, fatty acids, steroids and thyroid hormone 

(Flower, 1996; LaLonde, Bernlohr, & Banaszak, 1994) 

The structure of LCN2 is similar to fatty acid binding proteins (FABPs) 

and retinol binding proteins (RBPs), whereas the cavity in LCN2 is unusually 

large with more polar and positively charged amino acids compared with 

other proteins in the lipocalin family (Kjeldsen, Cowland, & Borregaard, 

2000), suggesting that LCN2 may have unique functions in lipid binding and 

transport (Kjeldsen et al., 1993). 

LCN2 has been implicated in diverse actions, such as apoptosis and 

innate immunity and is expressed in several tissues including neutrophils, 

liver, kidney, adipocytes and macrophages (Y. Wang et al., 2007). LCN2 is 

also highly expressed in uterus, bone marrow, and granulocytes immune 

cells (Aigner et al., 2007; H. L. Huang, Chu, & Chen, 1999). Mice at 3 weeks 

of age also express LCN2 in liver, spleen, testis and lungs; however, the 

expression declines gradually with age, particularly in the liver, kidney and 

spleen with complete disappearance by the age of 11 weeks in adult mice 

(Garay-Rojas, Harper, Hraba-Renevey, & Kress, 1996). In most of the early 

studies, LCN2 expression was examined in non-adipose tissues. In 2005, 

LCN2 was first reported to be secreted from adipocytes, and since then the 

role of LCN2 as a new adipokine in metabolism has been widely examined 

(X. Chen, Cushman, Pannell, & Hess, 2005; Yan et al., 2007). 

 

1.4.2 Regulation of Lipocalin 2 

LCN2 expression is regulated by environmental stress such as 

hypoxia and infection, as well as metabolic conditions like hyperlipidaemia, 

obesity and insulin resistance (Li & Chan, 2011).  
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The promoter region of LCN2 contains the binding sites of the 

transcription factors nuclear factor-κB (NFκB), CCAAT/enhancer-binding 

protein (C/EBP) (Shen, Hu, Goswami, & Gaffen, 2006) and glucocorticoid 

response element (Garay-Rojas et al., 1996), indicating the expression of 

LCN2 may be controlled by inflammatory and metabolic conditions. 

Expression of LCN2 is markedly induced by a variety of pro-

inflammatory stimuli, including lipopolysaccharide, interleukin-1β, 

interleukin-17, TNFα and hyperglycaemia (Bu et al., 2006; Pawluczyk, 

Furness, & Harris, 2003; Yan et al., 2007). Dexamethasone and retinoic 

acid were also reported to increase LCN2 expression in mouse L cells 

(sarcoma cell line isolated from mouse fibroblasts) through an autocrine 

mechanism (Garay-Rojas et al., 1996).  

 

1.4.3 Lipocalin 2 in obesity and insulin resistance 

A study in humans by Wang et al demonstrated that serum 

concentrations of LCN2 were significantly higher in obese persons when 

compared to lean individuals in both adult males and females. Furthermore, 

LCN2 concentrations in the serum were found to have a positive association 

with waist circumference, waist-to-hip ratio, body fat percentage, systolic 

blood pressure, fasting triglycerides, fasting glucose and insulin 

concentrations, and also markers for chronic inflammation specifically C-

reactive protein (Y. Wang et al., 2007). Other studies demonstrated 

upregulation of LCN2 gene expression in adipose tissue in genetic and 

dietary-induced obese rodents (Y. Wang et al., 2007; J. Zhang et al., 2008), 

as well as in obese humans (Y. H. Lee et al., 2010; Panidis et al., 2010; Y. 

Wang et al., 2007). 
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 A cross-sectional study of 2519 Chinese individuals revealed serum 

LCN2 to be significantly higher in impaired glucose metabolism and newly 

diagnosed T2DM patients compared to normoglycaemic individuals. In 

addition, LCN2 was also positively associated with the insulin resistance 

index of homeostasis model assessment (HOMA-IR). The possible 

mechanism of this insulin resistance that has been proposed is by the 

influence of LCN2 on β cell function and insulin sensitivity partially through 

mediation of iron (Y. Huang et al., 2012). Since LCN2 has been suggested 

to be an iron delivery protein (Yang et al., 2002), it will delivers iron to the 

cytoplasm. These iron-loaded LCN2 increases intracellular iron level and the 

iron excess might result in β cell oxidative stress and impairment insulin 

secretary capacity (Cooksey et al., 2004).   

In an animal study, circulating LCN2 levels were found to be 

increased in obese animals, and LCN2 mRNA was increased in the liver of 

ob/ob mice (Yan et al., 2007). On the other hand, LCN2-deficient mice 

showed a significant decrease in fasting glucose and insulin levels, and 

improved insulin sensitivity in ageing, dietary-induced obesity or genetic-

induced obesity compared with their wild-type littermates (Law et al., 

2010). Moreover, thiazolidinedione administration reduces LCN2 gene 

expression in adipose tissue of obese animals (Yan et al., 2007; J. Zhang 

et al., 2008). Based on one of the study, it has been proposed that LCN2 

acts as an adipocyte-derived mediator of insulin resistance. Thus, the 

administration of insulin-sensitizing compounds- thiazolidinedione will 

reduce the expression of LCN2 in adipocytes (Yan et al., 2007). 
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1.5 Aim of thesis 

 

Obesity and T2DM have been identified as major worldwide health 

problems (Reilly et al., 2003; Scarborough et al., 2011; Y. C. Wang, 

McPherson, Marsh, Gortmaker, & Brown, 2011). There is a growing body of 

evidence which suggests lipid signalling molecules including fatty acids, 

endocannabinoids and fatty acid amides may play a role in the development 

of obesity and insulin resistance (Adams et al., 2004; Bermudez-Siva et al., 

2006; Chavez & Summers, 2003; Di Marzo, 2008; Kahn & Flier, 2000; 

Storz, Doppler, Wernig, Pfizenmaier, & Muller, 1999). Much of the current 

research has focused upon the synthesis and release of such molecules by 

adipose tissue and their effects upon the endocrine system. Interestingly, 

in addition to adipose tissue, CB receptors and other ECS components are 

also expressed in human and animal skeletal muscle cells. However, there 

is minimal information regarding the role of these fatty acid derivatives in 

skeletal muscle – which is primarily responsible for determining the 

metabolic rate of mammals. Given the growing obesity epidemic and the 

potential for receptors such as G protein couple receptors (GPCRs) and 

nuclear receptors to act as therapeutic targets, this lack of data represents 

a significant gap in our knowledge.  

The main mechanism of glucose uptake in contracting skeletal muscle 

is by facilitated diffusion and this process is controlled by the translocation 

of GLUT4 glucose transporter to the surface membrane. Our laboratory has 

previously demonstrated that the level of GLUT4 is extremely low in non-

contracting primary skeletal muscle cell cultures, expressed at 

approximately 3000-fold lower as compared to skeletal muscle tissue. Due 
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to the fact that the GLUT4 translocates from intracellular storage depots to 

the plasma membrane upon muscle contraction, it is essential to develop a 

contractile model of myotubes that may resemble the properties of skeletal 

muscle during exercise in vivo in order to study the effects of ECS and 

lipocalin 2 on insulin stimulated glucose uptake in skeletal muscle. 

 

Therefore, the aims of this thesis are: 

1. To develop a contractile model of skeletal muscle myotubes which 

is sensitive to insulin-stimulated glucose uptake for further 

studies on CB1 receptor characteristics. 

2. To investigate the effects of cannabinoid CB1 modulation upon 

contraction-induced improvement in insulin-stimulated glucose 

uptake in primary skeletal muscle myotubes. 

3. To examine the effects of cannabinoid CB1 modulation in skeletal 

muscle upon molecular adaptations related to the development of 

obesity and insulin resistance. 

4. To investigate the potential role of LCN2 as a novel myokine 

both in vitro and in vivo. 
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CHAPTER TWO 

 

MATERIALS AND METHODS 
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Chapter 2: Materials and Methods 

 

2.1 Tissue Collection 

Animal muscle samples were obtained from Wistar rats, weighted 

200g-250g. The muscle samples were taken from soleus muscles from the 

hindlimb. The rats were killed by cervical dislocation without anaesthesia, a 

method approved by the University of Nottingham and the Animal Scientific 

Procedures Act (ASPA) and the muscles were carefully excised within 10 

minutes of death. Human muscle samples were obtained from the vastus 

lateralis muscle. The samples were taken from healthy male volunteers with 

the age between 18-35 years old using the needle biopsy technique 

(Bergstrom needle) under local anaesthesia with full ethical approval- Ref 

No: A10112015 SoLS, approved on 11/12/2015 by University of 

Nottingham Faculty of Medicine & Health Sciences Research Ethics 

Committee. The skeletal muscle cell samples from rats and human were 

then subjected for primary skeletal muscle cell culture that will be explained 

in the next section. 

 

2.2 Skeletal Muscle Cell Culture 

The fresh skeletal muscle samples were immersed in phosphate 

buffered saline (PBS) (Oxoid, Fischer Scientific, USA) to wash out the 

residual blood. The muscles were placed on a petri dish and homogenized 

using scalpel blade. The tissues were transferred into a universal tube and 

5ml of trypsin/EDTA (0.5 g/l porcine trypsin and 0.2 g/l EDTA) was added, 

an autoclaved stirrer magnet was placed and the sample was gently mixed 

for 15 minutes at 37oC. Then the supernatant was transferred to a fresh 
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falcon tube, an equal volume of Ham F-10 medium (Sigma-Aldrich, USA) 

was added and centrifuged for 5 minutes at 1700 rpm. The supernatant 

layer was removed and the cell pellet (satellite cells) was resuspended in 

HAM’s F10 (Sigma-Aldrich, USA) growth medium, pre-plated on an 

uncoated flask for 10 minutes at 37oC to purify the satellite cells from 

existing fibroblasts in the extract, and then non-adherent cells were 

transferred to 6-well plates coated with 0.2% (W/V) gelatine. The satellite 

cells were then grown to confluence as myoblasts and differentiated into 

myotubes in growth medium. 20% (V/V) fetal bovine serum (FBS) (Thermo 

Scientific, USA) and 5ml of antibiotics (10,000 units penicillin and 10mg 

streptomycin/ml in 0.9% NaCl) (Sigma-Aldrich, USA) were added to the 

Ham’s F10 medium. After 48 hours, the cells were fed with fresh medium 

and the medium changed every subsequent 48 hours. The cells were fed 

with 20% (V/V) FBS fresh medium for 1 week, then reduced to 10% (V/V) 

FBS in fresh medium for the next 1 week and then changed to 6% horse 

serum (Gibco, Life Technologies, USA) for the subsequent week until the 

cells fused to form myotubes. Horse serum contains lower level of growth 

factors and it promoted the process of cell differentiation. The progress of 

the cell growth is shown in Figure 2-1: 
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Figure 2- 1: Representative images for rat satellites cells (day 1), 
myoblasts (day 7) and myotubes (day 30 onwards). 

 

2.3 Electrical Pulse Stimulation 

Electrical pulse stimulation (EPS) was applied to fully differentiated 

myotubes in six-well dishes using a C-Dish Culture Dish Electrode System 

combined with a C-Pace EP pulse generator (IonOptix, Milton, MA, USA) 
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(Figure 2-2). The instrument emits bipolar stimuli to the carbon electrodes 

of the C-dish, which are placed in the cell culture medium. The myotubes 

were stimulated at 1Hz, 2ms and 11.5V for 24 hours and 48 hours. The 

medium was changed directly before stimulation. After completed 24 hours 

and 48 hours, the media were stored and the cells were collected in TRI 

Reagent (Sigma-Aldrich, USA) for further analysis. 

 

 

 

Figure 2- 2: Electrical pulse stimulator and six-well culture dish 
electrode system used in the study. 
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2.4 Human Subject Exercise Protocol 

Human volunteers were subjected to right lower limb isotonic 

eccentric exercise with the total of 75 contractions which is divided to 3 sets 

of 25 reps. The contralateral limb acted as control. The muscle samples 

from the vastus lateralis muscles of both limbs were taken pre- and post-

exercise as described in table 2-1. 

 

 
Table 2- 1: Timeframe of skeletal muscle sample collection after 

exercise 

Samples 
Baseline 

(Pre-exercise) 

Post- exercise 

Immediate 

Post-exercise 

3 hours 

Post-exercise 

48 hours 

Exercise leg     

Control leg  - -  

 

Blood samples from arterial and venous circulations were also taken at pre- 

and post-exercise as described in table 2-2. 

 

Table 2- 2: Timeframe of serum collection after exercise 

  Post-exercise 

Samples Pre-exercise Immediate 
120 
min 

180 
min 

48 
Hours 

Arterial      

Venous      

 

Eccentric exercise was chosen as the exercise protocol in this study since 

other several established myokines such as IL-6 was found to be increased 

in the serum (Bruunsgaard et al., 1997); IL-8 mRNA (Nieman et al., 2003) 

together with IL-15  mRNA and protein (Nielsen et al., 2007) were found to 

be upregulated in skeletal muscles following eccentric exercise. 
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2.5 Delipidation of FBS/ Horse Serum 

125ml FBS/horse serum was mixed with 100ml N-butanol and 150ml 

di-isopropyl ether (40:60 volume ratio) in a 500ml Nalgene Translucent 

Polypropylene Copolymer (PPCO) centrifuge bottle (Thermo Scientific, USA) 

and was mixed thoroughly by end to end rotation on a daisy-wheel for 40 

minutes. Then the aqueous and organic phases were separated by 

centrifugation at 2500rpm for 5 minutes on Avanti-J series (Beckman 

Coulter, USA) centrifuge by using JLA-10.500 rotor. The aqueous phase 

(bottom layer, straw coloured) was carefully extracted by using a glass 

pipette tip and transferred to a clean 500ml Nalgene PPCO centrifuge bottle. 

The solvent extraction was repeated by adding 50ml di-isopropyl ether and 

mix thoroughly on the daisy wheel for another 40 minutes. The aqueous 

phase was again extracted by using glass pipette tip and was transferred to 

a clean 250ml conical flask. The flask was then put on the perforator in 

order to remove any trace of solvent for 5-6 hours. Next, the mixture was 

transferred to a round bottomed flask and froze in a thin layer using liquid 

nitrogen before put in a freeze dryer for overnight.  

On the next morning, 50ml of HPLC water was added into the flask 

to dissolve the freeze dried serum. After that, the dialysis bag was prepared 

by soaking it in distilled water for a minimum of 1 hour at 4oC to allow it to 

soften. After tying a knot at the end of the dialysis bag, the dissolved FBS 

was transferred into the dialysis bag using a glass funnel. Then another 

knot was tied at the top of the bag and a dialysis clip was added across of 

the bag in order to avoid any leakage. The dialysis bag then placed in a 2 

litre conical flask which filled with PBS. A magnetic stirrer was put at the 

bottom to stir and it was left at 4oC for a minimum of 12 hours during which 
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the PBS was replaced 2-3 times in between. Finally the delipidated serum 

was sterilised by passing through a 0.8μm acrodisc syringe filter. 

 

2.6 Preparation of Fatty Acids in Complex with BSA 

24% (w/v) bovine serum albumin (BSA) was prepared by gradually 

adding 6g of fatty-acid-free BSA (cat. No. A6003, Sigma-Aldrich, USA) into 

17.5ml 150mM NaCl in a beaker, over time at room temperature with 

stirring. The pH was adjusted to 7.4 with 5M NaOH, and the volume made 

up to 25ml with 150mM NaCl. This solution was filtered through a 0.45μm 

filter and frozen in aliquots at –20°C. The fatty acid/BSA solution was then 

prepared by a modification of the method of (Van Harken, Dixon, & 

Heimberg, 1969). Briefly, 39.6 mg sodium oleate (Sigma-Aldrich, USA) or 

36mg palmitic acid (Sigma-Aldrich, USA) was transferred to a glass beaker 

containing 0.5ml ethanol, and the ethanol was evaporated under a stream 

of nitrogen. Then 7ml 150mM NaCl and 48μl of 5M NaOH were added. The 

solution heated gently with stirring on a hot plate for 5 minutes. The beaker 

then was removed from the heat and 7 ml 24% (w/v) ice-cold BSA was 

added and stirred for 10 minutes. The emulsion was formed then the fatty 

acids were stored at –20°C until use. The 10mM PLO stock was prepared 

by combining each fatty acid at a ratio of 4:3:3 (palmitic, linoleic and oleic 

acid respectively). 

 

2.7 Molecular biology 

2.7.1 RNA isolation from skeletal muscle myotubes 

The RNA from the myotubes was isolated using TRI Reagent (Sigma-

Aldrich, USA) according to the manufacturer’s instruction. RNA 
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concentration and quality were measured using an LVis Plate and read using 

a FLUOstar Omega spectrometer-based microplate reader (BMG Labtech, 

Germany) by determining the ratio of absorbance at 260nm/280nm and 

260nm/230nm respectively. Ratios of (1.8 - 2.0) for purity of RNA were 

considered acceptable. 

RNA extraction for some samples were performed using Direct-zol 

RNA Kits (Zymo Research, USA) according to the manufacturer’s 

instruction. 

 

2.7.2 Complementary DNA (cDNA) synthesis 

Materials for cDNA synthesis 

Affinity Script Reverse Transcriptase (200U/μl) (Agilent Technologies, CA, 

USA) 10X first strand buffer (Invitrogen, UK)  

25 mM deoxynucleotide triphosphates (dNTPs) mix (Promega, UK)  

100ng/ul Random hexamers (Promega, UK)  

RNAse out (40U/μl) (Invitrogen, UK)  

0.1M dithiothreitol (DTT) (Invitrogen, UK)  

Diethylpyrocarbonate (DEPC) treated water 

 

2.7.2.1 Methods for cDNA synthesis 

cDNA was synthesized from 500ng of total RNA per sample using 

AffinityScript Multiple Temperature Reverse Transcriptase (Agilent 

Technologies, USA). 500ng RNA was first incubated with 50ng random 

primer and 1μl of 25mM dNTP mix at 65oC for 5 minutes to denature RNA 

secondary structure and then immediately chilled on ice for at least 1 

minute to let the primer anneal to the RNA. 2μl of 10x AffinityScript RT 
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Buffer, 2μl of 100mM DTT, 1μl RNase out and 1μl AffinityScript Multiple 

Temperature Reverse Transcriptase were then added. The reaction mixture 

was mixed gently and pre-incubated at 25oC for 10 minutes and further 

incubated at 55oC for 60 minutes. Inactivation of the enzyme was achieved 

by further heating the mixture to 70oC for 15 minutes and finally cooling to 

4oC to stop the reaction. The cDNA was then used as a template for 

amplification in RT-PCR. 

 

2.7.3 Taqman Real-time quantitative PCR 

2.7.3.1 Sample preparation 

The cDNA was then used as a template and amplified by using the 

Taqman Universal PCR fast Master Mix Kit (Applied Biosystem, USA). For 

the standard curve, an equal aliquot of undiluted cDNA from each sample 

was pooled together. This cDNA pool (super neat) was serially diluted four-

fold with DEPC treated water (0.1% diethylpyrocarbonate in water) to 

produce a five-point standard curve (neat, 1:4, 1:16, 1:64, 1:256). DEPC 

treated water was used as no-template control. The samples for 

quantification were diluted in range of 1:8 to 1:16.  Each PCR reaction was 

performed in a total volume of 13μl per-reaction containing 6.5µl of Taqman 

Universal PCR Master Mix, 0.4µl of 400pM forward and reverse primers, 

0.25µl of 250pM of TaqMan probe, 2.45 µl of DEPC treated water and 3µl of 

cDNA sample (Table 2-3).  
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Table 2- 3: Sample preparation for Taqman QRT-PCR reaction 

Reagent Volume 

Taqman Universal Fast 

PCR Master Mix 
6.5 μl 

Forward primer (400 pM) 0.4 μl 

Reverse primer (400 pM) 0.4 μl 

Probe (250 pM) 0.25 μl 

DEPC treated H2O 2.45 μl 

Sample cDNA 3 μl 

Total Reaction Volume 13 μl 

 

 

2.7.3.2 Primer and Probe Design 

The primer and probe sets for Taqman qRT-PCR were designed using 

Primer Express 3 software (Applied Biosystems) and synthesized 

commercially (Eurofins MWG Operon, Germany). The probe was labelled 

with a reporter fluorescent dye (FAM) at the 5’-end and a fluorescent dye 

quencher (TAMRA) at the 3’-end. The sequences of the primers and probes 

are detailed in Table 2.4: 

 

Table 2- 4: Primer and probe sequences for Taqman qRTPCR 

N

o 

Oligo 

Name 

Sequence (5'-3') Tm 

(oC) 

GC-

conten

t 

1 Rat 

Beta-

actin 

Forward AGCCATGTACGTAGCCATCCA 59.8 52.4% 

Reverse TCTCCGGAGTCCATCACAATG 59.8 52.4% 

Probe TGTCCCTGTATGCCTCTGGTCGTACCAC 69.5 57.1% 

2 Rat 

GAPDH 

Forward TCTGCTCCTCCCTGTTCTAGAGA 62.4 52.2% 

Reverse CGACCTTCACCATCTTGTCTATGA 61.0 45.8% 

Probe  ATCTTCTTGTGCAGTGCCAGCCTCGT 66.4 53.8% 

3 Rat Forward CCAGAAGACCTCTGAAAACAAACA 59.3 41.7% 
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Lipocali

n 2 

Reverse CGAATCGCTCCTTCAGTTCAT 57.9 47.6% 

Probe CTTCAAAGTCACCCTGTACGGAAGAACC

AA 

66.8 46.7% 

4 Rat 

Neuro-

peptide 

Y 

Forward GCAGAGGACATGGCCAGATAC 61.8 57.1% 

Reverse TGGATCTCTTGCCATATCTCTGTCT 61.3 44.0% 

Probe ACTCCGCTCTGCGACACTACATCAATCT

C 

68.1 51.7% 

5 Rat 

TRIB 3 

Forward CAAGCACGGGCTCATCTTG 58.8 57.9% 

Reverse CACCAACTTCGTCCTCTCACAGT 62.4 52.2% 

Probe CCTCAAGTTGCGTCGATTTGTCTTCAGC 66.6 50.0% 

6 Rat 

NR4A1 

Forward TGTTGCTAGAGTCCGCCTTTC 59.8 52.4% 

Reverse CAGGCCTGAGCAGAAGATGAG 61.8 57.1% 

Probe TTATCCTCCGCCTGGCCTACCGATCTAA 68 53.6% 

7 Rat 

NR4A2 

Forward TTGCAGAATATGAACATCGACATTT 56.4 32.0% 

Reverse CCCGTGTCTCTCTGTGACCAT 61.8 57.1% 

Probe TCTCCTGCATTGCTGCCCTGGC  65.8 63.6% 

8 Rat 

NR4A3 

Forward CGCCCTTGTCCGAGCTTTA 58.8 57.9% 

Reverse CGGTGGGACAGTATCTGGAGTAA 62.4 52.2% 

Probe CAGACGCAACGCCCAGAGACCTTG 67.8 62.5% 

9 Rat 

GLUT4 

Forward ATACCTCTACATCATCCGGAACCT 61.0 45.8% 

Reverse GCCAGTGCATCAGACACATCA 59.8 52.4% 

Probe CTGCCCGAAAGAGTCTAAAGCGCCTG 68.0 57.7% 

10 Rat 
PGC1α 

Forward AGACAAATGTGCTTCCAAAAAGAA 55.9 33.3% 

Reverse GTTGTTGGTTTGGCTTGAGCAT 58.4 45.5% 

Probe TCCCATACACAACCGCAGTCGCA 64.2 56.5% 

11 Human 

Beta-

Actin  

Forward CCTGGCACCCAGCACAAT 58.2 61.1% 

Reverse GCCGATCCACACGGAGTACT 61.4 60.0% 

Probe ATCAAGATCATTGCTCCTCCTGAGCGC 66.5 51.9% 

12 Human 

Lipocali

n 2 

Forward CCTCCGTCCTGTTTAGGAAAAA 58.4 45.5% 

Reverse CTCGTTAATCCAGGGTAACTCTTAATG 61.9 40.7% 

Probe TTGCCAGCCCGGCGAGTTCA 63.5 65% 
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2.7.3.3 Taqman Rt-QPCR Protocol 

All samples were run in TaqMan RNase P 96-well plates (Applied 

Biosystem, USA) and qRTPCR was carried out using an Applied Biosystem 

Step OnePlus™ Thermocycler for 40 cycles. This was performed in two 

consecutive stages as follows (Figure 2-3):  

Stage 1: 95oC (enzyme activation) for 20 seconds  

Stage 2: 95oC (denaturation) for 1 second and 60oC (annealing/ 

elongation) for 20 sec (repeated for 40 cycles) 

 

 

Figure 2- 3: Taqman qRTPCR protocol  

Enzyme activation at 95oC, denaturation at 95oC and annealing/elongation 

at 60oC. 
 

All standards, samples and negative controls were assayed in 

triplicate to ensure accurate results. In this study, relative expression levels 

were determined using the relative standard curve method (Bustin, 2000). 

A standard curve was then constructed by plotting Ct values versus the 
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logarithm of the serial cDNA dilutions. The slope of this standard curve is 

an indication of the efficiency of the RT-PCR reaction. For these 

experiments, assays were deemed acceptable if there was no more than 

0.5 cycle threshold (Ct) difference between the values of a triplicate and 

the standard curve slope within the range (-3.2 to -3.6) were considered 

acceptable (Figure 2-4). The mRNA expression levels of specific genes were 

normalized to the mRNA expression level of reference genes, ß-actin or 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

  

 

Figure 2- 4: Serial standard curve with slope of -3.37 and r2 of -
0.99 

 

2.8 Free Fatty Acid Assay 

Free fatty acid assay of horse serum and lipid-free horse serum was 

performed using NEFA-HR Assay kit (Wako Diagnostic, USA) according to 

manufacturer’s instructions. 
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2.9 Triglyceride assay 

A stock of 500μg/ml of Nile red was prepared in acetone and 

subsequently the working solution of 5.5μg/ml of Nile red was prepared in 

PBS. Standards were prepared for 8 points of 1:2 serial dilutions using olive 

oil (diluted in isopropanol) starting from 0.4% concentration (4μg/ml). 

Assay performed by loading 10μl of standards, blanks and samples. Then 

90μl of working solution was added to each well. The plate was covered 

from light and shook for 5 minutes before read Ex: 485 and Em: 590 using 

FLUOstar Omega spectrometer-based microplate reader (BMG Labtech, 

Germany). 

 

2.10 Protein Assay 

Protein assays were performed using Pierce BCA Protein Assay Kit 

(Thermo Scientific, USA). The samples were prepared as 1:50 dilution. 20μl 

of standards and samples together with 200μl of working reagent were used 

in the assay. The absorbance was read at 560nm using FLUOstar Omega 

spectrometer-based microplate reader (BMG Labtech, Germany). 

 

2.11 Lactate Assay 

The lactate determination method was based on LDH- mediated 

conversion of lactate to pyruvate which in the process converts NAD+ to 

NADH. The enzyme rate was quantified by following the increase in NADH 

at 340nm. 

Reaction mix was prepared by adding 20u/ml L-Lactate 

Dehydrogenase from rabbit muscle (Sigma Aldrich, USA) and 3mM β-

Nicotinamide adenine dinucleotide sodium salt (Sigma Aldrich, USA) in 20ml 
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aqueous glycine-EDTA-hydrazine buffer pH 9.0 (200mM glycine, 2mM 

EDTA, 250mM hydrazine hydrate).  Standards were prepared in 1:2 serial 

dilution of 5mM lactic acid (Fisher Scientific, USA) in HAM’s F10 culture 

media. 

Assays were performed by loading 20μl standards, samples and 

blanks respectively in triplicates into a 96-well plate. Then 100μl reaction 

mix was added to each well and the absorbance was measured at 340nm 

at once (t0) and after 30 minutes (t30) using FLUOstar Omega 

spectrometer-based microplate reader (BMG Labtech, Germany). The 

optical density values of t30-t0 were taken to determine the lactic acid 

concentration in the samples by reference to the standard curve.   

 

2.12 Glucose Assay 

The principle of this glucose determination assay is based on the 

oxidation of glucose by glucose oxidase (GOD) to glucoronic acid and 

hydrogen peroxide. The hydrogen peroxide is then quantified 

stoichiometrically by horse radish peroxide-linked oxidation of and acceptor 

to a chromogen (tetra-amino benzidine to a blue-yellow product measured 

at 450nm or dianisidine to a pink product measured at 540nm). The reagent 

mix was prepared by adding 0.4mg glucose oxidase (Sigma-Aldrich, USA) 

and 1mg horseradish peroxidase (Sigma-Aldrich, USA) into 10ml TrisHCl 

1M, pH7.4, then 0.1 tetramethylbenzidine (Sigma-Aldrich, USA) was added 

to the mix. The standards were prepared in 1:2 serial dilution of HAM’s F10 

(Sigma-Aldrich, USA) culture media (6.1 mM glucose concentration). Assay 

was performed by loading 10μl standards and samples into 96-well plate 

and 100μl of reaction mix was added to each well. After 10 minutes, 0.2M 
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sulphuric acid was added to each well to stop the reaction and the 

absorbance was read at 450nm using FLUOstar Omega spectrometer-based 

microplate reader (BMG Labtech, Germany). The standard curve was 

prepared by curve fit ‘single site binding’ using PRISM 5 and the samples 

concentration were derived from the standard curve. 

 

2.13 Enzyme-linked Immunosorbent Assay (ELISA) 

Lipocalin 2 protein levels in human serum were quantified using a 

Quantikine ELISA kit (cat. no. DLCN20, R&D Systems, USA) and assayed 

according to manufacturer’s instructions. The ELISA plate was read using a 

FLUOstar Omega multi-mode microplate reader (BMG LABTECH, Germany) 

set to 450 nm and using wavelength correction set at 570 nm. 

Quantification and analysis of Lipocalin 2 in the samples was carried out 

using MARS Data Analysis Software (BMG LABTECH, Germany). 

 

2.14 Protein expression analysis by Western Blotting  

Western blotting was used as a qualitative and semi-quantitative 

approach for visualizing and measuring the expression pattern of total 

intracellular proteins in primary skeletal muscle myotubes and extracellular 

secreted proteins released by the myotubes into the media.  

 

Reagents and solutions 

 8M SDS-Urea lysis buffer 

8M urea 

5% SDS (w/v) 

1M DTT 
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1.5M tris-HCL pH6.8  

100% Trichloroacetic Acid (TCA)  

10g of trichloroacetic acid (TCA) in a final volume of 10 ml H2O 

  

10% Ammonium Persulfate (APS) 

0.1g of Ammonium persulfate was dissolved in 1ml of distilled water 

immediately prior to use.  

 

4X Separation gel buffer (pH 8.8)  

1.5M Tris Base; 0.4% (w/v) SDS, pH 8.8  

 

4X Stacking gel buffer (pH 6.8)  

0.5M Tris Base; 0.4% (w/v) SDS, pH 6.8  

 

10% Separation gel 

3.35ml 30% (w/v) Acrylamide; 3.25ml distilled water; 2.5ml 4X 

separation buffer pH 8.8, 100μl 10% (w/v) Ammonium persulfate (APS); 

10μl TEMED.  

 

4X Stacking gel (for 4 mini gels)  

0.5ml 30% (w/v) Acrylamide; 3.25ml distilled water; 1.25ml 4X Stacking 

buffer pH6.8; 50μl 10% (w/v) Ammonium persulfate (APS); 5μl TEMED.  

 

10X Running Buffer (500ml)  

72g Glycine; 15g Tris Base; 50ml 10% (w/v) SDS, made up to 500ml with 

distilled water  
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10X Transfer Buffer (500ml)  

72g Glycine; 15g Tris Base, made up to 500ml with distilled water  

 

Transfer Buffer working solution (1X)  

80ml 10X Transfer Buffer; 120ml Methanol, made up to 800ml with 

distilled water  

 

10X Tris Buffered Saline (TBS) (1000ml)  

24.23g Tris Base; 87.66g Sodium Chloride (NaCl) pH 7.4 with 

concentrated HCl  

 

1X Tris Buffered Saline-Tween 20 (TBS-T)  

100ml 10X TBS with 1ml of Tween 20, made up to 1litre with distilled 

water  

 

Blocking buffer  

5% (w/v) non-fat dry milk dissolved in 1X TBST 

  

2.14.1 Protein extraction from primary skeletal muscle myotubes 

for Western blotting analysis  

The culture media was aspirated and the cells washed with ice-cold 

PBS. 1ml of ice-cold monophasic lysis reagent -TriReagent (Sigma-Aldrich, 

USA) was added per well and the homogenates were incubated for 5 

minutes at room temperature to permit complete dissociation of 

nucleoprotein complexes. Then, the cells were scraped using the cell 

scraper and each sample was divided and transferred into two separate 
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1.5ml tubes. Next, 0.2ml of 1-Bromo-3-chloro-propane (BCP) was added to 

the sample and vigorously mixed. The samples were then separated into 

two phases by centrifugation at 10,000 x g for 15 minutes at 4oC and the 

upper aqueous phase was transferred into a fresh tube (for RNA extraction). 

The lower aqueous phase was then used for protein extraction.  

Next, 0.3ml 100% ethanol was added into the lower aqueous phase, 

mixed by inversion and allowed to stand at room temperature for 2-3 

minutes followed by centrifugation at 2000 x g for 5 minutes at 4oC. Then, 

the supernatant was transferred into 5ml Falcon tubes, 1.5ml of isopropanol 

was added and the samples mixed and allowed to stand at room 

temperature for 10 minutes before centrifugation at 12000 x g for 10 

minutes at 4oC. The supernatants were discarded and the pellets were 

washed 3 times in 0.3M guanidine hydrochloride/95% ethanol solution. 

During each wash, the samples were stored in wash solution for 20 minutes 

at room temperature before being centrifuged at 7,500 × g for 5 minutes 

at 4oC. After 3 washes, 2 ml of 100% ethanol was added and the samples 

vortexed. The sample was again allowed to stand for 20 minutes at room 

temperature before being centrifuged at 7,500 x g for 5 minutes at 4oC. The 

supernatant was than discarded and the pellets were allowed to dry for 5-

10 minutes before being dissolved in 200μl 8M SDS-urea lysis buffer and 

5μl of 1% (w/v) bromophenol blue was added. The samples were then 

stored at -20oC until later use.  

 

2.14.2 Protein extraction from primary myotube conditioned media 

using Trichloroacetic acid (TCA)  
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Secreted proteins and factors in primary skeletal myotubes media 

were precipitated using a Trichloroacetic acid (TCA) precipitation method. 

Briefly, 250μL of 100% TCA was added to 1ml culture media, vortexed and 

incubated for 30 minutes on ice. Samples were centrifuged at 13000 rpm 

for 30 minutes at 4oC, and the supernatant discarded. The remaining 

protein pellets were washed two times with ice cold acetone and left to dry 

for 5 minutes. Protein pellets were the dissolved in 300μl 8M SDS-urea lysis 

buffer and 5μl of 1% (w/v) bromophenol blue was added. Samples were 

incubated at 95oC for 5 minutes and then stored at -20oC until later use. 

 

2.14.3 Western blotting gel electrophoresis  

Protein samples from skeletal muscle myotubes or media were 

incubated for 5 minutes at 95°C before being loaded onto 10% SDS-PAGE 

gels. 5μL of protein molecular weight marker (Precision Plus Protein TM 

Standards, Kaleidoscope, Bio-Rad) was also loaded into each gel for target 

protein identification. The gel electrophoresis for protein samples was run 

at 80V for 15 minutes to allow gentle migration of protein from the stacking 

gel, and then switched into a constant voltage of 150V for about 1 hour.  

For protein transfer, nitrocellulose membranes (GE Healthcare Life 

Sciences) were pre-soaked in 1X transfer buffer, and protein transferred to 

the nitrocellulose membrane using a Mini Trans-Blot Cell Tank (BioRad, 

USA) filled with 1X transfer buffer according the manufacturer’s guidelines 

(Bio-Rad, USA), at 100v for 1 hour. Protein bands were visualized by 

staining the membrane with Ponceau Red (diluted 1:10) for 5 minutes; this 

was washed off with TBS-T before further steps. The nitrocellulose 
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membrane was incubated in a blocking solution of 5% skimmed milk (w/v) 

in TBS-T for 1 hour at room temperature under gentle shaking.  

 

2.14.4 Immunodetection following western blotting and 

densitometry analysis  

Blots were removed from the blocking solution and incubated in the 

presence of a specific primary antibody in 5% milk (w/v) in TBS-T, 

overnight at 4°C with gentle shaking. Subsequently, the membrane was 

washed three times with TBS-T, and incubated with the appropriate IR-

Dye®-conjugated secondary antibody (LI-COR® Biosciences, 1:3000 

dilution in 5% (w/v) skimmed milk). Details of primary antibodies are 

described in Table 2.5. The blot was washed five times with TBS-T the target 

protein was visualised using the Odyssey® Infrared Image system (LICOR 

Biosystems, USA) at 700nm or 800nm. Densitometry was performed using 

Odyssey® Imaging System Software (LICOR Biosystems, USA). 

Densitometric analysis was performed by measuring the sum of the 

individual pixel intensity values (Total) for a shape (protein band) minus 

the product of the average intensity values of the pixels in the background 

(BKgnd), and total number of pixels enclosed by the shape (Area).  

Densitometry value (Signal) = Total-(Background x Area) 

 

Table 2- 5: List of primary and secondary antibodies used in 
Western Blot experiments 

Antibody 
(Catalog 
number) 

Company 
Species 
raised 

in 
Concentration Condition Secondary 

Approx. 
weight 
(kDa) 

Monoclonal- 
Akt (pan)- 
(#2920) 

Cell 
Signalling 

Mouse 1:2000 
Overnight 
incubation 

1:3000 60 

Polyclonal- 
Phospho-Akt 
(Ser473)- 

(#9271) 

Cell 
Signalling 

Rabbit 1:1000 
Overnight 
incubation 

1:3000 60 
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Polyclonal- 
RPLPO- 

(ab154970) 
Abcam Rabbit 1:1000 

Overnight 
incubation 

1:3000 34 

Polyclonal- 
PI3K p85- 
(#4292) 

Cell 

Signalling 
Rabbit 1:1000 

Overnight 

incubation 
1:3000 85 

Polyclonal- 
PI3K p110α- 

(#4255) 

Cell 
Signalling 

Rabbit 1:1000 
Overnight 
incubation 

1:3000 110 

Polyclonal- 
Rat Lipocalin 

2/NGAL- 
(AF3508) 

R&D 
Systems 

Goat 1:200 
Overnight 
incubation 

1:3000 25 

Polyclonal- 
Human 

Lipocalin 

2/NGAL 
(AF1757) 

R&D 

Systems 
Goat 1:1000 

Overnight 

incubation 
1:3000 25 

 

2.15 Immunocytochemistry 

Rat myotubes were grown on a coated cover slip (0.2% (w/V) 

gelatine) and fixed with 3-4% paraformaldehyde in PBS, pH 7.4 for 15 min 

at room temperature. The cells were then washed twice with ice cold PBS. 

Cells were permeabilized by incubation of the samples in PBS containing 

0.25% Triton X-100 for 10 min and cells were then washed in PBS three 

times for 5 min. To block unspecific binding of the antibodies cells were 

incubated with 1% (w/v) BSA in PBST for 30 min. Overnight incubation with 

primary antibodies was carried out at 4°C. The primary antibody solution 

was then decanted and the cells washed three times in PBS (5min each) 

before incubation with the secondary antibody in 1% (w/v) BSA, PBS for 1 

hr at room temperature in the dark. The cells were then washed three times 

with PBS for 5 min each in the dark. Before mounting the cover slip on a 

slide the nuclei were stained with DAPI (1μg/mL) for 1 min. Images were 

obtained using a Leica DMRB fluorescent microscope with an oil or glycerol 

immersion lens at 40x and 64x magnification, respectively. Images were 

captured using Openlab software (Improvision-Perkin Elmer, UK). 
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Table 2- 6: Primary and secondary antibodies used in 
immunofluorescence experiment 

Primary antibody 

(source) 

Dilution/ 

conditions 

Secondary antibody/ 

wavelenght 

Dilution/ 

conditions 

Rabbit polyclonal anti-

GLUT4 (Abcam 

ab33780) 

 

1:100 

4oC 

overnight 

Goat anti-rabbit Cross-

adsorbed Dylight 488 

(Thermo Sc. #35553) 

1:750 

RT 1hr 

 

 

2.16 Glucose Uptake Assay 

Reagents and solutions 

[3H] 2-Deoxy-DGlucose (2-DOG) specific activity 20-50 Ci (740 -

1850 GBq)/mmol) was purchased from PerkinElmer. 2-Doexy-D-Glucose 

and D-Glucose were purchased from Sigma-Aldrich, USA. 

 

Reaction buffer: 

-138 mM NaCl 

- 1.85 mM CaCl2 

-1.3 mM MgSO4 

-4.8 mM KCl 

-0.2% (w/v) BSA 

-50 mM HEPES pH 7.4 

 

2.16.1 Glucose uptake in skeletal muscle myotubes 

Myotubes in 6 well plates with 6% horse serum media (Ham-F10) 

were given electrical pulse stimulation (2ms, 1 Hz, 11.5V) for 48 hours.  

They were then washed twice in PBS and incubated in serum free medium 

(Hams-F10 only) for 2 hours. The myotubes were then washed twice in PBS 

and incubated in 2ml reaction buffer for 45 minutes at 37oC. Myotubes were 
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then treated with 2 μl 100 nM insulin for 15 min in reaction buffer at 37oC. 

Following the incubation with insulin, 250 μl of (27.8 kBq [3H] 2-DOG and 

10 μM of 2-DOG) was added in each well and incubated for another 15 

minutes. Glucose uptake was terminated by washing the cells with ice cold 

PBS containing 10 mM glucose three times and then cells were solubilised 

in 500 μL 0.5 M NaOH and 0.1% SDS. Cells were then scraped and the 

lysates transferred to scintillation vials and 5ml liquid scintillant (Perkin-

Elmer, USA) was added. Radioactivity was measured using a liquid 

scintillation analyser Tri-Carb 2100TR (Packard Instrument Company, 

USA).  

 

2.17 Presentation of data and statistical analysis  

Data are presented as mean ±SEM. Unpaired two-tailed Student’s t 

test, one-way ANOVA or two-way ANOVA (Bonferroni’s post-hoc test) were 

used to determine statistical significance. All statistical analyses were 

performed using Prism5 (Graph-Pad, La Jolla, CA, USA), with a value of 

p<0.05 considered to be statistically significant. Corresponding significance 

levels are as indicated.  
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Chapter 3: Development of Contractile Myotubes 
Model 
 

3.1 Introduction 

 Exercise has been shown to have a positive impact on a number of 

diseases in humans including obesity and T2DM. It is well established that 

physical inactivity causes accumulation of visceral fat and that the health 

consequences of both are related to systemic low-grade inflammation 

(Handschin & Spiegelman, 2008; Pedersen, 2009; Yudkin, 2007). Study 

shown that an appropriate amount of physical exercise exerts a wide variety 

of biological effects, such as an enhancement of glucose disposal, changes 

in muscle fibre types, induction of angiogenesis, and regulation of the 

immune system (Jessen & Goodyear, 2005). 

 For over 300 years, scientists have understood that stimulation, in 

the form of an electrical impulse, is required for normal muscle function 

(Donnelly et al., 2010). Apart from that, during development of skeletal 

muscle cell myotubes in vitro, the transition from primary myotubes to 

secondary myotubes is dependent on electrical activity. In the absence of 

electrical activity, secondary myotubes and adult muscle fibers fail to form 

(Wilson & Harris, 1993). Therefore, if the electrical stimulation pattern can 

be reproduced in vitro, it may promote the transition toward adult myofibers 

within engineered muscles (Donnelly et al., 2010).  

 Even though the use of electrical stimulation of muscle tissue has a 

long history but the control of important stimulation parameters such as 

pulse widths, frequency, and voltage amplitude has been poorly understood 

(Dennis, Smith, Philp, Donnelly, & Baar, 2009). It is only within the last few 

decades that the effect of different stimulation patterns on muscle function 
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has been fully appreciated (Dow et al., 2004). It is well known that 

physiological electrical impulses can be modelled in vitro by tuning EPS 

parameters such as voltage amplitude, pulse width, and frequency. 

However, methodology for controlling these stimulation parameters to 

develop in vitro functional skeletal muscle tissues remains to be established. 

Inappropriate EPS parameters can result in electrochemical damage to the 

tissues. Too high voltages typically cause electroporation (W. Chen, 2005), 

which plays a greater role in electrochemical damage than pulse width. 

 A muscle twitch is usually divided into three phases: 1) the latent 

period; 2) the contraction period; 3) the relaxation period. The latent period 

is the time from when the stimulus is delivered to the first indications of 

contraction in the muscle. The contraction period, or contraction time, is 

the time it takes the muscle to reach its peak contraction after the latent 

period. The relaxation period is the time the muscle takes to return to 

resting tension after reaching its peak contraction (Sandow, 1952). 

 An interesting study by Ito et al. demonstrated the effects of chronic 

continuous EPS upon skeletal muscle culture physiological parameters such 

as peak twitch force (Pt) and excitability. They investigated continuous EPS 

parameter ranges of 0.1-0.5 V/mm pulse amplitudes, 2-10ms pulse widths 

and 0.5-50Hz frequencies that were given to mouse C2C12 cell cultures for 

up to 14 days. Results revealed the skeletal muscle tissue culture began to 

generate contractile force in response to EPS after 4 days of cell 

differentiation. On the day-4 of EPS, low frequency electrical stimulation at 

0.5, 1, and 2 Hz induced individual twitch contractions, while the additional 

activation of contractile elements, called tetanus, was observed after 

repeated stimulation with high-frequency electrical pulses at 50 Hz. The 
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twitch force at various voltages and pulse widths was measured and results 

showed %Pt increased proportionately within the range of electric pulses 

tested (voltage: 0.1–0.5 V/mm; width: 2–10 ms). On the day-4 to day-7 

of EPS, the tissue culture generated the highest peak twitch force which 

was about 24.5%Pt by electrical pulse of 1Hz, 0.3V/mm, and 4ms. On day-

10 onwards, highest peak twitch force was 54.1% by electrical pulse of 1Hz, 

0.3V/mm, and 4ms. The changes in force production were dependent on 

%Pt, regardless of electrical signal parameters such as pulse voltage and 

width (Ito et al., 2014). 

 Apart from that, several studies have shown that EPS on skeletal 

muscle elicits GLUT4 translocation (Derave et al., 1999; Nedachi, Fujita, & 

Kanzaki, 2008) and promotes the increase in glucose uptake (Aas, Torbla, 

Andersen, Jensen, & Rustan, 2002; Derave et al., 1999; Hespel et al., 1995; 

Lambernd et al., 2012; Manabe et al., 2012; Nedachi et al., 2008; Nikolic 

et al., 2012; Ploug, Galbo, & Richter, 1984).  

 However, previous data from our laboratory showed that the level of 

GLUT4 was extremely low, approximately 3000-fold lower levels in non-

contracting primary skeletal muscle cell cultures compared to muscle tissue 

and this may results in ineffective glucose uptake. Due to the fact that 

glucose enters muscle cells via facilitated diffusion through GLUT4 which 

translocates from intracellular storage depots to the plasma membrane and 

T-tubules upon muscle contraction (Richter & Hargreaves, 2013), we began 

to develop a contractile model of myotubes that may resemble the 

properties of muscle cells during exercise. The contractile myotubes model 

should demonstrate several properties such as high in GLUT4, sensitive to 

insulin and able to perform insulin-stimulated glucose uptake effectively in 



69 
 

order to be used for further experiments. For this purpose, we have decided 

to apply EPS on the myotubes.  

 The frequency of 1Hz has been selected to be applied to our 

myotubes since it was shown to be the optimum frequency level for the 

skeletal muscle culture to produce the maximum peak twitch force (Ito et 

al., 2014). In relation to this, our EPS was performed according to protocol 

by Lambernd et al. (Lambernd et al., 2012) 1Hz, 2ms and 11.5V since this 

protocol has shown to be able to elicit insulin-stimulated glucose uptake in 

human primary skeletal muscle myotubes.   

 

3.2 Objectives 

3.2.1 General objective 

To develop a contractile model of skeletal muscle myotubes which is 

sensitive to insulin stimulated glucose uptake. 

 

3.2.2 Specific objectives 

 To compare biochemical changes after contractile stimulation 

namely lactic acid production and glucose consumption in culture 

media in the stimulated and non-stimulated myotubes. 

 To compare GLUT4 expression in the stimulated and non-stimulated 

myotubes. 

 To compare mitochondrial biogenesis markers, specifically PGC1α in 

the stimulated and non-stimulated myotubes. 

 To compare the insulin stimulated glucose uptake between the 

stimulated and non-stimulated myotubes. 
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3.3 Experiment designs and methods 

 

3.3.1 Lactic acid concentration in culture media of rat myotubes 

post-EPS  

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from 2 of the plates were then given 

EPS for 24 hours and 48 hours respectively as described in Chapter 2 section 

2.3, and the other 2 plates acted as control. Lactic acid levels in the culture 

media were determined by lactate assay method as described in Chapter 2 

section 2.11. 

 

3.3.2 Glucose concentration in culture media of rat myotubes post-

EPS  

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from 2 of the plates were then given 

EPS for 24 hours and 48 hours respectively as described in Chapter 2 section 

2.3, and the other 2 plates acted as control. Glucose levels in the culture 

media were determined by glucose assay method as described in Chapter 

2 section 2.12. 

 

3.3.3 GLUT-4 mRNA gene expression in rat myotubes post-EPS  

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from 2 of the plates were then given 
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EPS for 24 hours and 48 hours respectively as described in Chapter 2 section 

2.3, and the other 2 plates acted as control. The RNA was extracted and 

the GLUT4 mRNA was measured by Taqman qRTPCR as described in 

Chapter 2 section 2.7.  

 

3.3.4 PGC1α mRNA gene expression in rat myotubes post-EPS  

1x105 of satellite cells/well (from a single rat) were seeded into 2 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from one of the plates were then given 

EPS for 48 hours as described in Chapter 2 section 2.3, and the other plate 

acted as control. The RNA was extracted and the PGC1α mRNA was 

measured by Taqman qRTPCR as described in Chapter 2 section 2.7.  

 

3.3.5 Insulin stimulated glucose uptake post-EPS in rat myotubes 

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from 2 of the plates were then given 

EPS for 48 hours as described in Chapter 2 section 2.3, and the other 2 

plates acted as control. Glucose uptake was determined by the glucose 

uptake assay as described in Chapter 2 section 2.16 with and without insulin 

treatment.  

 

3.3.6 Insulin stimulated glucose uptake post-EPS in human 

myotubes 

1x105 of satellite cells/well (from a single individual) were seeded 

into 4 units of 6-well plates and grown to form matured myotubes as 
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described in Chapter 2 section 2.2. The myotubes from 2 of the plates were 

then given EPS for 48 hours as described in Chapter 2 section 2.3, and the 

other 2 plates acted as control. Glucose uptake was determined by the 

glucose uptake assay as described in Chapter 2 section 2.16 with and 

without insulin treatment.  

 

3.3.7 Optimum time for insulin stimulated glucose uptake post-EPS 

in rat myotubes 

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes from 3 of the plates were then given 

EPS for 48 hours as described in Chapter 2 section 2.3, and the other 1 

plate acted as control. Glucose uptake was determined by the glucose 

uptake assay as described in Chapter 2 section 2.16 at 3 different 

timeframe: immediately post-EPS, 24 hours post-EPS, 48 hours post-EPS 

and 48 hours control respectively. The glucose uptake assay was performed 

with the treatment of insulin (n=3) and vehicle (n=3) from the same plate 

for each set of the experiment. 

 

3.3.8 GLUT-4 translocation following EPS in rat myotubes 

For the immunocytochemistry study, 1x105 of satellite cells (from a 

single rat) were seeded on cover slip pre-coated with 0.2% (w/v) gelatine 

which were placed in 2 units of 6-well plates. The myotubes from 1 of the 

plates were then given EPS for 48 hours as described in Chapter 2 section 

2.3, and the other plate acted as control (non-stimulated). Then the 

myotubes were treated either with 100nM insulin or vehicle.  
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 Non-stimulated myotubes with vehicle: n=3 

 Non-stimulated myotubes with 100nM insulin: n=3 

 EPS myotubes with vehicle: n=3 

 EPS myotubes with 100nM insulin: n=3 

The immunofluorescence staining was performed as described in 

Chapter 2 section 2.15. The primary and secondary antibodies used 

together with their dilutions and conditions were as described in Table 2-6. 
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3.4  Results  

 

3.4.1 Lactic acid concentration in culture media of rat myotubes 

post-EPS  

Lactic acid concentrations in the culture media increased from 24 

hours to 48 hours in both control and electrical pulse stimulation groups. 

There was significant increase in lactic acid concentration in the culture 

media of the electrical pulse stimulated myotubes at 24-hours (p<0.05, 

n=6) and 48-hours (p<0.001, n=6) (Figure 3-1).  

 

 

Figure 3- 1: Effect of EPS on lactic acid accumulation in the culture 
media of rat myotubes. 

Cultured myotubes were electrically stimulated (1Hz, 2ms pulses, 11.5V) 
for 24h and 48h continuously. Data presented as mean ± SEM (*p<0.05, 

***p<0.001, Two-way ANOVA with Bonferronis’s post-hoc, n=6). 
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3.4.2 Glucose concentration in culture media of rat myotubes post-

EPS  

Glucose concentrations in the culture media decreased over 24 to 48 

hours in both control and electrical stimulation groups. There was 

significantly increased reduction of glucose in the culture media of 48-hour 

electrical pulse stimulated myotubes as compared to 48-hour control 

(p<0.01, n=6) (Figure 3-2) 

 

Figure 3- 2: Effects of EPS on glucose concentration in the culture 
media of rat myotubes. 

Cultured myotubes were electrically stimulated (1Hz, 2ms pulses, 11.5V) 
for 24h and 48h continuously. Data presented as mean ± SEM (**p<0.01, 

Two-way ANOVA with Bonferronis’s post-hoc, n=6).  
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3.4.3 GLUT-4 mRNA gene expression in rat myotubes post-EPS  

GLUT4 mRNA expression in the electrical pulse stimulated groups 

increased from 24-hour to 48-hour. There was a significant increase of 

GLUT4 mRNA expression in 48-hour electrical pulse stimulation group as 

compared to 48-hour control (p<0.05, n=6) (Figure 3-3). 

 

 

Figure 3- 3: Effects of EPS on GLUT4 mRNA expression in rat 
myotubes.  

Cultured myotubes were electrically stimulated (1Hz, 2ms pulses, 11.5V) 
for 24h and 48h continuously. Data presented as mean ± SEM (*p<0.05, 
Two-way ANOVA with Bonferronis’s post-hoc, n=6). 
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3.4.4 PGC1α mRNA gene expression in rat myotubes post-EPS  

PGC1α mRNA expression was significantly elevated in the electrical 

pulse stimulated groups as compared to control after 48-hours (p<0.01, 

n=9) (Figure 3-4). 

 

Figure 3- 4: PGC1α gene expression in rat primary skeletal muscle 
myotubes in control and post-electrical pulse stimulation.  

Data expressed as mean ± SEM (**p<0.01, t-test, EPS: electrical pulse 
stimulation, n=9).  
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3.4.5 Insulin stimulated glucose uptake post-EPS in rat myotubes 

From the results before, EPS for 48 hours is sufficient to produce a 

significant increase in GLUT-4 mRNA expression in myotubes and to 

increase lactate accumulation in the medium. Furthermore, the glucose 

level in the medium was shown to be declined following 48 hours of EPS, 

which was indicative of glucose uptake by the cells. These data suggest that 

post-EPS, myotubes may show increased sensitivity to insulin in terms of 

glucose uptake.  

Result below showed that EPS alone is capable of increasing glucose 

uptake by the cells in the absence of insulin. Furthermore, the combination 

of EPS with 100nM insulin for 15 minutes further increased glucose uptake. 

On the other hand, without EPS, the cells did not show any changes in 

glucose uptake in the presence of insulin (Figure 3-5) 

 

Figure 3- 5: Glucose uptake rates in rat primary skeletal muscle 

myotubes in control and post-electrical pulse stimulation in 
response to insulin.  

Data expressed as mean ± SEM (***p<0.001, Two-way ANOVA with 
Bonferronis’s post-hoc, EPS- electrical pulse stimulation, n=3). 
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3.4.6 Insulin stimulated glucose uptake post-EPS in human 

myotubes 

After observing the increase of insulin stimulated glucose uptake in 

rat myotubes, we repeated the same experiment in human myotubes. 

Result showed a similar pattern in which EPS alone increases glucose uptake 

by the cells in the absence of insulin. In addition, combination of EPS with 

100nM insulin resulted in a further increase in glucose uptake. On the other 

hand, without EPS, the cells did not show any changes of glucose uptake 

despite in the presence of insulin (Figure 3-6). 

 

 

Figure 3- 6: Glucose uptake assay in human primary skeletal 
muscle myotubes in control and post-electrical pulse stimulation 
in response to insulin.  

Data expressed as mean ± SEM (***p<0.001, Two-way ANOVA with 
Bonferronis’s post-hoc, EPS- electrical pulse stimulation, n=3). 
  

Glucose Uptake

Control EPS
0

100

200

300

400
Vehicle

Insulin

ns

***

p
m

o
le

/m
in

/w
e
ll



80 
 

3.4.7 Optimum time for insulin stimulated glucose uptake post-EPS 

in rat myotubes  

Apart from studying the effects of EPS upon insulin stimulated glucose 

uptake in the myotubes, we were also interested in observing the rate of 

glucose uptake in different time-frame post-EPS. Thus we designed 3 

different time frames namely immediate, 24 hours and 48 hours post-EPS, 

with or without insulin. This experiment is to determine the optimum time 

which may give the greatest difference between insulin and non-insulin 

stimulated glucose uptake so that it can be used as a guide for later 

experiments. Results showed that insulin stimulated glucose uptake is at 

the optimum rate only immediately after EPS. 24 and 48 hours post-EPS 

showed no significant difference between insulin and non-insulin treated 

groups (Figure 3-7). 

 

Figure 3- 7: Glucose uptake assay in rat myotubes at 3 different 

time points post-electrical pulse stimulation.  

Data expressed as mean ± SEM (***p<0.001, One way ANOVA with 
Bonferronis’s post-hoc, EPS- electrical pulse stimulation, n=3).  
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3.4.8 GLUT-4 translocation following EPS in rat myotubes 

Immunofluorescence analysis of GLUT4 in non-EPS stimulated rat primary 

skeletal muscle myotubes showed that treatment with 100nM insulin for 15 

minutes did not induce significant changes in GLUT4 immunoreactivity when 

compared to vehicle treated group. On the other hand, EPS for 48 hours 

increased the overall levels of GLUT4protein expression. Interestingly, the 

EPS with 100nM insulin treated group showed further increase in GLUT4 

expression. However, the recruitment of GLUT4 to the cell membrane was 

not clearly seen (3-8).  

 

 

 
Figure 3- 8: GLUT4 immunofluorescence in rat primary skeletal 
muscle myotubes.  

Images were taken at 40x magnification. Scale bar 20 μm. GLUT4 green 

fluorescence and DAPI blue fluorescence. A) Non-stimulated myotubes. B) 
Non-stimulated myotubes treated with 100nM insulin. C) Myotubes treated 

with EPS without insulin. D) Myotubes treated with EPS and 100nM insulin.   
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3.5 Discussion  

We observed a significant increase in lactic acid and reduction in 

glucose concentration in the culture media following EPS that suggests the 

occurrence contractile activities. During intense exercise, glucose is 

catabolised and pyruvate is substantially generated. When the 

mitochondrial activity is exceeded, pyruvate is reduced to lactate, resulting 

in oxidation of NADH/H+ to NAD+ (J. S. Baker, McCormick, & Robergs, 

2010).  

In this study, analysis of the culture media showed that the level of 

lactic acid was elevated significantly as early as 24 hours after EPS and the 

level was increased to almost 2-fold after 48-hours of EPS when compared 

to non-stimulated group. On the other hand, the glucose level in the culture 

media was found to be significantly reduced just after 48-hours of EPS as 

compared to non-stimulated group. This might suggest that in the early 

phase of EPS, the cells might consume the internal source specifically 

glycogen as the source of energy through glycogenolysis.  A study showed 

that, during a maximal dynamic exercise, there will be an increase rate in 

muscle glycogenolysis that may lead to escalation in intramuscular glucose 

concentration. This condition will results in hexokinase inhibition due to 

elevated glucose-6-phosphate, which will lead to reduction in glucose 

uptake and utilization. As exercise continues, hexokinase inhibition by 

glucose-6-phosphate will be relieved as the result from reduction in 

intramuscular glucose concentration. Thus, it will lead to increase in glucose 

uptake from the external source (Katz, Broberg, Sahlin, & Wahren, 1986).  

Additionally, the EPS-stimulated myotubes exhibited an increase in 

GLUT4 mRNA expression from 24-hour to 48-hours with a significant 
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increase of GLUT4 mRNA expression in 48-hour stimulated myotubes as 

compared to 48-hour non-stimulated cells. This upregulation of GLUT4 

mRNA is important since the main mechanism of glucose uptake in 

contracting skeletal muscle is by facilitated diffusion and this process 

determined by the translocation of GLUT4 to the surface membrane (Richter 

& Hargreaves, 2013). In GLUT4 knockout mice, muscle contraction has 

been shown to have a negligible effect on glucose uptake (Ryder et al., 

1999). In addition, mice with muscle-specific GLUT4 deletion demonstrated 

a significant reduction in muscle glucose uptake and exercise tolerance 

during exercise (Fueger et al., 2007).  

Another positive parameter of contractile activities in the myotubes 

is the increase in PGC1α mRNA expression. PGC1α is a transcriptional 

coactivator that interacts with a variety of transcription factors that are 

involved in biological responses including mitochondrial biogenesis (Liang & 

Ward, 2006). Thus, it can be considered as a marker for mitochondrial 

biogenesis. In this study, there was a significant increase in PGC1α mRNA 

expression in the myotubes after 48-hours EPS as compared to non-

stimulated group. This indicates the contractile muscles generate more 

mitochondria production in order to cope with the increase in the exercise 

workload. This result is consistent with a study done by Baar et al that 

showed significant increase in PGC1 mRNA expression and protein in rats 

muscle after exercise (Baar et al., 2002).  

Furthermore, PGC-1α has also has been shown to induce the 

expression of GLUT4. In a study by Michael et al, they demonstrated that 

PGC-1 was able to restore GLUT4 mRNA levels in cultured muscle cells up 

to the level observed in vivo, in which PGC-1 mediates the increase in GLUT4 
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expression by binding to and coactivating the muscle-selective transcription 

factor: myocyte enhancer factor 2 (MEF2) (Michael et al., 2001). Indeed, 

MEF2 binding activity is mandatory for regulation of the GLUT4 gene 

promoter in muscle and adipose tissue (Thai, Guruswamy, Cao, Pessin, & 

Olson, 1998). 

The GLUT4 promoter is regulated through the cooperative function of 

two different regulatory elements, domain 1 which binds a transcription 

factor: GLUT4 enhancer factor (GEF) (Oshel, Knight, Cao, Thai, & Olson, 

2000) , and MEF2 domain that binds isoforms of the MEF2 family of 

transcription factors (Thai et al., 1998) .  

Study by Knight and his colleagues has showed a  restricted  pattern  

of  GEF  expression which overlaps with MEF2A only in tissues expressing 

high levels of GLUT4, suggesting the hypothesis that GEF and MEF2A 

function together  to  activate  GLUT4  transcription.  In addition, neither 

GEF nor MEF2A alone significantly activates GLUT4 promoter activity, but 

when they expressed together, the promoter activity was increased up to 

4- to 5-folds. In addition, deletion of the GEF-binding domain (domain I) 

and the MEF2-binding  domain  prevents the GLUT4 activation, which 

suggests  that the promoter  regulation  occurs  through  these  elements 

and  strongly supports  the  mechanism  of  GLUT4  transcription  activation  

that depends on this protein–protein interaction (Knight, Eyster, Griesel, & 

Olson, 2003). 

Interestingly, both rat and human myotubes exhibit the similar 

pattern of glucose uptake post-EPS, with and without pre-treatment with 

insulin. As showed in the results, EPS alone was able to induce the increase 

in glucose uptake, without the presence of insulin. Furthermore, pre-
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treatment with insulin has the synergistic effect in glucose uptake when 

combined with EPS. This suggest that EPS is not only induce the expression 

of GLUT4 mRNA and protein as suggested by other study (Kuo, Hunt, Ding, 

& Ivy, 1999), but it also increase the sensitivity of the myotubes to insulin 

by increasing the GLUT4 levels.  

In addition, the results also indicate that muscle contractions and 

insulin activate muscle glucose transport by two different mechanisms. This 

is in line with several studies that suggest muscle contraction and insulin 

activate muscle glucose transport by different molecular mechanism (A. D. 

Lee et al., 1995; Lund, Holman, Schmitz, & Pedersen, 1995; Wallberg-

Henriksson & Holloszy, 1984). It is generally believed that in skeletal 

muscle, glucose transport can be activated by two distinct pathways, first 

is by insulin stimulation and second by muscle contraction/exercise. 

Phosphatidylinositol 3-kinase (PI3K) is involved in insulin-stimulated but 

not contraction-stimulated glucose transport and GLUT4 translocation. 

Whereas, 5-AMP-activated kinase, as well as increases in  cytoplasmic  

calcium  concentrations could  be  involved  in  the  contraction  response 

because  they  both  lead  to  insulin-independent  increases in glucose 

transport (Richter & Hargreaves, 2013; Zierath, Krook, & Wallberg-

Henriksson, 2000).  

As reported by Lee et al., wortmannin (PI3K inhibitor) completely 

blocked insulin-stimulated glucose transport in muscle. In contrast, 

wortmannin had no effect on the stimulation of glucose transport by 

contractions, providing evidence that PI3K activity is not involved in the 

activation of glucose transport by these stimuli. Furthermore, this study 
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supports the evidence that two distinct pathways exist for the activation of 

skeletal muscle glucose transport (A. D. Lee et al., 1995). 

In vivo studies showed that there will be an increase in GLUT4 mRNA 

expression (Kraniou, Cameron-Smith, & Hargreaves, 2006; McGee & 

Hargreaves, 2004) and GLUT4 protein (Kraniou et al., 2006) in human 

skeletal muscle immediately after exercise. The elevation in GLUT4 mRNA 

and protein remains for several hours post-exercise (Kraniou et al., 2006). 

Due to fact that the level of GLUT4 protein may fluctuates by time, it is 

essential to investigate when is the best time after EPS that will elicit the 

optimum insulin-stimulated glucose uptake in vitro, specifically in our 

contractile myotubes model. We have showed that the maximum different 

in rate of insulin stimulated glucose uptake was achieved immediately after 

EPS, which increased about 50% when compared to vehicle treated group. 

Interestingly after 48-hours of EPS, the glucose uptake rate declined 

dramatically for both insulin and non-insulin treated groups. Thus, we have 

decided to perform our future experiments on this contractile model of 

myotubes immediately after EPS. 

Finally, the immunofluorescence study revealed the increase in 

GLUT4 protein expression in EPS and EPS with insulin treatment compared 

to non-stimulated myotubes. This indicates EPS protocol used in this study 

is able to stimulate the increase in GLUT4 protein expression even though 

the recruitment of GLUT4 to the cell membrane was not clearly seen in this 

experiment.  

The application of EPS on the myotubes have been described in 

several studies specifically in murine C2C12 cells (Burch et al., 2010; Fujita, 

Nedachi, & Kanzaki, 2007; Nedachi et al., 2008), in L6 cells (Yano et al., 
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2011), in primary rat skeletal muscle cells (Silveira, Pilegaard, Kusuhara, 

Curi, & Hellsten, 2006) and in human myotubes (Aas et al., 2002; Lambernd 

et al., 2012; Nikolic et al., 2012).  

 In an acute muscle contraction model by Nedachi et al., they 

introduced a contraction system in which C2C12 myotubes were cultured in 

culture dishes and electrically stimulated with commercially available 

carbon electrodes and stimulator (Nedachi et al., 2008). This system is 

practical, easy to manipulate and is suitable for analyzing the biochemical 

and molecular biological changes induced by muscle contraction. However 

in some of the experiments, the protocol requires 24-hour pre-stimulation 

with low-voltage electrical pulses for myotube contraction, before subjected 

to a second EPS challenge. To avoid diminishing contractile ability after 

complete discontinuation of the pre-stimulation, application of a very low 

frequency of EPS (0.1 Hz) was given even during the resting period to obtain 

strong contractile activity in response to the subsequent second EPS 

session. Since control myotubes were also required to be placed under pre-

stimulation conditions before the main contraction session, any changes 

that override pre-stimulation in the main contraction session must be 

observed and recorded as a contraction-induced effect. Therefore, primary 

contraction without pre-stimulation would be more suitable for detecting 

contraction-induced effects in skeletal muscle myotubes.  

 Study by Nikolic et al. reported that human primary skeletal muscle 

myotubes were electrically stimulated using two protocols namely acute 

high-frequency EPS (pulse train of bipolar pulses of 100Hz for 200ms given 

every 5 second, 30V for 5-60 minutes) and chronic low-frequency EPS 

(single bipolar pulses of 2ms, 30V and 1Hz continuously for 24 or 48 hours). 
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They demonstrated that, acute high-frequency EPS increased both lactate 

production and insulin-stimulated glucose uptake by the myotubes; and the 

amount of glucose uptake was positively correlated with the duration of the 

stimulation. Furthermore, in chronic low-frequency EPS group, insulin-

stimulated glucose uptake was significantly increased as early as 24 hours 

and 48 hours by 96% and 145% respectively but no additional effect of 

insulin and EPS on glucose uptake was observed. Surprisingly, the GLUT4 

mRNA did not appear to be affected by chronic low-frequency EPS. However 

GLUT4 mRNA expression was not measured in acute high-frequency EPS 

(Nikolic et al., 2012). Even though the chronic low frequency EPS protocol 

of this study is almost similar to our stimulation protocol, except with the 

lower voltage used (11.5V), the increased in insulin-stimulated glucose 

uptake in our model only can be seen after 48 hours of EPS. However, we 

were able to demonstrate a significant increase in GLUT4 mRNA expression 

after 48 hours and it correlates with the increase in glucose uptake at the 

same time point.  

Lambernd et al. also reported the similar EPS protocol with our study 

(single bipolar pulses of 2ms, 11.5V and 1Hz) but with the shorter duration 

(2 to 24 hours) on human skeletal muscle myotubes. They reported a 

significant increase in lactate production in the media from 8 to 24 hours 

following EPS and a significant 2.4 fold increase in insulin-stimulated 

glucose uptake just after 7.5 hours of EPS. However the level of GLUT4 

protein was not affected by EPS. They hypothesized that, this finding might 

be due to the contractile activity affects the GLUT4 trafficking machinery, 

mediating a more efficient mobilisation of the transporter by insulin despite 

a constantly low level of GLUT4 (Lambernd et al., 2012). 
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In conclusion, by applying a chronic continuous low-frequency EPS to 

myotubes, several important aspects of in vivo effects of exercise were 

observed. We were able to demonstrate an elevation in lactic acid and 

reduction of glucose in the culture media; significant rise in GLUT4 and 

PGC1α mRNA expression; increment in glucose uptake and increase in 

protein expression by immunofluorescence. Thus we can conclude that this 

model of EPS in myotubes represents a physiologically relevant in vitro 

model of insulin stimulated glucose uptake, which can be used for future 

study that relates to insulin signalling in exercise. 
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Chapter 4: Effects of CB1 Modulation upon Insulin 
Stimulated Glucose Uptake in Primary Skeletal 
Muscle 
 

4.1 Introduction 

ECS has been identified to play an important role in human regulation 

of energy balance and metabolism (Butler & Korbonits, 2009). It is a lipid 

signalling system which includes the cannabinoid receptors, their lipid 

signalling ligands, and the enzymes that involve in the ligands metabolism 

(Matias & Di Marzo, 2007).  

There is a growing body of evidence which suggests these lipids 

signalling molecules including fatty acids, endocannabinoids and fatty acid 

amides may play a role in the regulation of intermediary metabolism. In 

particular it has been demonstrated that the circulating levels of some of 

these fatty acid derivatives are elevated in the obese state and are reduced 

by weight loss (Engeli et al., 2005; Matias et al., 2006). Cannabinoid 

receptor type-1 (CB1) has been identified as a target for obesity therapy by 

a number of major pharmaceutical companies by using its antagonists to 

reduce food intake (Di Marzo & Matias, 2005; Pacher, Batkai, & Kunos, 

2006).  

Endocannabinoid system consists of G-protein coupled receptors 

(GPCR), their lipid signalling ligands and enzymes that involved in ligand 

generation and metabolism (Silvestri et al., 2011). It is known to act both 

at central and peripheral in which it modulates calorie intake centrally and 

affects the nutrients transport, cellular metabolism and energy storage 

peripherally (Silvestri et al., 2011).  
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CB1, which is a typical GPCR, is located in the cell membrane in which 

it coupled to intracellular effector system via G-proteins. It contains seven 

transmembrane domains connected by three extracellular and three 

intracellular loops with an extracellular N-terminal tail, and an intracellular 

C-terminal tail (Turu & Hunyady, 2010). CB1 has been found to modulate 

several functions at cellular level such as inhibiting voltage-gated Ca2+ 

channels, activating K+ currents, phosphorylation and activation of 

mitogen-activated protein kinases (MAPK) such as p42/p44 MAPK, p38 

MAPK and c-Jun N-terminal kinase, inhibiting adenylyl cyclase in most 

tissues and cells (Turu & Hunyady, 2010) and increasing NO signalling 

(O'Keefe et al., 2013).  

There two main ligands of endocannabinoid system, Anandamide 

(the ethanolamide of arachidonic acid- AEA) was the first endocannabinoid 

identified in 1992 and the second endocannabinoid was isolated in 1995 

named 2-arachidonoyl glycerol (2-AG) (Begg et al., 2005).  

Much of the current research has focused upon the synthesis and 

release of such compounds by adipose tissue and their effects upon the 

endocrine system (Gonthier et al., 2007; Kyrou, Valsamakis, & Tsigos, 

2006; Pagotto et al., 2006). Apart from adipose tissues, CB receptors and 

other ECS components were also found to be expressed in human and 

animal muscle cells (Crespillo et al., 2011; Eckardt et al., 2009)  However, 

there is minimal information regarding the role of these fatty acid 

derivatives in skeletal muscle – which is primarily responsible for 

determining the metabolic rate of mammals. Given the growing obesity 

epidemic and the potential for receptors such as G protein couple receptors 
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(GPCRs) and nuclear receptors as therapeutic targets, this lack of data 

represents a significant gap in our knowledge. 

In this chapter, our aim is to observe the effects of CB1 activation 

and inhibition on exercise-induced insulin stimulated glucose uptake in 

primary skeletal muscle myotubes by using ACEA, a synthetic CB1 receptor 

agonist and an antagonist, Rimonabant. In addition, we investigated the 

underlying mechanism of inhibition by these endocannabinoids on the 

insulin signalling cascade.  

 

4.2 Objectives 

4.2.1 General Objective 

 To investigate the effects of cannabinoid CB1 activation and inhibition 

upon contraction-induced insulin stimulated glucose uptake in 

primary skeletal muscle myotubes. 

 

4.2.2 Specific Objectives 

 To investigate the effects of ACEA and Rimonabant on contraction-

induced insulin stimulated glucose uptake in primary skeletal muscle 

myotubes. 

 To investigate the mechanism of inhibition by ACEA on contraction-

induced insulin-stimulated glucose uptake in primary skeletal muscle 

myotubes. 

 To investigate the effects of palmitate in relation to ACEA and 

Rimonabant on contraction-induced insulin stimulated glucose 

uptake in primary skeletal muscle myotubes. 
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4.3 Experiment design and methods 

4.3.1 Effects of CB-1 activation and inhibition on insulin stimulated 

glucose uptake in rat myotubes  

1x105 of satellite cells/well (from a single rat) were seeded into 3 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes were then given EPS for 48 hours as 

described in Chapter 2 section 2.3. Treatment with 10nM ACEA with or 

without 30 minutes pre-treatment of 100nM rimonabant were given to the 

myotubes after 24 hours of commencement of EPS. 

 In this study, the dosages of 10nM ACEA and 100nM Rimonabant we 

selected based on their effect upon glucose uptake, as shown in several 

studies. Lipina et al. demonstrated that 10nM ACEA was able to cause 

inhibition in insulin-stimulated ERK1/2 activity in L6 myotubes. On the other 

hand, 100nM rimonabant prevented the inhibitory effect of 10nM ACEA 

upon ERK1/2 and enhanced both insulin-stimulated Akt and ERK activities 

(Lipina et al., 2010). Esposito et al. and Lindborg et al. also showed the 

concentration of 100nM rimonabant led to increase in glucose uptake by L6 

cells and rat skeletal muscle in vitro respectively (Esposito et al., 2008; 

Lindborg, Teachey, Jacob, & Henriksen, 2010). 

 Glucose uptake was determined by the glucose uptake assay as 

described in Chapter 2 section 2.16 with and without insulin treatment.  

 

4.3.2 Effects of CB-1 activation and inhibition on insulin stimulated 

glucose uptake in human myotubes  

1x105 of satellite cells/well (from a single individual) were seeded 

into 3 units of 6-well plates and grown to form matured myotubes as 
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described in Chapter 2 section 2.2. The myotubes were then given EPS for 

48 hours as described in Chapter 2 section 2.3. Treatment   with 10nM ACEA 

with or without 30 minutes pre-treatment of 100nM rimonabant were given 

to the myotubes after 24 hours of commencement of EPS.  

Glucose uptake was determined by the glucose uptake assay as described 

in Chapter 2 section 2.16 with and without insulin treatment.  

 

4.3.3 Mechanism of endocannabinoid-mediated inhibition of 

glucose uptake in human myotubes 

1x105 of satellite cells/well (from a single individual) were seeded 

into 6 units of 6-well plates and grown to form matured myotubes as 

described in Chapter 2 section 2.2. Then the plates were divided into several 

conditions and treatments: 

 Plate 1: Non-EPS + vehicle 

 Plate 2: Non-EPS + 100nM insulin  

 Plate 3: EPS + vehicle 

 Plate 4: EPS + 100nM insulin  

 Plate 5: EPS + 10nM ACEA +/- 100nM insulin 

 Plate 6: EPS + 100nM Rimonabant + 10nM ACEA +/- 100nM insulin 

 

EPS was given for 48 hours as described in Chapter 2 section 2.3. Insulin 

was given for 15 minutes prior to cells collection. For Plate 6, pre-treatment 

with Rimonabant was given 30 minutes before the treatment of ACEA. The 

proteins were extracted and analysed by western blotting as described in 

Chapter 2 section 2.14. The primary and secondary antibodies used 

together with their dilutions and conditions were as described in Table 2-5. 
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4.3.4 Inhibition of glucose uptake by endocannabinoids and 

palmitate in human myotubes 

1x105 of satellite cells/well (from a single individual) were seeded 

into 3 units of 6-well plates and grown to form matured myotubes as 

described in Chapter 2 section 2.2. The myotubes were then given EPS for 

48 hours as described in Chapter 2 section 2.3. Treatment   with 10nM 

ACEA, 100nM Rimonabant or 200μM Palmitate were given to the myotubes 

after 24 hours of commencement of EPS. Pre-treatment with rimonabant 

was given 30 minutes before the treatment of ACEA 

 Glucose uptake was determined by the glucose uptake assay as 

described in Chapter 2 section 2.16 with and without insulin treatments.  
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4.4  Results  

4.4.1 Effects of CB-1 activation and inhibition on insulin stimulated 
glucose uptake in rat myotubes 

 

Insulin caused a significant increase in glucose uptake after EPS in 

differentiated rat myotubes. ACEA inhibited glucose uptake in insulin 

treated group and the effect was blocked by pre-treatment with 

Rimonabant. However, ACEA and Rimonabant had no effect upon glucose 

uptake in non-insulin treated cells (Figure 4-1). 

 

 

Figure 4- 1: Glucose uptake assay in rat primary skeletal muscle 
myotubes after ACEA and Rimonabant treatment post-electrical 

pulse for 48 hours.  

All groups were subjected to EPS for 48 hours. Data expressed as mean ± 

SE (**p<0.01, ***p<0.001, Two-way ANOVA with Bonferronis’s post-hoc, 
n=3).  
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4.4.2 Effects of CB-1 activation and inhibition on insulin stimulated 
glucose uptake in human myotubes 

 

Similar effects of ACEA and Rimonabant upon insulin stimulated 

glucose uptake were seen in EPS human myotubes. Treatment with insulin 

caused a significant increase in glucose uptake after EPS when compared 

to non-insulin treated group. Moreover, treatment with ACEA inhibited 

glucose uptake in the insulin treated group. Pre-treatment with Rimonabant 

blunted the effects of ACEA. ACEA and Rimonabant had no effect upon 

glucose uptake in the non-insulin treated group (Figure 4-2). 

 

 

Figure 4- 2: Glucose uptake assay in human primary skeletal 

muscle myotubes in after ACEA and Rimonabant treatment post-
electrical pulse stimulation for 48 hours.  

All groups were subjected to EPS for 48 hours. Data expressed as mean ± 
SE (***p<0.001, Two-way ANOVA with Bonferronis’s post-hoc, n=3).  
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4.4.3 Mechanism of endocannabinoid-mediated inhibition of 
glucose uptake in human myotubes 
 

i) Effects of ACEA and RIM on insulin stimulated AKT 

Phosphorylation 

 

In order to investigate the underlying mechanism of the inhibition of 

insulin-stimulated glucose uptake by CB1 activation, we first observed the 

effects of EPS on AKT phosphorylation in human myotubes. Results showed 

that treatment with insulin increased the phosphorylation of AKT regardless 

of the contraction status. (Figure 4.3).  

 

 

 

 

Figure 4- 3: Representative western blot showing pAKT/AKT ratio 
in unstimulated and stimulated human skeletal muscle myotubes  

Quantified values of pAKT/AKT ratio are shown in lower panels. Data 
expressed as mean ± SEM (**p<0.01, ***p<0.001, Two-way ANOVA with 

Bonferronis’s post-hoc, n=4). 
  

Control EPS
0.00

0.05

0.10

0.15

0.20
Vehicle

Insulin***
***

p
A

K
T

/t
A

K
T

EPS + vehicle EPS + insulin C + vehicle C + insulin 

p
A
K
T
 

(S
e
r4

7
3
) 

A
K
T
 

R
P
L
P
O

 



100 
 

The effects of CB1 activation and antagonism by 10nM ACEA and 

100nM Rimonabant respectively upon AKT phosphorylation in human 

myotubes was then investigated. Results indicated that ACEA inhibited 

insulin stimulated AKT phosphorylation and the action of ACEA was blunted 

by pre-treatment with Rimonabant (Figure 4.4). 

 

 

 

 

 

 

 

 

Figure 4- 4: Representative blot showing effects of ACEA and RIM 
upon pAKT/AKT ratio in stimulated human skeletal muscle 

myotubes  

Quantified values of pAKT/AKT ratio are shown in lower panels. Data 

expressed as mean ± SEM (***p<0.001, One-way ANOVA with 

Bonferronis’s post-hoc, n=4).  
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ii) Effects of ACEA and RIM on phosphorylation status of PI3K 
subunits: p85 and p110  

Another important protein in insulin signalling cascade is 

phosphoinositide 3-kinase (PI3K), a heterodimer composed of a p85 

regulatory and a p110 catalytic subunit. Next we would like to investigate 

the effects of EPS and insulin on p85/p110 ratio before we observe the 

effects of endocannabinoids on this protein. Results showed that EPS and 

insulin has no significant effects on p85/p100 ratio of PI3K subunits (Figure 

4-5). The molecular weight of the bands of p85, p110 and RPLPO were 

detected at 85 kDa, 110 kDa and at 34 kDa respectively. 

  

 

 

 

 

 

Figure 4- 5: Representative blot showing p85/p110 ratio in 
unstimulated and stimulated human skeletal muscle  

Quantified values of p85/p110 ratio are shown in lower panels by direct 
comparison. 
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Furthermore, treatment with 10nM ACEA and insulin increases p85/p110 

ratio and pre-treatment with 100nM Rimonabant reverted the p85/p100 

ratio to the level seen in non-endocannabinoid treatment group (Figure 4-

6).  

 

 

 

 

 

 

 

 

 

Figure 4- 6: Representative blot showing effects of ACEA 
with/without pre-treatment with RIM upon p85/p110 ratio in 
stimulated human skeletal muscle myotubes. 

Quantified values of p85/p110 ratio are shown in lower panels. * denotes 

P<0.05, *** denotes P<0.001. Data were analysed by One-way ANOVA 
with Bonferronis’s post-hoc (n=3).  
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4.4.4 Inhibition of glucose uptake by endocannabinoids and 
palmitate in human myotubes 

 

 Palmitate is a non-esterified fatty acids that known to have an 

inhibitory effect on insulin stimulated glucose uptake in skeletal muscle. 

Palmitate was found to promote accumulation of ceramide in skeletal 

muscle; and synthesis of this ceramide is crucially dependent on the activity 

of serine palmitoyl transferase (SPT). This ceramide in turn was found to 

play a role in insulin resistance in skeletal muscle by inhibit the 

phosphorylation of of Akt. Study showed that CB1 antagonism may inhibit 

de novo synthesis of ceramide by inhibition of the activity of SPT. After we 

have observed the effects endocannabinoids, next we would like to 

investigate the effects of palmitate with comparison to ACEA and 

combination with Rimonabant upon exercise-induced insulin stimulated 

glucose uptake in human myotubes.   

 

Result showed the treatment with Palmitate inhibited insulin-stimulated 

glucose uptake. Furthermore, treatment with ACEA reduced insulin-

stimulated glucose uptake at a similar level. Interestingly, treatment with a 

combination of Palmitate and ACEA caused an additive reduction of insulin-

stimulated glucose uptake in the myotubes. On the other hand, pre-

treatment with Rimonabant blunted the inhibitory effect of combination of 

Palmitate and ACEA to a level; observed with palmitate alone. (Figure 4-7). 

This suggest the inhibitory effect of Rimonabant only acts on ACEA but not 

on palmitate (as seen in previous experiment: Figure 4-2) 
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Figure 4- 7: Glucose uptake assay in human primary skeletal 

muscle myotubes after Palmitate, ACEA and Rimonabant 
treatment post-electrical pulse stimulation.  

Data expressed as mean ± SEM (**p<0.01, ***p<0.001, One-way ANOVA 
with Bonferronis’s post-hoc, n=3).  
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4.5 Discussion 

The endocannabinoid system (ECS) is one of the important systems 

in our body and it has been identified to play an essential role in the 

regulation of energy balance and metabolism It is known to act both at 

central and peripheral sites and modulates calorie intake centrally whilst 

affecting the nutrient transport, cellular metabolism and energy storage 

peripherally (Silvestri et al., 2011). 

In the first part of the current study, treatment with ACEA inhibit 

glucose uptake in insulin treated group, meanwhile pre-treatment with 

Rimonabant blunted the inhibitory effect of ACEA. These results are in line 

with several studies that suggest the similar effects of CB1 activation and 

blockade upon insulin stimulated glucose uptake. Adipocyte-conditioned 

medium from overweight and obese human subjects that contained 

naturally occurring levels of AEA was found to induce insulin resistance in 

skeletal muscle cell cultures and the effect was inhibited by Rimonabant 

(Eckardt et al., 2009). In the other study, activation of CB1 receptors with 

anandamide and ACEA induced glucose intolerance in rats as revealed by 

the elevation in blood glucose level. On the other hand, pre-treatment with 

CB1 antagonist AM251 inhibit the glucose intolerance that induced by 

anandamide (Bermudez-Siva et al., 2006). Furthermore, peripheral CB1 

blockade by Rimonabant in diet-induced obese rats not only caused 

reduction in food intake and body weight but, in addition enhanced insulin 

sensitivity in skeletal muscle (Nogueiras et al., 2008). 

The insulin receptor (IR) is a heterotetrameric membrane protein 

which composed of two identical α and β subunits. Insulin will bind to the α 

subunit of IR and subsequently activates intrinsic kinase activity in β 
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subunit. This will lead to intramolecular transautophosphorylation reaction 

in which one β subunit tyrosine phosphorylates the other β subunit. Then 

the insulin receptor substrate (IRS) protein family will interact with the 

phosphorylated IR through a phosphotyrosine binding module (Saltiel & 

Kahn, 2001). This IRS protein will become a docking site for proteins with 

Src Homology 2 (SH2) domains in which p85 become the most important 

regulatory subunit of the type 1A phosphatidylinositol 3’ kinase (PI3K). PI3K 

exist as a dimer of a regulatory p85 subunit and a catalytic p110 subunit 

(Fruman et al., 1998). 

Then the catalytic p110α subunit will be brought to the cell 

membrane and catalyzes the phosphorylation of 3’ position in the inositol 

ring of phosphoinositide (PI) lipids. Specifically the type 1A PI3K catalyzes 

the transformation of PI(4,5)-biphosphate to PI(3,4,5)-triphosphate and 

PI(4)-phosphate to PI(3,4)-biphosphate (Fruman et al., 1998). The 

phosphorylation of the 3’ will further activates 3’phosphoinositide-

dependent kinase-1 (PDK-1) and Akt (protein kinase B) (Rameh & Cantley, 

1999). Subsequently, PDK-1 phosphorylates and activates Akt and protein 

kinase C (PKC) ζ/λ. Akt and PKC ζ/λ will then promote the GLUT4 

translocation from the intracellular into the cell membrane and increased 

glucose transport  (Bae, Cho, Mu, & Birnbaum, 2003; Khan & Pessin, 2002; 

Kotani et al., 1998).  

From the above description, it is clear that Akt and PI3K are among 

the important proteins in insulin signalling cascade. In current study, we 

observed the treatment with insulin increases the phosphorylation of AKT 

regardless of the contraction status. There was a significant reduction in 

AKT phosphorylation in non-insulin treated groups for both EPS and non-



107 
 

EPS when compared to insulin treated groups. This shows that the insulin 

signalling pathway has been activated in the presence of insulin. 

Furthermore, ACEA inhibit AKT phosphorylation and the action of ACEA was 

blunted by pre-treatment with Rimonabant.  

Similar results was demonstrated by Eckardt et al., in which the 

treatment with adipocyte-conditioned medium from overweight and obese 

human subjects that contained naturally occurring levels of anandamide, 

was found to impair insulin-stimulated AKT (Ser473) phosphorylation in 

human skeletal muscle cell cultures. On the other hand, pre-incubation with 

Rimonabant or AM251 significantly reduced the inhibiting effect of the 

conditioned media upon Akt phosphorylation. Apart from that, incubation of 

the human skeletal muscle cell culture with the endogenous cannabinoid, 

anandamide significantly reduced the insulin-stimulated Akt (Ser473) 

phosphorylation and the reduction was prevented with pre-incubation with 

AM251 (Eckardt et al., 2009). 

As mentioned above, PI3K is another key protein in insulin signalling 

pathway. PI3K is a heterodimer consist of a p110 catalytic subunit and a 

p85 regulatory subunit. In the present of insulin, it will cause tyrosine 

phosphorylation of insulin receptor substrate (IRS) proteins, which in turn 

associate with PI3K through the p85 regulatory domain, leading to elevation 

in PI3K activity (Saltiel & Kahn, 2001; Shepherd, Withers, & Siddle, 1998) 

According to several studies, transcription of the p85 gene leads to 

the expression of its splice variants p85α, p55α and p50α; all these three 

can bind to p110 and to phosphotyrosine domain (Antonetti, Algenstaedt, 

& Kahn, 1996; Fruman, Cantley, & Carpenter, 1996; Inukai et al., 1997; 

Ueki et al., 2002). Under normal state, PI 3-kinase activity associated with 
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p50α was greater than that associated with p85α or p55α. Increasing the 

level of p85α or p55α, but not p50α, inhibited both phosphotyrosine-

associated and p110-associated PI 3-kinase activities (Ueki, Algenstaedt, 

Mauvais-Jarvis, & Kahn, 2000). Furthermore, when p85 subunit is more 

abundant than p110, leading to competition between the p85 monomer and 

the p85-p110 dimer for binding to phosphorylated IRS proteins and results 

in ineffective signalling (Ueki et al., 2002). It could be postulated that 

increased levels of p85 subunits might inhibit PI 3-kinase activity by 

competing with phosphotyrosine targets. Thus, the excess of these subunits 

may contribute to insulin resistance.  

In current study, we observed the effects of endocannabinoids upon 

insulin-stimulated expression of PI3K subunits p85 and p110 in term of 

p85/p110 ratio. The result revealed treatment with 10nM ACEA and insulin 

increases p85/p110 ratio and pre-treatment with 100nM Rimonabant 

reverted the p85/p100 ratio to the level seen in non-endocannabinoid 

treatment group. This suggest that elevation in p85 regulatory subunit may 

lead to insulin resistance.  

This result is consistent with other study in which a p85 knockout 

mouse exhibit an increased in insulin sensitivity (Mauvais-Jarvis et al., 

2002; Terauchi et al., 1999). Furthermore, overexpression of the p85 SH2 

domains or deletion mutants of p85 that unable to bind to p110 leads to a 

decrease in PI3K activity and disruption in insulin signalling (Jhun et al., 

1994; Ueki et al., 2000). A model of insulin resistance which induced by 

chronic exposure to placental growth hormone also showed overexpression 

of p85 (Barbour et al., 2004). 
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From the above results, we can suggest that the mechanism of 

inhibition of CB1 activation upon exercise induced insulin-stimulated 

glucose uptake is by inhibition of Akt and increase in p85 regulatory subunit 

of PI3K. However, this inhibition of insulin cascade by endocannabinoids is 

a complicated process, we believe that there are a lot of other mechanism 

involving another steps of the pathway such as inhibition of PKC and indirect 

inhibition by PKA and adenynyl cyclase that need to be explored. 

Apart from that, we have also demonstrated the effects of palmitate 

with comparison to ACEA upon exercise-induced insulin stimulated glucose 

uptake in human myotubes. Palmitate is a non-esterified fatty acids that 

found to has an inhibitory effect on insulin stimulated glucose uptake in 

skeletal muscle (Alkhateeb, Chabowski, Glatz, Luiken, & Bonen, 2007; Storz 

et al., 1999). In current study, treatment with Palmitate or ACEA 

significantly inhibit insulin-stimulated glucose uptake at almost similar 

level. Interestingly, treatment with combination of Palmitate and ACEA 

caused a synergistic effect in reduction of insulin-stimulated glucose 

uptake. On the other hand, pre-treatment with Rimonabant blunted half of 

the inhibitory effect of combination of Palmitate and ACEA. This suggest 

that Rimonabant only reverted the effect of ACEA, but not Palmitate. 

Several studies found that Palmitate inhibit insulin-stimulated glucose 

uptake by inhibiting Akt phosphorylation (Chavez & Summers, 2003; Peng 

et al., 2011; Storz et al., 1999). Since ACEA also inhibit Akt phosphorylation 

as observed in current study, it may has the similar site of action with 

palmitate in inhibiting insulin-stimulated glucose uptake, however the 

underlying pathway of Akt inhibition might be different.  
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Previous studies also suggested that saturated fatty acids such as 

palmitate promote accumulation of ceramide (Chavez & Summers, 2003, 

2012; Pickersgill, Litherland, Greenberg, Walker, & Yeaman, 2007; 

Schmitz-Peiffer, Craig, & Biden, 1999; Watson, Coghlan, & Hundal, 2009) 

in skeletal muscle; and synthesis of this ceramide is crucially dependent on 

the activity of serine palmitoyl transferase (SPT) which catalyses the first 

and rate-limiting step of de novo biosynthesis involving the condensation of 

amino acid L-serine with palmitoyl-CoA to form 3-Ketosphinganine (Levy & 

Futerman, 2010). This ceramide in turn was found to play a role in insulin 

resistance in skeletal muscle by inhibiting the phosphorylation of of Akt 

(Adams et al., 2004; Hajduch et al., 2001; Schmitz-Peiffer et al., 1999; 

Watson et al., 2009). Interestingly, as demonstrated by Cinar et al, 

peripheral CB1 blockade by JD5037 appear to reverse the elevation of long-

chain ceramide in muscle. Furthermore, CB1 antagonism also inhibit de 

novo synthesis of ceramide by inhibition of the activity of SPT and ceramide 

synthase (CerS); and promote the degradation of ceramide in liver 

microsomes of diet-induced obese mice (Cinar et al., 2014). These findings 

has open up a new perspectives on the study of these fatty acid derivatives, 

and further future work need to be done to study the relationship between 

endocannabinoid and ceramide activities in regulating insulin-stimulated 

glucose uptake in skeletal muscle. 
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Chapter 5: Effects of CB1 Modulation upon Selected 

Genes Expression 

 

5.1 Introduction 

The main objective of this chapter is to determine the molecular 

pharmacological properties of the cannabinoid receptor type-1 (CB1) in 

primary skeletal muscle. In order to study the effects of CB1 agonism and 

antagonism upon gene expression, qRTPCR was conducted. The myotubes 

were then treated with the CB1 agonist-ACEA and antagonist-Rimonabant.  

Apart from observing the effects of the treatments, we were also 

would like to determine the influence of the lipid products in the serum 

media on the CB1 agonism and antagonism. Thus, the experiments were 

performed under various serum media conditions. In most of the 

experiments, the myotubes were exposed and compared between normal 

serum and lipid-free serum- in order to exclude the influence of naturally 

occurring endocannabinoids, triglycerides, cholesterol and phospholipids in 

the serum.  

The effects of CB1 agonism and antagonism were observed on LCN2, 

Neuropeptide Y (NPY), TRIB3, NR4A1, NR4A2 and NR4A3 genes 

expressions. These genes were suggested to be related to obesity and 

insulin resistance.  

 Previous studies have shown that inhibition of CB1 leads to the 

upregulation of these genes. Study by Haddad demonstrated that 

rimonabant upregulated the mRNA content of LCN2 and NPY, and down-

regulated NR4A1 mRNA in rats’ myotubes (Haddad, 2014). Furthermore, a 
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study by Ruby et al. showed that CB1 inhibition by AM251, a rimonabant 

analog, upregulated LCN2 mRNA expression in rat’s liver (Ruby et al., 

2011). 

In addition, previous data from our laboratory also has shown that 

the gene expression of LCN2 and NPY were upregulated by Rimonabant. 

Meanwhile the gene expression of TRIB3, NR4A1, Nr4A2 and NR4A3 were 

downregulated by the same treatment via microarray. So in this part, we 

would like to validate the previous data via Taqman real-time PCR. 

 

5.2 Objectives 

5.2.1 General Objective 

 To observe the effects of cannabinoid CB1 activation and antagonism 

upon selected gene expression related to obesity and insulin 

resistance. 

 

5.2.2 Specific Objectives 

 To observe the effects of ACEA and Rimonabant upon gene 

expression in primary skeletal muscle myotubes specifically LCN2, 

NPY, TRIB3, NR4A1, NR4A2 and NR4A3. 

 To observe the effects of exercise contraction on gene expression 

namely LCN2, NPY, TRIB3, NR4A1, NR4A2 and NR4A3.  
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5.3 Experiment designs and methods 

 

5.3.1 Preparation of lipid-free serum 

The delipidation of the fetal bovine serum and horse serum in this chapter 

was performed according to the method of Cham and Knowles with a slight 

modification (Cham & Knowles, 1976) as described in chapter 2 section 2.5. 

 

5.3.2 Effect of CB1 modulation in rat myotubes upon genes 

expression in horse serum and lipid-free FBS media  

 1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The wells of the myotubes were then divided into 6 

groups of different media environments and treatments: 

 Normal horse serum media + vehicle (0.01 ethanol) (n=4) 

 Normal horse serum media + 10nM ACEA (n=4) 

 Normal horse serum media + 100nM Rimonabant (n=4) 

 Lipid-free FBS media + vehicle (0.01% ethanol) (n=4) 

 Lipid-free FBS media + 10nM ACEA (n=4) 

 Lipid-free FBS media + 100nM Rimonabant (n=4) 

 

6% of lipid-free horse serum in Ham’s F10 media was introduced 48 hours 

prior to cells collection. Treatment by ACEA or Rimonabant was given 24 

hours prior to cells collection. The RNA was extracted and the mRNA 

expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, NR4A2 

and NR4A3 were measured by Taqman qRTPCR as described in Chapter 2 
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section 2.7. The sequences of the primers and probes are detailed in Table 

2-4. 

 

5.3.3 Effect of CB1 modulation in rat myotubes upon genes 

expression in lipid-free horse serum media  

1x105 of satellite cells/well (from a single rat) were seeded into 2 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. 6% of lipid-free horse serum in Ham’s F10 media 

was introduced to all wells 48 hours prior to cells collection. The wells of the 

myotubes were then divided into 3 groups of different treatments (n=4) 

namely vehicle (0.01% ethanol), 10nM ACEA or 100nM Rimonabant which 

was given 24 hours prior to cells collection. The RNA was extracted and the 

mRNA expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, 

NR4A2 and NR4A3 were measured by Taqman qRTPCR as described in 

Chapter 2 section 2.7. The sequences of the primers and probes are detailed 

in Table 2-4. 

 

5.3.4 Genes expression in rat myotubes in normal horse serum and 

lipid-free horse serum media 

1x105 of satellite cells/well (from a single rat) were seeded into 2 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. Lipid-free horse serum media was introduced 48 

hours prior to cells collection. The RNA was extracted and the mRNA 

expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, NR4A2 

and NR4A3 were measured by Taqman qRTPCR as described in Chapter 2 
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section 2.7. The sequences of the primers and probes are detailed in Table 

2-4. 

 

5.3.5 Effect of CB1 modulation in rat myotubes upon genes 

expression in normal horse serum, lipid-free horse serum and 

charcoal stripped FBS media 

1x105 of satellite cells/well (from a single rat) were seeded into 5 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. 6% of lipid-free horse serum in Ham’s F10 media or 

6% charcoal stripped FBS (Sigma-aldrich, USA) in Ham’s F10 media was 

introduced 48 hours prior to cells collection. Charcoal stripped FBS is a type 

of serum that is prepared by filtration through charcoal, which reduce the 

levels of hormones and steroids such as progesterone, cortisol, 

corticosterone, testosterone and estradiol without affecting the FFA content. 

100nM Rimonabant which was given 24 hours prior to cells collection. The 

RNA was extracted and the mRNA expression of 6 different genes namely 

LCN2, NPY, TRIB3, NR4A1, NR4A2 and NR4A3 were measured by Taqman 

qRTPCR as described in Chapter 2 section 2.7. The sequences of the primers 

and probes are detailed in Table 2-4. 

 

5.3.5 Effect of fatty acid content in media upon genes expression in 

rat myotubes 

 1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The wells of the myotubes were then divided into 6 

groups of different media environments and treatments: 
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 Normal horse serum media (n=4) 

 Lipid-free horse serum media (n=4) 

 Lipid-free horse serum media + 0.4% PLO (n=4) 

 Lipid-free horse serum media + 0.4% PLO + vehicle (0.01% ethanol) 

(n=4) 

 Lipid-free horse serum media + 0.4% PLO media + 100nM Rim (n=4) 

 Lipid-free horse serum media + 0.4% PLO + 200nM Rimonabant 

(n=4) 

 

PLO (palmitic acid + oleic acid + linoleic acid) in BSA was prepared as 

described in Chapter 2 section 2.6. Different types of media were introduced 

48 hours prior to cells collection. Treatment by Rimonabant was given 24 

hours prior to cells collection. The RNA was extracted and the mRNA 

expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, NR4A2 

and NR4A3 were measured by Taqman qRTPCR as described in Chapter 2 

section 2.7. The sequences of the primers and probes are detailed in Table 

2-4. 

 

5.3.6 Genes expression in rat myotubes after EPS in normal horse 

serum 

1x105 of satellite cells/well (from a single rat) were seeded into 3 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The myotubes were then given EPS for 48 hours as 

described in Chapter 2 section 2.3. The RNA was extracted and the mRNA 

expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, NR4A2 

and NR4A3 were measured by Taqman qRTPCR as described in Chapter 2 
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section 2.7. The sequences of the primers and probes are detailed in Table 

2-4. 

 

5.3.7 Genes expression in rat myotubes in horse serum, lipid-free 

horse serum and lipid-free horse serum supplemented with PLO 

after EPS 

 1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The wells of the myotubes were then divided into 6 

groups of different media environments and conditions: 

 Normal horse serum media (n=4) 

 Lipid-free horse serum media (n=4) 

 Lipid-free horse serum media + 0.4% PLO (n=4) 

 Normal horse serum media + EPS (n=4) 

 Lipid-free horse serum media + EPS (n=4) 

 Lipid-free horse serum media + 0.4% PLO + EPS (n=4) 

 

PLO (palmitic acid + oleic acid + linoleic acid) in BSA was prepared as 

described in Chapter 2 section 2.6. Different types of media were introduced 

48 hours prior to cells collection. The myotubes were given EPS for 48 hours 

as described in Chapter 2 section 2.3. The RNA was extracted and the mRNA 

expression of 6 different genes namely LCN2, NPY, TRIB3, NR4A1, NR4A2 

and NR4A3 were measured by Taqman qRTPCR as described in Chapter 2 

section 2.7. The sequences of the primers and probes are detailed in Table 

2-4. 
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5.4 Results 

5.4.1 Effect of CB1 modulation in rat myotubes upon genes 

expression in horse serum and lipid-free FBS media 

 

i) Lipocalin 2 

There were no significant differences in LCN2 mRNA expression between 

treatment groups in normal horse serum or lipid-free FBS conditions. On 

further analysis, LCN2 mRNA expression was significantly higher in lipid-

free FBS in all groups when compared to normal horse serum (Figure 5-1). 

 

Figure 5- 1: Lipocalin 2 mRNA expression in rat myotubes in horse 
serum and lipid-free FBS media.  

Comparison of LCN2 mRNA expression in vehicle, ACEA and Rimonabant 

treatment between normal horse serum and lipid-free FBS media. Data 

expressed as mean ± SEM (**p<0.01, ***p<0.001, Two-way ANOVA with 

Bonferronni’s post-hoc, n=4).  
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ii) Neuropeptide Y 

In a similar pattern to LCN2, NPY expression was not affected by either 

ACEA or RIM, but expression was significantly increased in the lipid-free 

FBS culture conditions (Figure 5-2). 

 

Figure 5- 2: Neuropeptide Y mRNA expression in rat myotubes in 
horse serum and lipid-free FBS media.  

Comparison of NPY mRNA expression in vehicle, ACEA and Rimonabant 

treatment between normal horse serum and lipid-free FBS media. Data 

expressed as mean ± SEM (**p<0.01, ***p<0.001, Two-way ANOVA with 

Bonferronni’s post-hoc, n=4). 
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iii) TRIB-3 

In contrast, TRIB3, whilst again being unnafected by ACEA or RIM was 

expressed at significantly lower levels in lipid-free FBS as compared to horse 

serum (Figure 5-3). 

 

Figure 5- 3: TRIB 3 mRNA gene expression in rat myotubes in 
horse serum and lipid-free FBS media.  

Comparison of TRIB 3 mRNA expression in vehicle, ACEA and Rimonabant 

treatment between normal horse serum and lipid-free FBS media. Data 

expressed as mean ± SEM (***p<0.001, Two-way ANOVA with 

Bonferronni’s post-hoc, n=4). 

  

TRIB 3

V
eh

ic
le

A
C
E
A

R
IM

0.0

0.5

1.0

1.5
Normal Horse Serum

Lipid-free FBS***

***

***

R
e

la
ti

v
e

 T
R

IB
3
 m

R
N

A
/


-a
c
ti

n



122 
 

iv) NR4A1 

Whereas, NR4A1 expression showed an increasing pattern (but not 

significantly so) in lipid-free FBS and also unaffected by ACEA or RIM (Figure 

5-4). 

 

 

Figure 5- 4: NR4A1 mRNA gene expression in rat myotubes in 

horse serum and lipid-free FBS media.  

Comparison of NR4A1 mRNA expression in vehicle, ACEA and Rimonabant 

treatment between normal horse serum and lipid-free FBS media. Data 
expressed as mean ± SEM (Two-way ANOVA with Bonferronni’s post-hoc, 

n=4). 
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v) NR4A2 

As seen with LCN2 and NPY, NR4A2 mRNA gene expression was also not 

affected by either ACEA or RIM, but expression was significantly increased 

in the lipid-free FBS culture conditions (Figure 5-5). 

 

 
 
Figure 5- 5: NR4A2 mRNA gene expression in rat myotubes in 

horse serum and lipid-free FBS media.  

Comparison of NR4A2 mRNA expression in vehicle, ACEA and Rimonabant 

treatment between normal horse serum and lipid-free FBS media. Data 
expressed as mean ± SEM (*p<0.05, **p<0.01, ***p<0.001, Two-way 

ANOVA with Bonferronni’s post-hoc, n=4). 
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vi) NR4A3 
 

In addition, NR4A3 expression was again higher in lipid-free FBS and also 

unnafected by ACEA or RIM (Figure 5-6). 

 

 
 
Figure 5- 6: NR4A3 mRNA gene expression in rat myotubes in 

horse serum and lipid-free FBS media.  

Comparison of NR4A3 mRNA expression in vehicle, ACEA and Rimonabant 
treatment between normal horse serum and lipid-free FBS media. Data 
expressed as mean ± SEM (*p<0.05, Two-way ANOVA with Bonferronni’s 

post-hoc, n=4). 
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5.4.2 Effect of CB1 modulation in rat myotubes upon genes 
expression in lipid-free horse serum media 

 

After observing the previous results in 4.4.5, we thought that the 

significant different in gene expressions between normal horse serum and 

lipid-free FBS media conditions might be due to the higher protein content 

in lipid-free FBS; since FBS known to have more growth factors 

(Gstraunthaler, 2003) and this property may influence the expressions of 

those genes. Next, we performed the experiment with in a single lipid-free 

horse serum condition. There were no significant differences in LCN2, NPY, 

TRIB3, NR4A1, NR4A2 and NR4A3 mRNA expressions between treatment 

groups in lipid-free horse serum (Figure 5-7). 

 

 

Figure 5- 7: Lipocalin 2, neuropeptide Y, TRIB3, NR4A1, NR4A2 
and NR4A3 mRNA gene expression in primary skeletal muscle 
myotubes.  

Data expressed as mean ± SEM (One-way ANOVA with Bonferronis’s post-

hoc, n=4).  
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5.4.3 Genes expression in rat myotubes in normal horse serum and 
lipid-free horse serum media 

 
After we have observe no significant different in ACEA and 

Rimonabant upon gene expression, next we would like to investigate the 

gene expression in normal horse serum media as compared to lipid-free 

horse serum media; in which the lipid components such as naturally 

occurring endocannabinoids, triglycerides, cholesterol and phospholipids 

were removed. 

There was a significant increase in LCN2, NPY, NR4A1, NR4A2 and 

NR4A3 mRNA expression in lipid-free horse serum media as compared to 

normal horse serum (Figure 5-8). 

 

Figure 5- 8: Lipocalin 2, neuropeptide Y, TRIB3, NR4A1, NR4A2 
and NR4A3 mRNA gene expression in primary skeletal muscle 

myotubes in normal horse serum and lipid-free horse serum.  

Data expressed as mean ± SEM (**p<0.01, ***p<0.001, t-test, NL- 

normal horse serum, LF- lipid free horse serum, n=4). 
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5.4.4 Effect of CB1 modulation in rat myotubes upon genes 
expression in normal horse serum, lipid-free horse serum and 

charcoal stripped FBS media 
 

Based on previous data, the effects of Rimonabant were observed in 

myotubes following incubation in charcoal stripped FBS. In charcoal stripped 

serum, the concentration of steroid hormones such as estradiol, 

progesterone, cortisol, testosterone, T3 and T4 is reduced; as compared to 

delipidisation method, it reduces mainly free fatty acids and triglycerides. 

In the next experiment, we would like to determine whether gene 

expression is regulated by endocannabinoids or other lipids products in the 

media. There were significant increase of LCN2, NPY, NR4A1, NR4A2 and 

NR4A3 mRNA expressions in lipid-free horse serum condition as compared 

to normal horse serum and charcoal strip FBS and the expressions were not 

affected by RIM (Figure 5-9). 

 

Figure 5- 9: Lipocalin 2, neuropeptide Y, TRIB3, NR4A1, NR4A2 

and NR4A3 mRNA gene expression in primary skeletal muscle 
myotubes.  

Data expressed as mean ± SEM (***p<0.001, One-way ANOVA with Bonferronis’s 

post-hoc, NL- normal horse serum, LF- lipid free horse serum, CS- charcoal stripped 

fetal bovine serum, CSV- CS + vehicle, CSR- CS + 100nM rimonabant, n=6).  
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5.4.5 Effect of fatty acid content of media upon gene expression in 
rat myotubes 

There was a significant reduction in NPY, TRIB3, NR4A1, NR4A2 and 

NR4A3 mRNA expressions with reducing pattern of LCN2 after 

supplementation of lipid free medium with free fatty acids in lipid-free horse 

serum media as compared to lipid-free horse serum media only condition. 

These significant reductions showed no significant different as compared to 

normal horse serum media. All of the genes expressions were not affected 

by either 100nM or 200nM RIM (Figure 4-17). 

 

Figure 5- 10: Lipocalin 2, neuropeptide Y, TRIB3, NR4A1, NR4A2 
and NR4A3 mRNA gene expression in primary skeletal muscle 
myotubes: effect of free fatty acids. 

Data expressed as mean ± SEM (*p<0.05, **p<0.01, ***p<0.001, One-way 

ANOVA with Bonferronis’s post-hoc, HS- normal horse serum, LF- lipid free horse 

serum, lipid free horse serum supplemented with 10mM PLO- palmitic, linoleic and 

oleic acids (ratio of 4:3:3 respectively), V- vehicle, RIM100- rimonabant 100nM, 

RIM200- rimonabant 200nM, n=4). 
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5.4.6 Serum fatty acids and triglycerides 

For validation of the delipidisation process, the free fatty acid and 

triglyceride contents were measured in FBS, lipid-free FBS, normal horse 

serum and lipid-free horse serum. Results showed both components were 

much lower after delipidisation of both sera (Table 5-1). 

 
Table 5- 1: Free fatty acids and triglycerides levels in sera used in 

the experiments 

FFA (mmol/L) 

FBS Lipid-free FBS 
% 

Reduction 

0.084 0.016 81% 

Horse 
Serum 

Lipid-free Horse Serum 
% 

Reduction 

0.502 0.100 80% 

 

Triglycerides (mmol/L) 

FBS Lipid-free FBS 
% 

Reduction 

0.745 0.045 94% 

Horse 
Serum 

Lipid-free Horse Serum 
% 

Reduction 

0.250 0.065 74% 

 

5.4.7 Serum protein  

Protein level in the sera were also measured after delipidisation 

process in order to exclude any influence of protein content on the mRNA 

gene expression. Results showed that the protein levels were similar in 

horse serum, lipid-free horse serum and after reintroduction of PLO in lipid-

free horse serum (Table 5-2): 

 
Table 5- 2: Serum protein level in horse serum and lipid-free horse 

serum 

Serum Protein (μg/ml) 

Horse serum 1098.920 

Lipid free HS  1370.077 
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5.4.8 Genes expression in rat myotubes after EPS in normal horse 
serum 

 

There were significant increase in LCN2, NPY, NR4A1, NR4A2 and 

NR4A3 mRNA expression in EPS stimulated cells (48-hour stimulation 1Hz, 

2ms pulses, 11.5V) as compared to control (Figure 5-11). 

 

 

 
 

Figure 5- 11: Lipocalin 2, neuropeptide Y, TRIB3, NR4A1, NR4A2 
and NR4A3 mRNA gene expression in primary skeletal muscle 

myotubes after 48-hour electrical pulse stimulation.  

Data expressed as mean ± SEM (**p<0.01, ***p<0.001, t-test, n=9). 
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5.4.9 Genes expression in rat myotubes in horse serum, lipid-free 
horse serum and lipid-free horse serum supplemented with PLO 

after EPS 
 

 
There were significant reductions in LCN2, NPY, NR4A1, NR4A2 and 

NR4A3 mRNA expression after reintroduction of PLO in lipid-free horse 

serum media. There was a significant upregulation of LCN2, NPY, NR4A1, 

NR4A2 and NR4A3 mRNA after electrical pulse stimulation for 48 hours 

regardless of the contents of the medium (Figure 5-12). 

 

Figure 5- 12: Gene expression in primary skeletal muscle 

myotubes in various serum conditions in control and post-
electrical pulse stimulation. 

Data expressed as mean ± SEM (*p<0.05, **p<0.01, ***p<0.001, One-
way ANOVA with Bonferronis’s post-hoc, HS- normal horse serum, LF- lipid 

free horse serum, PLO- palmitic, linoleic and oleic acids, EPS- electrical 
pulse stimulation, n=4). 
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5.5 Discussion 

The main objective of this chapter is to observe the effects of ACEA 

and Rimonabant upon selected gene expression that relates to obesity and 

insulin resistance in primary skeletal muscle myotubes, specifically LCN2, 

NPY, TRIB3, NR4A1, NR4A2 and NR4A3.  

LCN2 also known as neutrophil gelatinase-associated lipocalin, a 25-

kDa protein secreted from human neutrophils (Kjeldsen et al., 1994; 

Kjeldsen et al., 1993) which initially identified as an adipokine that belongs 

to the superfamily of lipocalins that appear to affect glucose metabolism 

and insulin sensitivity (Kjeldsen et al., 1994). It is a small protein with a 

hydrophobic ligands binding pocket (Flower, 1996) which is able to bind and 

transport a wide variety of small hydrophobic molecules such as retinol, 

fatty acids, steroids and thyroid hormone (Flower, 1996; LaLonde et al., 

1994).  

 Serum concentrations of LCN2 were found to significantly higher in 

obese persons when compared to lean individuals; and have a positive 

association with waist circumference, waist-to-hip ratio, body fat 

percentage, systolic blood pressure, fasting triglycerides, fasting glucose 

and insulin concentrations, and also markers for chronic inflammation 

specifically C-reactive protein (Y. Wang et al., 2007). Circulating LCN2 

levels were found to be increased in obese animals (Yan et al., 2007) and 

LCN2-deficient mice showed a significant decrease in fasting glucose and 

insulin levels, and improved insulin sensitivity in ageing, dietary-induced 

obesity or genetic-induced obesity compared with their wild-type 

littermates (Law et al., 2010).  
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Until now, there is minimal information regarding the synthesis of 

LCN2 by skeletal muscle and its role in skeletal muscle is not widely 

understood. In fact, there is a study demonstrated that LCN2 is not 

expressed in skeletal muscle (Mosialou et al., 2017). However in current 

study, we have observed the expression of LCN2 mRNA in lipid-free 

condition and post-chronic exercise in skeletal muscle myotubes. This 

suggest that skeletal muscle might produce LCN2 in a different condition 

compared to adipocytes and it may act as a signal of ‘energy deprivation’. 

Further study of LCN2 will be discussed in the next chapter.   

NPY is a 36-amino acid peptide that acts as a neurotransmitter in the 

brain. It is widely distributed within neurons of the central and peripheral 

nervous system in mammals (Gray & Morley, 1986). As studied by Zarjevski 

et al, there were significant increase in food intake, increased in body 

weight, increased in fat storage and increased basal insulinaemia in rats 

after intracerebroventricular administration of NPY (Zarjevski, Cusin, 

Vettor, Rohner-Jeanrenaud, & Jeanrenaud, 1994). Stanley and Leibowitz 

demonstrated that direct injection of NPY into the paraventricular nucleus 

of the hypothalamus increased food and water intake, together with 

decrease in grooming during the absent of food (Stanley & Leibowitz, 1984). 

Apart from that, Levine and Morley found that NPY not only increased food 

intake during the daytime in satiated animals, but also significantly 

increased food intake in starved animals and at night when the animals 

were normally fed (Levine & Morley, 1984). NPY also increased water intake 

in the absence of food and this effect of NPY is highly selective for 

carbohydrate-rich foods (Jhanwar-Uniyal, Beck, Jhanwar, Burlet, & 

Leibowitz, 1993; Stanley, Anderson, Grayson, & Leibowitz, 1989; Stanley, 
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Daniel, Chin, & Leibowitz, 1985). These results suggest the remarkable 

potency of NPY as an orexigenic agent. In our study, the upregulation of 

NPY in both lipid-free condition and post-chronic contractions might be as a 

compensatory mechanism in respond to ‘energy deprivation’ state.  

TRIB3 is a protein family influences proliferation, motility, 

metabolism, and oncogenic transformation. In study conducted by Liew et 

al, TRIB3 was found to be associated with T2DM in human subjects. TRIB3 

also was found to be elevated in β-cells in islets of T2DM patient; and in 

high-fat fed and insulin receptor-deficient mice (Liew et al., 2010). In other 

study by Liu and his colleagues found that skeletal muscle TRIB3 protein 

levels are significantly elevated in T2DM human subjects. Furthermore, 

muscle TRIB3 protein content is inversely correlated with glucose disposal 

rates and positively correlated with fasting glucose. In animal study, 

skeletal muscle TRIB3 protein levels were found to be increase in STZ-

diabetic rats, db/db mice, and Zucker fatty rats. In L6 muscle cells, TRIB3 

hyperexpression inhibits insulin-stimulated glucose transport and glucose 

transporter 4 (GLUT4) translocation and impairs phosphorylation of Akt, 

ERK, and insulin receptor substrate-1 in insulin signal transduction. 

Interestingly, TRIB3 mRNA and protein levels were significantly low in the 

physiological glucose range (5 mM), whereas TRIB3 expression increased 

dramatically in high glucose concentrations (10-15 mM), as well as by 

glucose deprivation (0-2.5 mM) in L6 muscle cells. These data identify 

TRIB3 induction as a novel molecular mechanism in human insulin 

resistance and diabetes. TRIB3 acts as a nutrient sensor and could mediate 

the component of insulin resistance attributable to hyperglycemia (i.e., 

glucose toxicity) in diabetes (J. Liu et al., 2010). In current work, the 
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expression of TRIB3 was not consistent throughout the study. It was 

downregulated in lipid-free FBS, but showed an increasing pattern in lipid-

free horse serum condition and post-chronic contraction. This suggest that 

the expression of TRIB3 might indicate the imbalance of nutrient in skeletal 

muscle myotubes by its increasing or decreasing trend. 

NR4A1, NR4A2 and NR4A3 are protein from the nuclear receptor 

family which regulate many aspects of development, reproduction, 

metabolism and homeostasis. NR4A receptors are involved in hepatic 

glucose metabolism, specifically they are induced in the liver by different 

physiological stimuli, including glucagon stimulation and fasting (Oita, 

Mazzatti, Lim, Powell, & Merry, 2009; Pei et al., 2006). Adenovirus-

mediated overexpression of NR4A1 in the mouse liver activates multiple 

genes involved in gluconeogenesis and stimulates hepatic glucose 

production (Pei et al., 2006).  

NR4A receptors also participate in lipid metabolism. NR4A1 promotes 

lipolysis in muscle (Maxwell et al., 2005), decreases hepatic triglyceride 

content and modulates plasma lipoprotein profiles by increasing plasma low 

density lipoprotein cholesterol and by decreasing high density lipoprotein 

cholesterol (Pols et al., 2008). In addition, NR4A receptors may participate 

in adipogenic differentiation (Chao, Bensinger, Villanueva, Wroblewski, & 

Tontonoz, 2008; Fumoto, Yamaguchi, Hirose, & Osumi, 2007) and central 

regulation of energy homeostasis (Nonogaki et al., 2009). In a study 

conducted by Veum et al, adipose tissue samples were obtained from 

extremely obese individuals before and 1 year post-bariatric surgery; and 

from healthy lean controls that were going for hernia repair and laparotomy. 

Results demonstrated that NR4A1, NR4A2 and NR4A3 were highly 
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expressed in the adipose tissue of the extremely obese individuals before 

going for the bariatric surgery. However after 1 year of fat loss post-

surgery, the expression of those genes was normalized back to the level 

observed in the normal healthy individuals (Veum et al., 2012).  

In skeletal muscle, the NR4A receptors are induced by β-adrenergic 

signaling (Pearen et al., 2008) and endurance exercise (Mahoney, Parise, 

Melov, Safdar, & Tarnopolsky, 2005). NR4A1 KO mice showed increased 

susceptibility to diet-induced obesity and insulin resistance in skeletal 

muscle and liver (Chao et al., 2009).  

In our study, all NR4A subfamily members were upregulated 

following chronic contraction by EPS (increase glucose uptake by the cells). 

This might be explained by a study which demonstrated that NR4A1 is an 

important regulator of gene expression linked to glucose metabolism in 

skeletal muscle. In their in vivo study, denervation of rats’ hind limb leads 

to the reduced expression of NR4A1 that resulted in interruption in glucose 

and glycogen metabolism. They have showed that reduction in NR4A1 level 

interfere with glucose uptake, glycolysis, glycerophosphate shuttle and 

glycogenolysis by downregulating the genes involved such as GLUT4, 

muscle phosphofructokinase (Pfkm); phosphoglycerate mutase 2 (Pgam2); 

2,3-biphosphoglycerate mutase (Bpgm); glycerol-3-phosphate 

dehydrogenase 1 (Gpd1); phosphorylase kinase γ (Phkg1) and muscle 

glycogen phosphorylase (Pygm). Furthermore, ectopic expression of NR4A1 

in both rat skeletal muscle and C2C12 myotubes induce expressions of most 

of the above genes. In addition, selective knockdown of NR4A1 in rats 

skeletal muscle by small hairpin RNA or genetic deletion in mice reduce the 

expression of the above genes. These results suggest that NR4A1 is 
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required for physiological expression of glucose metabolic genes and as an 

important regulator of glucose metabolism in skeletal muscle (Chao et al., 

2007). This might be the main underlying mechanism for the increased 

expression of NR4A1 in our study, as the response to increase in glucose 

uptake in order to facilitate further glucose metabolism following chronic 

contractions.   
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CHAPTER SIX 

 

LIPOCALIN 2 AS A NOVEL 

MYOKINE 
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Chapter 6: Lipocalin 2 as a Novel Myokine 

6.1 Introduction 

LCN2 was originally identified as a 25-kDa protein secreted from 

human neutrophils (Kjeldsen et al., 1994; Kjeldsen et al., 1993). It is 

recently identified adipokine that belongs to the superfamily of lipocalins 

which seems to affect glucose metabolism and insulin sensitivity (Kjeldsen 

et al., 1994). 

Lipocalins are small generally secreted proteins with a hydrophobic 

ligands binding pocket (Flower, 1996). As a member of lipocalin family, 

LCN2 possess common crystal structures of an eight-stranded continuously 

hydrogen-bonded antiparallel β-barrel and participate in various biological 

processes. This structure indicates that lipocalins is able to bind and 

transport a wide variety of small hydrophobic molecules such as retinol, 

fatty acids, steroids and thyroid hormone (Flower, 1996; LaLonde et al., 

1994) 

LCN2 protein has been implicated in diverse actions, such as 

apoptosis and innate immunity and is expressed in several tissues including 

neutrophils, liver, kidney, adipocytes and macrophages (Y. Wang et al., 

2007). LCN2 also was found to be highly expressed in uterus, bone marrow, 

and granulocytes immune cells (Aigner et al., 2007; H. L. Huang et al., 

1999). Mice at 3 weeks of age also expressed LCN2 in liver, spleen, testis 

and lungs; however, the expression declined gradually with age, particularly 

in the liver, kidney and spleen with complete disappearance by the age of 

11 weeks in adult mice (Garay-Rojas et al., 1996). In most of the early 

studies, LCN2 expression was examined in non-adipose tissues. In 2005, 

LCN2 was first reported to be secreted from adipocytes, since then the role 
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of LCN2 as a new adipokine in metabolism has been widely discussed (X. 

Chen et al., 2005; Yan et al., 2007). 

LCN2 expression is regulated by environmental stress such as 

hypoxia and infection, as well as metabolic conditions like hyperlipidemia, 

obesity and insulin resistance (Li & Chan, 2011).  

The promoter region of LCN2 contains the binding sites of 

transcription factors nuclear factor-κB (NFκB), CCAAT/enhancer-binding 

protein (C/EBP) (Shen et al., 2006) and glucocorticoid response element 

(Garay-Rojas et al., 1996), indicating that the expression of LCN2 may be 

controlled by inflammation and metabolic conditions. 

Expression of LCN2 was markedly induced by a variety of pro-

inflammatory stimuli, including lipopolysaccharide, interleukin-1β, 

interleukin-17, TNFα and hyperglycaemia (Bu et al., 2006; Pawluczyk et al., 

2003; Yan et al., 2007). Dexamethasone and retinoic acid were also 

reported to increase LCN2 expression in mouse L cells (sarcoma cell line 

isolated from mouse fibroblasts) through an autocrine mechanism (Garay-

Rojas et al., 1996).  

Recent studies demonstrated that LCN2 gene expression in adipose 

tissue was upregulated in genetic and dietary-induced obese rodents (Y. 

Wang et al., 2007; J. Zhang et al., 2008), as well as in obese humans (Y. 

H. Lee et al., 2010; Panidis et al., 2010; Y. Wang et al., 2007); 

thiazolidinedione administration reduces LCN2 gene expression in adipose 

tissue of obese animals (J. Zhang et al., 2008). Furthermore, circulating 

LCN2 levels increased in obese animals, and LCN2 mRNA was increased in 

the liver of ob/ob mice (Yan et al., 2007). LCN2-deficient mice showed 

significant decreased in fasting glucose, decreased insulin levels and 
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improved insulin sensitivity under condition of aging, dietary-induced 

obesity or genetic-induced obesity compared with their wild-type 

littermates (Law et al., 2010).  

 Much of the current research has focused upon the synthesis and 

release of LCN2 by adipose tissue and its regulation by inflammation, 

metabolic stress, obesity and insulin resistance (Yan et al., 2007; J. Zhang 

et al., 2008; Y. Zhang et al., 2014). However, there is minimal information 

regarding the role of LCN2 in skeletal muscle, which is one of the important 

systems that primarily responsible for determining the metabolic rate of 

mammals.  

In previous chapter, we have shown that there is an upregulation of 

LCN2 mRNA expression in low lipid environment and during chronic low-

frequency EPS. Due to the fact that this early data suggest that the 

regulation of LCN2 in skeletal muscle might differ from adipocytes, the 

synthesis and release of LCN2 in skeletal muscle is interesting to be 

explored. 

In this chapter, our aim is to investigate the production of LCN2 

protein in skeletal muscle following various nutritional conditions and 

exercise. In addition, we also would like to observe the release of LCN2 as 

a novel myokine in the culture media and human serum.  
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6.2 Objectives 

6.2.1 General Objective 

To investigate the release of LCN2 protein as a novel myokine by 

skeletal muscle.  

6.2.2 Specific Objectives 

 To investigate the release of LCN2 in primary skeletal muscle 

myotubes and culture media following various nutritional conditions. 

 To investigate the release of LCN2 following EPS in the primary 

skeletal muscle myotubes and culture media.  

 To investigate the synthesis of LCN2 protein following eccentric 

exercise in human skeletal muscle and its secretion in the serum. 

 

6.3 Experiment designs and methods 

6.3.1 LCN2 mRNA and protein expressions in rat myotubes 

following various nutritional conditions 

1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. For this experiment, several nutritional conditions 

were created namely postprandial, fasting and diabetic/metabolic 

syndrome; and the regulation of LCN2 mRNA and protein were observed. 

Rats myotubes were be divided into 4 groups (n=6): 

 

i) Postprandial  

 Increased in glucose, increased in insulin & low free fatty acids (FFA) 

 

Media composition: 
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 Increased glucose – Ham F10 (already contain 6mM glucose) + 4mM 

glucose= total 10mM 

 Insulin 10nM  

 Low-lipid horse serum 6%: FFA= 0.1mmol/L 

 

ii) Fasting 

 Low/normal glucose, low insulin & increased FFA 

 

Media composition: 

 Low/normal glucose: Ham F10= 6mM 

 No insulin given 

 Normal horse serum 6%: FFA= 0.5mmol/L 

 

iii) Diabetic/metabolic syndrome 

 Increased glucose, increased insulin  increased FFA 

 

Media composition: 

 Increased glucose: Ham F10 (already contain 6mM glucose) + 4mM 

glucose= total 10mM 

 Insulin 10nM 

 Normal horse serum media 6%: FFA= 0.5mmol/l 

 

iv) Lipid-free (control) 

 Low/normal glucose, no insulin, low FFA 

 

Media composition: 
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 Low/normal glucose: Ham F10= 6mM 

 No insulin given 

 Low-lipid horse serum 6%: FFA= 0.1mmol/L  

  

The media were supplemented 48 hours before cell collection. The cells 

were collected in TRI Reagent (Sigma-Aldrich, USA) for LCN2 mRNA and 

protein expression, and the media was collected for Lipocalin 2 protein 

expression.  

 The RNA was extracted from the cells and the mRNA expression of 

LCN2 was measured by Taqman qRTPCR as described in Chapter 2 section 

2.7. The sequences of the primers and probes are detailed in Table 2-4.  

The proteins from the cells were extracted and analysed by western blotting 

as described in Chapter 2 section 2.14. The primary and secondary 

antibodies used together with their dilutions and conditions were as 

described in Table 2-5. 

The proteins from the media were extracted by TCA precipitation 

methods and analysed by western blotting as described in Chapter 2 section 

2.14. The primary and secondary antibodies used together with their 

dilutions and conditions were as described in Table 2-5. 

Summary of the media preparation is described in Table 6-1. 
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Table 6- 1: Culture media preparation and composition for LCN2 level 
following various nutritional condition experiment  

Status Condition Media composition (suggestion) 

Postprandial 

Increased 

glucose 

Increased glucose: Ham F10 (already 

contain 6mM glucose) + 4mM glucose= 

total 10mM 

Increased 

insulin 
Insulin 10nM 

Low FFA 
Low-lipid horse serum 6%: FFA= 

0.1mmol/L 

Fasting 

Low/normal 

glucose 
Low/normal glucose: Ham F10= 6mM 

Low insulin No insulin given 

Increased 

FFA 
Normal horse serum 6%: FFA= 0.5mmol/L 

Diabetic/ 

Metabolic 

syndrome 

Increased 

glucose 

Increased glucose:  Ham F10 (already 

contain 6mM glucose) + 4mM glucose= 

total 10mM 

Increased 

insulin 
Insulin 10nM 

Increased 

FFA 

Normal horse serum media 6%: FFA= 

0.5mmol/l 

Lipid-free 

(control) 

Low/normal 

glucose 
Low/normal glucose: Ham F10= 6mM 

No insulin No insulin given 

Low FFA 
Low-lipid horse serum 6%: FFA= 

0.1mmol/L 

 

 

6.3.2 LCN2 protein expression in rat primary skeletal muscle 

myotubes pre- and post-EPS 

 1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The wells of the myotubes were then divided into 6 

groups of different media environments and conditions: 

 Normal horse serum media (n=4) 

 Lipid-free horse serum media (n=4) 

 Lipid-free horse serum media + 0.4% PLO (n=4) 

 Normal horse serum media + EPS (n=4) 

 Lipid-free horse serum media + EPS (n=4) 
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 Lipid-free horse serum media + 0.4% PLO + EPS (n=4) 

 

PLO (palmitic acid + oleic acid + linoleic acid) in BSA was prepared as 

described in Chapter 2 section 2.6. Different types of media were introduced 

48 hours prior to cells collection. The myotubes were given EPS for 48 hours 

as described in Chapter 2 section 2.3. The proteins were extracted and 

analysed by western blotting as described in Chapter 2 section 2.14. The 

primary and secondary antibodies used together with their dilutions and 

conditions were as described in Table 2-5. 

 

6.3.3 LCN2 protein secretion in the culture media of rat primary 

skeletal muscle myotubes pre- and post-EPS 

 1x105 of satellite cells/well (from a single rat) were seeded into 4 

units of 6-well plates and grown to form matured myotubes as described in 

Chapter 2 section 2.2. The wells of the myotubes were then divided into 6 

groups of different media environments and conditions: 

 Normal horse serum media (n=4) 

 Lipid-free horse serum media (n=4) 

 Lipid-free horse serum media + 0.4% PLO (n=4) 

 Normal horse serum media + EPS (n=4) 

 Lipid-free horse serum media + EPS (n=4) 

 Lipid-free horse serum media + 0.4% PLO + EPS (n=4) 

 

PLO (palmitic acid + oleic acid + linoleic acid) in BSA was prepared as 

described in Chapter 2 section 2.6. Different types of media were introduced 

48 hours prior to cells collection. The myotubes were given EPS for 48 hours 
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as described in Chapter 2 section 2.3. The proteins from the media were 

extracted by TCA precipitation methods and analysed by western blotting 

as described in Chapter 2 section 2.14. The primary and secondary 

antibodies used together with their dilutions and conditions were as 

described in Table 2-5. 

 

6.3.4 LCN2 protein expression in human muscle pre- and post-

exercise 

 For this study, 6 human volunteers were recruited. The exercise 

protocol and tissue collection were performed as described in Chapter 2 

section 2.4. The proteins were extracted and analysed by western blotting 

as described in Chapter 2 section 2.14. The primary and secondary 

antibodies used together with their dilutions and conditions were as 

described in Table 2-5. 

 

6.3.5 LCN2 protein expression in human serum pre- and post-

exercise 

 For this study, the same 6 human volunteers as previous experiment 

were recruited. The exercise protocol and blood samples collection from the 

local arterial and venous circulations pre- and post-exercise were performed 

as described in Chapter 2 section 2.4. The LCN2 protein levels in the sera 

were quantified using ELISA method as described in Chapter 2 section 2.13.   
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6.4  Results 

6.4.1 LCN2 mRNA expression in rat myotubes following various 
nutritional conditions 

 
There was a significant increase in LCN2 mRNA expression in 

postprandial condition when compared to fasting and diabetic/metabolic 

condition. The upregulation of LCN2 mRNA is almost the same level seen in 

lipid-free condition. Furthermore, there was no significant different in LCN2 

mRNA expression when compared between fasting and diabetic/metabolic 

conditions (Figure 6-1). 

 

Figure 6- 1: LCN2 mRNA gene expression in rat primary skeletal 
muscle myotubes in several nutritional conditions after 48 hours.  

Data expressed as mean ± SEM (***p<0.001, One way ANOVA with 
Bonferronis’s post-hoc, n=6).  
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6.4.2 LCN2 protein expression in rat myotubes following various 
nutritional conditions 

 
After we observed the upregulation of LCN2 mRNA in post-prandial 

condition, next we would like to investigate the expression of LCN2 protein 

in rat myotubes following various nutritional conditions. Results showed a 

significant increase in LCN2 protein expression in postprandial condition 

when compared to fasting and diabetic/metabolic condition. The 

upregulation of LCN2 protein in post-prandial was as high as in lipid-free 

condition with no significant different. Furthermore, there was no significant 

different in LCN2 protein expression when compared between fasting and 

diabetic/metabolic conditions (Figure 6-2). The molecular weight of the 

bands of lipocalin 2 were detected at 25 kDa. 
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Figure 6- 2: LCN2 protein expression in rat myotubes following 
several nutritional conditions.  

Representative blot showing LCN2 protein expression in rat myotubes 

following several nutritional conditions namely post-prandial, fasting, 
diabetic/metabolic and control (low-lipid serum media) after 48 hours (A). 
The protein blots density is normalised to respective protein band on the 

membrane after stained by ponceau red (B).  Quantified values of lipocalin 
2 are shown in lower panels (C). *** denotes P<0.001. Data were analysed 

by One way ANOVA with Bonferronis’s post-hoc (n=6). 
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6.4.3 LCN2 protein secretion in the media of rat myotubes following 
various nutritional conditions 

 
Next, we would like to observe LCN2 protein expression in the culture 

media. This represent the secretion of LCN2 from the rat myotubes into the 

culture media. Results showed a similar pattern as seen in the myotubes, 

in which a significant increase in LCN2 protein expression in postprandial 

condition when compared to fasting and diabetic/metabolic condition. The 

upregulation of LCN2 protein in post-prandial was as high as in lipid-free 

condition with no significant different. Furthermore, there was no significant 

different in LCN2 protein expression when compared between fasting and 

diabetic/metabolic conditions (Figure 6-3). The molecular weight of the 

bands of lipocalin 2 were detected at 25 kDa. 
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Figure 6- 3: LCN2 protein expression in the culture media 
following several nutritional conditions. 

Representative blot showing LCN2 protein expression in the culture media 
following several nutritional conditions namely post-prandial, fasting, 
diabetic/metabolic and control (low-lipid serum media) for 48 hours (A). 

The protein blots density is normalised to respective protein band on the 
membrane after stained by ponceau red (B).  Quantified values of lipocalin 

2 are shown in lower panels (C). * denotes P<0.05 and ** denotes P<0.01. 
Data were analysed by One way ANOVA with Bonferronis’s post-hoc (n=6). 
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6.4.4 LCN2 protein expression in rat primary skeletal muscle 
myotubes pre- and post-EPS  
 

In the previous chapter, we have observed the upregulation of LCN2 

mRNA following removal of lipid of the serum in the culture media and after 

EPS. In this experiment, we would like to observe the LCN2 protein 

expression in rat myotubes in various media conditions namely normal 

horse serum, lipid-free and lipid-free + PLO, together with the combination 

of effects of 48-hour EPS. Results revealed there was a huge increase in 

lipocalin 2 protein expression in lipid-free media in both unstimulated and 

EPS groups. In contrast, Lipocalin 2 protein was not expressed both normal 

horse serum and lipid-free + PLO group in control or even after 48 hours of 

EPS (Figure 6-4). The molecular weight of the bands of lipocalin 2 were 

detected at 25 kDa. 

 

 

 

 

 

A.

… 

B.

… 



154 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6- 4: LCN2 protein expression in rat myotubes in various 

media conditions with the effects of 48-hour EPS. 

Representative blot showing LCN2 protein expression in the rat myotubes 

in various media conditions namely normal horse serum, lipid-free and lipid-
free + PLO, together with the effects of 48-hour EPS (A). The protein blots 

density is normalised to respective protein band on the membrane after 
stained by ponceau red (B).  Quantified values of lipocalin 2 are shown in 

lower panels (C). ** denotes P<0.01 and *** denotes P<0.001. Data were 
analysed by One way ANOVA with Bonferronis’s post-hoc (HS- normal horse 
serum, LF- lipid free horse serum, LF-HS+PLO- lipid free horse serum 

supplemented with 10mM PLO- palmitic, linoleic and oleic acids (ratio of 
4:3:3 respectively), n=3). 
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6.4.5 LCN2 protein secretion in the culture media of rat primary 
skeletal muscle myotubes pre- and post-EPS 

 

In order to observe the effects of lipid content in the media; and EPS 

upon the secretion of LCN2 by the myotubes into the culture media, the 

proteins were precipitated from the culture media using TCA protein 

precipitation method and secreted LCN2 was measured by western blotting. 

Results showed that LCN2 protein was secreted in the culture media in lipid-

free condition in both control and after 48-hour EPS. However, LCN2 protein 

was not secreted in the culture media of both normal horse serum and lipid-

free + PLO group in control or even after 48 hours of EPS (Figure 6-5). The 

molecular weight of the bands of LCN2 were detected at 25 kDa. 
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Figure 6- 5: LCN2 protein expression in the culture media of rat 
myotubes in various media conditions with the effects of 48-hour 

EPS.  

Representative blot showing LCN2 protein expression in the culture media 

of rat myotubes in various media conditions namely normal horse serum, 
lipid-free and lipid-free + PLO, together with the effects of 48-hour EPS (A). 

The protein blots density is normalised to respective protein band on the 
membrane after stained by ponceau red (B).  Quantified values of LCN2 are 
shown in lower panels (C). ** denotes P<0.01 and *** denotes P<0.001. 

Data were analysed by One way ANOVA with Bonferronis’s post-hoc (HS- 
normal horse serum, LF- lipid free horse serum, LF-HS+PLO- lipid free horse 

serum supplemented with 10mM PLO- palmitic, linoleic and oleic acids (ratio 
of 4:3:3 respectively) n=3). 
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6.4.6 LCN2 protein expression in human muscle pre- and post-
exercise 

 

In the previous chapter, we have observed the increased in LCN2 mRNA 

expression in rat skeletal muscle myotubes following EPS. In this 

experiment, we would like to investigate the LCN2 protein expression in 

human skeletal muscle following exercise. 6 human volunteers were 

subjected to right lower limb isotonic eccentric exercise with the total of 75 

contractions which is divided to 3 sets of 25 repetitions. The muscle samples 

from the vastus lateralis muscles of both limbs were taken pre- and post-

exercise as described in Chapter 2 section 2.4. Result showed that there is 

a significant increase in LCN2 protein expression 3 hours after exercise in 5 

out of 6 samples. Furthermore, the lipocalin 2 protein expression reduced 

gradually within 48 hours post-exercise (Figure 6-6). The molecular weight 

of the bands of lipocalin 2 were detected at 25 kDa. 
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Figure 6- 6: LCN2 protein expression in the human vastus lateralis 
muscle pre- and post-exercise.  

Representative blot showing LCN2 protein expression in the human vastus 

lateralis muscle pre- and post-exercise (immediate, 3 hours and 48 hours) 
in 6 different individuals (A). The protein blots density is normalised to 
respective protein band on the membrane after stained by ponceau red (B).  

Quantified values of lipocalin 2 are shown in lower panels (C). * denotes P< 
0.05, ** denotes P<0.01 and *** denotes P<0.001. Data were analysed by 

One way ANOVA with Bonferronis’s post-hoc (n=6).  
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6.4.7 LCN2 protein expression in human serum pre- and post-
exercise 

 

In previous experiment, we have observed the increased in LCN2 

protein in human muscle 3 hour after exercise. In this experiment, we would 

like to investigate the release of LCN2 protein by the skeletal muscle into 

the serum following exercise by ELISA. The same 6 human volunteers were 

subjected to right lower limb isotonic eccentric exercise with the total of 75 

contractions which is divided to 3 sets of 25 repetitions. The blood samples 

from the local arterial and venous circulations were also taken at pre- and 

post-exercise as described in Chapter 2 section 2.4. Results showed that, 

there was a gradual increase in pattern of LCN2 protein level in the venous 

serum following exercise (Figure 6-7A). Furthermore, there was a 

significant increase in LCN2 protein in the venous serum at 3 hours post-

exercise as compared to pre-exercise (Figure 6-7B).   

 

   

Figure 6- 7: LCN2 protein level in the serum of human vastus 
lateralis muscle in pre- and post-exercise.  

The LCN2 level comparison between arterial and venous serum of vastus 
lateralis muscle from 6 human volunteers in pre- and post-exercise (A) and 

the comparison of LCN2 level only in venous serum (B) in pre- and post-
exercise. * denotes P< 0.05. Data were analysed by One way ANOVA with 

Bonferronis’s post-hoc (n=6).  
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On further analysis, based on the LCN2 level difference in arterial and 

venous serum, we analysed the uptake/release of LCN2 level by the skeletal 

muscle specifically vastus lateralis following exercise. Result showed that, 

there was an uptake of LCN2 by the muscle in pre-exercise state. At 2 hours 

post exercise, there was a reduction of LCN2 uptake by the muscle from the 

circulation and interestingly, the muscle started to secrete LCN2 protein into 

the venous circulation at 3 hours after exercise (Figure 6-8). 

 

 

 

Figure 6- 8: LCN2 protein uptake/release by vastus lateralis 
muscle in pre- and post-exercise.  

LCN2 protein uptake/release by vastus lateralis muscle from 6 human 
volunteers in pre- and post-exercise (2 hours and 3 hours). Data were 

analysed by One way ANOVA with Bonferronis’s post-hoc (n=6). 
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6.5 Discussion 

Although LCN2 was identified more than 2 decades ago, the 

regulation and synthesis of this protein by skeletal muscle remain poorly 

understood. In fact, there is a study demonstrated that lipocalin 2 is not 

expressed in skeletal muscle (Mosialou et al., 2017). Much of the previous 

research has focused upon the synthesis and release of LCN2 by adipose 

tissue and its regulation by inflammation, metabolic stress, obesity and 

insulin resistance. Skeletal muscle is the largest organ in human body and 

studies showed that contracting muscle cells are able to synthesize and 

secrete several humoral factors or cytokines (Pedersen, 2011b). In line with 

this fact, our current study demonstrated that LCN2 mRNA and protein are 

expressed and synthesized by skeletal muscle. 

In the early part of this chapter, the upregulation of LCN2 mRNA 

together with LCN2 protein synthesis and secretion by primary skeletal 

muscle was seen in post-prandial (increased glucose, increased insulin and 

low lipid) but not in fasting (normal glucose, low insulin and normal lipid) 

or diabetic/metabolic (high glucose, high insulin and normal lipid) condition. 

This might be as the response to the low-lipid environment but not 

influenced by the glucose content. 

 However in other tissues specifically in adipose tissue and liver, LCN2 

mRNA was found to be significantly upregulated in diabetic and obese mice 

(Y. Wang et al., 2007) . Apart from been highly expressed in the adipocytes 

of obese mice, LCN2 expression was also been upregulated during 

adipogenesis of 3T3-L1 cells (Yan et al., 2007). Furthermore, in human 

subjects, serum LCN2 concentrations were positively correlated with 

adiposity, waist-to-hip ratio, waist circumference, hypertriglyceridemia, 
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hyperglycaemia and insulin resistance index (Y. Wang et al., 2007). These 

above studies demonstrated that LCN2 was highly expressed in adipose 

tissues and serum of obese and diabetic subjects. This suggests that the 

regulation of LCN2 in skeletal muscle is quite different compared to 

adipocytes.  

 In the next part, we have observed the LCN2 protein expression in 

primary skeletal muscle myotubes in various media conditions with the 

effects of 48-hour EPS. In previous chapter, we have showed a significant 

increase in LCN2 mRNA expression post-EPS in the myotubes in normal 

horse serum and after reintroduction of PLO in lipid-free horse serum media 

condition. However in current chapter, the protein expression of LCN2 in 

the same group of myotubes post-EPS was not detected by western 

blotting. This is because the rise in the mRNA level post-EPS was not high 

enough to be translated into protein. 

The upregulation of LCN2 mRNA after EPS and expression of LCN2 

protein post-exercise support the evidence that contracting skeletal muscle 

is able to synthesize and secrete LCN2. The expression of LCN2 post-

exercise in this study is in line with other established myokines such as IL-

6, IL-8 and IL-15 which also have shown to be upregulated after exercise. 

As mentioned by Pederson and Fischer, the level of circulating IL-6 may rise 

up to 100-fold in response to exercise; and the peak of IL-6 is reached at 

the end or shortly after exercise followed by a rapid decline to the level seen 

before exercise (Pedersen & Fischer, 2007). Another myokine, IL-8 was 

shown to be increased in plasma concentration following exhaustive 

eccentric exercise (Nieman et al., 2003; Nieman et al., 2002; Nieman et 

al., 2001; Ostrowski et al., 2001) and IL-15 mRNA also was shown to be 
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upregulated following a single bout of strength training in human skeletal 

muscle (Nielsen et al., 2007).  

As compared to our in vivo study, the level of LCN2 protein in skeletal 

muscle cells was not significantly increased immediately after exercise. 

However, the LCN2 protein level was tremendously increased after that and 

reached its peak for about 20-fold at 3 hours post-exercise and significantly 

decline after 48-hours. Furthermore, we also showed that contracting 

skeletal muscle cells are able to secrete LCN2 protein to the circulation, 

evidence by a significant net of release of LCN2 protein in the local venous 

system at 3 hours post-exercise. 

On the other aspect, strenuous exercise also has been documented 

to cause muscle inflammation. Exercise-induced muscle inflammation may 

represented by muscle soreness (Clarkson & Hubal, 2002; Proske & Morgan, 

2001; Smith, 1991) depends on the intensity of exercise together with 

inflammatory cell infiltration (Camus et al., 1993; Clarkson, 1997; Clarkson 

& Hubal, 2002; Shek & Shephard, 1998).  

Apart from the local changes observed at the muscle, inflammatory 

reaction to the muscle injury including systemic response will also taking 

place. This response which known as the acute-phase reaction, is initiated 

by substances produced by several cell types, including monocytes or 

macrophage action at the site of injury (Camus et al., 1993; Shek & 

Shephard, 1998). These substances are called cytokines, and they play 

central roles in control of immune response, acute-phase response, 

inflammatory reactions, and tissue repair process (Camus et al., 1993).  

Several inflammatory mediators have been identified to be increased 

following exercise. Significant rise in serum concentration of IL-6 were 
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observed 2 hours after eccentric exercise. This elevation of IL-6 was 

significantly correlated to Creatinine kinase (CK) concentration which 

indicates association with muscle damage. (Bruunsgaard et al., 1997). 

Another important mediator namely IL-1β, a protein released from blood 

monocytes and related cells in response to inflammatory stimuli; is also 

elevated in the muscle fibres as early as 45 minutes and lasted for 5 days 

after eccentric exercise detected by specific immunohistochemical tissue 

staining (Cannon et al., 1989). Furthermore, a significant increase in 

plasma concentration of tumor necrosis factor (TNF) was also observed 1 h 

after the end of exercise (Dufaux & Order, 1989). 

The above studies demonstrated that inflammation process might 

taking place in the muscle after exercise. Since the expression of LCN2 was 

shown to be induced by a variety of pro-inflammatory stimuli, including 

lipopolysaccharide, interleukin-1β, interleukin-17, TNFα and 

hyperglycaemia (Bu et al., 2006; Pawluczyk et al., 2003; Yan et al., 2007), 

the elevation of LCN2 post-exercise in this study might be influenced by 

these inflammatory mediators. However in this study, the rise in the 

inflammatory mediators post-exercise were not measured. The level of 

these mediators should be take into account in future in order to investigate 

the relationship between the expression of LCN2 and muscle inflammation. 

In general, the term “myokines” is defined as cytokines and other 

peptides that are produced, expressed, and released by muscle fibers and 

exert either paracrine or endocrine effects to other organs (Pedersen, 

2011a, 2011b; Pedersen et al., 2007).  Even though the current study has 

demonstrated that skeletal muscle is able to synthesize and secrete LCN2, 

further future works need to be done to investigate its role in mediating 
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other metabolic changes or exerting specific endocrine effects to other 

organs such as the liver and the adipose tissue, in order to classify LCN2 as 

a novel myokine.  
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CHAPTER SEVEN 

 

GENERAL DISCUSSION AND 

FUTURE ASPECTS 
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Chapter 7: General Discussion and Future Aspects 

Skeletal muscle is a contractile tissue that plays an important role in 

energy homeostasis due to high amount of energy consumed in performing 

its activities (Abdul-Ghani & DeFronzo, 2010). It is the primary site of 

glucose and fatty acid oxidation that accounting up to 30% of basal energy 

requirements (Zurlo et al., 1990). Therefore, the energy is acquired from 

the metabolism of carbohydrates and fat, thus it makes muscle as a major 

site of action for insulin involving the regulation of glucose entrance into the 

cells. Subsequent impairment of glucose uptake and transport, glucose 

oxidation or glucose synthesis in muscles might be the major determinant 

of the severity of T2DM (Abdul-Ghani & DeFronzo, 2010). Skeletal muscle 

rapidly adapts to changing energy needs such as following exercise or 

reduced energy intake by increasing fatty acids oxidation (Henriksson, 

1995). Increased fatty acid oxidation delays the consumption of glycogen 

stores within skeletal muscle and conserves circulating plasma glucose 

(Henriksson, 1995). The capacity for skeletal muscle to adapt appropriately 

is depends upon insulin sensitivity, leanness and aerobic fitness (Ukropcova 

et al., 2005). 

Glucose is the source of energy for skeletal muscle and its uptake 

into the cells is mainly stimulated by insulin. In skeletal muscle, glucose 

transport is mediated by carriers known as glucose transporters (GLUT) 

family which facilitate glucose movement into the cells. At the moment, 

there are 13 members of GLUT family but the best-characterized are the 

class 1 GLUT (GLUT 1-4). The GLUT1 transporters are commonly 

responsible for basal glucose uptake. The GLUT2 is mainly expressed in beta 

cells and liver, and has relatively low affinity for glucose. GLUT3 has the 



168 
 

highest affinity and only expressed during foetal development and in adult 

neurons. Finally GLUT4 is predominantly responsible for insulin-stimulated 

glucose uptake in fat and muscle.  

The insulin stimulation of glucose uptake in muscle tissue occurs via 

a signalling pathway through the insulin receptor tyrosine kinase. The main 

effect is to promote the movement of GLUT4 from the intracellular space to 

the plasma membrane. Therefore, the rate limiting step in insulin-

stimulated glucose uptake in muscles is the translocation of GLUT 

transporters to the cell membrane (Khan & Pessin, 2002).  

GLUT4 is mainly retained in intracellular vesicle structures in resting 

muscle (Foley et al., 2011) and several studies showed that insulin as well 

as muscle contractions will translocate GLUT4 to the sarcolemma and T-

tubular system (Derave et al., 2000; Derave et al., 1999). It is believed 

that there are two different intracellular pools of GLUT4 which are recruited 

by insulin and muscle contraction respectively (Coderre et al., 1995). 

 In the aspect of in vitro study, isolated skeletal muscle preparations 

are short lived for experimental manipulation, and they are invasive for 

human studies. Several muscle cell lines of animal origin are currently 

available namely rat L6 and mouse C2C12 of skeletal muscle origin and 

mouse BC3H1 of brain tumour origin. However, there are no muscle cell 

lines of human origin that have been characterized. The introduction of 

primary skeletal cell cultures offer an excellent model for performing 

experiments under standardized conditions since they express metabolic 

and protein characteristics of tissue origins.  Furthermore, it is able to 

maintain the response to alterations in substrates and hormones that 

resembles skeletal muscle in vivo (Gaster, Rustan, Aas, & Beck-Nielsen, 
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2004; Steinberg et al., 2006). Thus, cultured myotubes is accepted as a 

valuable tool for investigation of metabolic processes in skeletal muscle 

(Nikolic et al., 2012). Therefore, the primary skeletal muscle cell cultures 

were used in this study.  

In current study, primary skeletal muscle satellite cells were collected 

and cultured from both rat and human.  As for the optimization, the 

experiments were initially done on rat primary skeletal muscle myotubes. 

Rat hind limb muscle was selected and soleus muscle was preferred in view 

of the fact that soleus muscle was found to has more satellite cell nuclei 

(Gibson & Schultz, 1983). These satellite cells are the source of myoblasts 

for regeneration of mammalian skeletal muscle (Snow, 1977) thus it makes 

soleus a better choice for cell culture. As for the human study, vastus 

lateralis muscle was selected since this muscle is characterised by a mixed 

type composition and distribution of muscle fibres namely slow (type I 

fibres) and fast (type II fibres); and is considered as the site of choice for 

biopsies in research work and for clinical diagnosis (Kadi, Charifi, & 

Henriksson, 2006). 

Our laboratory previous data showed that the level of GLUT4 was 

approximately 3000-fold lower levels in non-contracting primary skeletal 

muscle cell cultures as compared to skeletal muscle tissue and this leads to 

minimal glucose uptake by the cells (Figure 7-1). Due to the facts that 

glucose enters muscle cells via facilitated diffusion through the GLUT4 

glucose transporter which translocates from intracellular storage depots to 

the plasma membrane and T-tubules upon muscle contraction (Richter & 

Hargreaves, 2013), we began to develop a contractile model of myotubes 
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that may resemble the properties of muscle cells during exercise by 

applying electrical pulse stimulation (EPS).  

 

 

Figure 7- 1: Insulin signalling and glucose uptake in non-

contracting primary skeletal muscle cell culture. 

In non-contracting primary skeletal muscle cell culture, the level of GLUT4 

is extremely low, approximately 3000-fold lower levels as compared to 
skeletal muscle tissue (as shown in the table- data not published). Thus, 

there will be minimal GLUT4 translocated to the membrane and results in 
low glucose uptake by the cells. IRS- insulin receptor substrate, PI3K- 

phosphatidylinositol 3’ kinase, P85- regulatory p85 subunit, P110- catalytic 
p110 subunit, PDK1- 3’phosphoinositide-dependent kinase-1, AKT- protein 
kinase B, PKC- protein kinase C.  
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Development of Contractile Myotubes Model 

In the present study, we demonstrated how a cell model of skeletal 

muscle myotubes can be established as an in vitro model of exercise, which 

can be used to study some of the adaptations seen in trained skeletal 

muscles. We have applied a chronic, low frequency EPS (bipolar pulse train 

of 2ms, 1Hz at 11.5V) for 48 hours to simulate regular exercise in order to 

study the effects of CB1 modulation upon insulin stimulated glucose uptake. 

Even though we are unable to visualize the muscle contraction via light 

microscope, we successfully observed a significant increase in lactic acid 

and reduction in glucose concentration in the culture media that suggest 

the occurrence contractile activities. During intense exercise, glucose is 

catabolised and pyruvate is substantially generated. When the 

mitochondrial activity is exceeded, pyruvate is reduced to lactate, resulting 

in oxidation of NADH/H+ to NAD+ (J. S. Baker et al., 2010). 

Apart from that, the stimulated myotubes exhibited a significant 

increase of GLUT4 mRNA expression in 48 hours of EPS. This upregulation 

of GLUT4 mRNA is important since the main mechanism of glucose uptake 

in contracting skeletal muscle is by facilitated diffusion and this process 

determined by the translocation of GLUT4 to the surface membrane (Richter 

& Hargreaves, 2013). As studied in GLUT4 knockout mice, muscle 

contraction has shown to have a negligible effect on glucose uptake and 

almost similar to the level seen in basal glucose uptake in unstimulated 

wild-type mice (Ryder et al., 1999). In addition, mice with muscle-specific 

GLUT4 deletion demonstrated a significant reduction in muscle glucose 

uptake and exercise tolerance during exercise (Fueger et al., 2007).  
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Furthermore, another positive parameter of contractile activities in 

our contractile myotubes model is the increase in PGC1α mRNA expression. 

PGC1α is a transcription coactivator that interacts with a variety of 

transcription factors that are involved in biological responses including 

mitochondrial biogenesis (Liang & Ward, 2006). Thus, it can be considered 

as a marker for mitochondrial biogenesis. In this model, there was a 

significant increase in PGC1α mRNA expression in the myotubes after 48 

hours of EPS. This indicates the contractile muscles generate more 

mitochondria production in order to cope with the increase in the exercise 

workload. This result is consistent with a study done by Baar et al that 

showed significant increase in PGC1 mRNA expression and protein in rats 

muscle after exercise (Baar et al., 2002). Furthermore, PGC-1α also has 

been shown to induce the expression of GLUT4 which in turn stimulates both 

basal and insulin-stimulated glucose transport in cultured muscle cells 

(Michael et al., 2001). 

The most important parameter in this model is the ability of the 

myotubes to resemble skeletal muscle in vivo in term of insulin sensitivity 

and glucose uptake. By applying EPS, both rat and human myotubes exhibit 

an increase in glucose uptake, with or without the presence of insulin. This 

suggest that EPS is not only induce the expression of GLUT4 mRNA and 

protein as suggested by other study (Kuo et al., 1999), but it also increase 

the sensitivity of the myotubes to insulin. In addition, the results also 

suggest that muscle contractions and insulin activate muscle glucose 

transport by two different mechanisms. This is in line with several studies 

that suggest muscle contraction and insulin activate muscle glucose 

transport by different molecular mechanism (A. D. Lee et al., 1995; Lund 
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et al., 1995; Wallberg-Henriksson & Holloszy, 1984). The summary of the 

results is described in Figure 7-2.  

 

 

 
Figure 7- 2: Insulin signalling and glucose uptake in contractile 

primary skeletal muscle myotube model.  

In the presence muscle contractions by electrical pulse stimulation (EPS), it 
will leads to the rise in the production of GLUT4 in the vesicle pool (as shown 
in the graph). Akt and PKC ζ/λ will then promote the GLUT4 translocation 

from the GLUT4 pool to the cell membrane to facilitate glucose uptake. 
Furthermore, the muscle contraction alone is suffice to stimulate the 

translocation of GLUT4 to the cell membrane. IRS- insulin receptor 
substrate, PI3K- phosphatidylinositol 3’ kinase, P85- regulatory p85 
subunit, P110- catalytic p110 subunit, PDK1- 3’phosphoinositide-dependent 

kinase-1, AKT- protein kinase B, PKC- protein kinase C.   
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Effects of CB1 Modulation upon Insulin Stimulated Glucose Uptake 

in Primary Skeletal Muscle 

Recent data from our laboratory has clearly demonstrated that CB1 

is expressed in human skeletal muscle and that activation with a specific 

agonist activates the p42/44 and p38 mitogen-activated protein kinase 

(MAPK) pathways. 

After we successfully develop a contractile model of skeletal muscle 

myotubes as described in chapter 3, our next aim is to observe the effects 

of CB1 activation and inhibition on exercise-induced insulin stimulated 

glucose uptake in the contractile primary skeletal muscle myotubes by using 

ACEA, a synthetic anandamide analogue and its antagonist, Rimonabant.  

As discussed in chapter 4, treatment with insulin caused a significant 

increase in glucose uptake in exercise model of both rat and human 

myotubes. Moreover, treatment with ACEA inhibit glucose uptake in insulin 

treated group. On the other hand, pre-treatment with Rimonabant reverted 

the inhibitory effect of ACEA. However, ACEA and Rimonabant not given 

any effect upon glucose uptake in non-insulin treated group. This results 

clearly revealed that the inhibitory effects of CB1 upon glucose uptake in 

contractile myotubes is only visible in the present of insulin (as shown in 

Chapter 4 Figure 4-1 and Figure 4-2). Furthermore, this indicates that CB1 

inhibition is specifically through insulin signalling cascade and not through 

contraction-stimulated glucose uptake; since ACEA did not give any effects 

in non-insulin EPS group.  

In the aspect of underlying mechanism of inhibition upon insulin 

stimulated glucose uptake, current study revealed activation of CB1 by 

ACEA caused inhibition of Akt phosphorylation and the action of ACEA was 
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attenuated by pre-treatment with Rimonabant. Furthermore, ACEA also was 

found to reduce PI3K activity by increasing its p85/p110 subunit ratio and 

again, pre-treatment with Rimonabant reverted the effect of ACEA. 

Therefore, the inhibition of these proteins may lead to inhibition of insulin 

stimulated glucose uptake, since activation of both Akt and PI3K are among 

the important steps in insulin signalling cascade (Fruman et al., 1998; Khan 

& Pessin, 2002; Rameh & Cantley, 1999). This mechanism is described in 

Figure 7-3. 

 

 
Figure 7- 3: Effects of endocannabinoids upon insulin signalling 
cascade.  

CB1 activation by ACEA treatment inhibit insulin stimulated glucose uptake 

by inhibiting several steps in insulin signalling cascade. ACEA inhibit PI3K 
by elevating p85 regulatory subunit and this results in increase p85/p110 
ratio (as shown in the graph on the right). Furthermore, ACEA inhibit the 

activity of Akt by suppressing phosphorylation of Akt (as shown in the graph 
on the left). These will lead to inhibition of GLUT4 translocation from the 

vesicles to the cell membrane. Pre-treatment with CB1 antagonist, 
Rimonabant attenuates the effects of ACEA. IRS- insulin receptor substrate, 
PI3K- phosphatidylinositol 3’ kinase, P85- regulatory p85 subunit, P110- 

catalytic p110 subunit, PDK1- 3’phosphoinositide-dependent kinase-1, AKT- 
protein kinase B. 
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Apart from that, we have also demonstrated the effects of palmitate 

with comparison to ACEA upon exercise-induced insulin stimulated glucose 

uptake in human myotubes. Palmitate is a non-esterified fatty acids that 

found to has an inhibitory effect on insulin stimulated glucose uptake in 

skeletal muscle (Alkhateeb et al., 2007; Storz et al., 1999). In current 

study, treatment with Palmitate or ACEA significantly inhibit insulin-

stimulated glucose uptake at almost similar level. Interestingly, treatment 

with combination of Palmitate and ACEA caused a synergistic effect in 

reduction of insulin-stimulated glucose uptake. On the other hand, pre-

treatment with Rimonabant blunted half of the inhibitory effect of 

combination of Palmitate and ACEA. This suggest that Rimonabant only 

reverted the effect of ACEA, but not Palmitate. 

Several studies found that Palmitate inhibit insulin-stimulated 

glucose uptake by inhibiting Akt phosphorylation (Chavez & Summers, 

2003; Peng et al., 2011; Storz et al., 1999). Since ACEA also inhibit Akt 

phosphorylation as mention in previous result, it may has the similar site of 

action with palmitate in inhibiting insulin-stimulated glucose uptake, 

however the underlying pathway of Akt inhibition might be different. 

Previous studies also suggested that saturated fatty acids such as palmitate 

promote accumulation of ceramide (Chavez & Summers, 2003, 2012; 

Pickersgill et al., 2007; Schmitz-Peiffer et al., 1999; Watson et al., 2009) 

in skeletal muscle; and synthesis of this ceramide is crucially dependent on 

the activity of serine palmitoyl transferase (SPT) which catalyses the first 

and rate-limiting step of de novo biosynthesis involving the condensation of 

amino acid L-serine with palmitoyl-CoA to form 3-Ketosphinganine (Levy & 

Futerman, 2010). This ceramide in turn was found to play a role in insulin 
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resistance in skeletal muscle by inhibit the phosphorylation of of Akt (Adams 

et al., 2004; Hajduch et al., 2001; Schmitz-Peiffer et al., 1999; Watson et 

al., 2009). Interestingly, as demonstrated by Cinar et al, peripheral CB1 

blockade by JD5037 appear to reverse the elevation of long-chain ceramide 

in muscle. Furthermore, CB1 antagonism also inhibit de novo synthesis of 

ceramide by inhibition of the activity of SPT and ceramide synthase (CerS); 

and promote the degradation of ceramide in liver microsomes of diet-

induced obese mice (Cinar et al., 2014). These findings has open up a new 

perspectives on the study of these fatty acid derivatives, and further future 

work need to be done to study the relationship between endocannabinoid 

and ceramide activities in regulating insulin-stimulated glucose uptake in 

skeletal muscle.  

 

Effects of CB1 Modulation upon Selected Genes Expression 

In chapter 5, the main objective of the experiment is to determine 

the molecular pharmacological properties of the cannabinoid receptor CB1 

in primary skeletal muscle. In order to study the effects of CB1 agonism 

and antagonism upon gene expression, qRTPCR was conducted. The 

experiments were performed on rats’ myotubes under various serum media 

conditions. Most of the experiments were done with comparing normal lipid 

serum and lipid-free serum media condition. The aim of using lipid-free 

serum is we would like to remove the lipid components including natural 

occurring endocannabinoids so that it will not interfere with the 

endocannbinoids treatment that we give prior to the experiments. Recent 

research from our laboratory has shown that the gene expression of LCN2 

and Neuropeptide Y were upregulated; and TRIB3, NR4A1, NR4A2 and 
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NR4A3 were downregulated by Rimonabant treatment via microarray. Thus, 

the current study is done in view of to validate this previous data.  

However, current study revealed that expression of the above genes 

is regulated by the levels of FFA in the serum and not by the 

endocannabinoids treatments. Furthermore, LCN2, Neuropeptide Y, NR4A1, 

NR4A2 and NR4A3 mRNA expression were also upregulated after given EPS. 

This might suggest that the gene expressions of LCN2, Neuropeptide Y, 

NR4A1, NR4A2 and NR4A3 were consistently upregulated in ‘energy 

deprivation’ state, either in lipid-free or in chronic exercise.  

 

LCN2 as a Novel Myokine 

LCN2, also known as neutrophil gelatinase-associated lipocalin 

(NGAL), is recently identified adipokine that belongs to the superfamily of 

lipocalins which seems to affect glucose metabolism and insulin sensitivity 

(Kjeldsen et al., 1994). Lipocalins is a lipid-binding protein that is able to 

bind and transport a wide variety of small hydrophobic molecules such as 

retinol, fatty acids, steroids and thyroid hormone (Flower, 1996; LaLonde 

et al., 1994). Until now, there is minimal information regarding the 

synthesis of LCN2 by skeletal muscle and its role in skeletal muscle is not 

widely understood. In fact, there is a study demonstrated that LCN2 is not 

expressed in skeletal muscle (Mosialou et al., 2017). In chapter 5, we have 

shown that there is an upregulation of LCN2 mRNA expression in low lipid 

environment and during chronic low-frequency EPS. Due to the fact that 

this early data suggest that the regulation of LCN2 in skeletal muscle might 

differ from adipocytes, the synthesis and release of LCN2 in skeletal muscle 

is interesting to be explored. In chapter 6, our aim is to investigate the 
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production of LCN2 protein in skeletal muscle following various nutritional 

conditions and exercise. In addition, we also would like to observe the 

release of LCN2 as a novel myokine in the culture media (in vitro) and 

serum (in vivo). 

As discussed in chapter 6, we began the study with the investigation 

of the synthesis and release of LCN2 by skeletal muscle myotubes in 

respond to various nutritional status namely post-prandial, fasting, 

diabetic/metabolic conditions. We incubated the rat myotubes in culture 

media that has been modified to suit the mentioned condition for 48 hours 

prior to collection. We assigned ‘low-lipid’ condition as control in this 

experiment, in view of LCN2 mRNA was found to be upregulated in low-lipid 

condition as mentioned in the previous chapter. Results showed 

upregulation of LCN2 mRNA together with increase in LCN2 protein 

production and secretion in post-prandial condition. However LCN2 mRNA 

or protein was not increase in fasting and diabetic/metabolic condition 

which suggests that the increment in LCN2 protein is not due to glucose 

content, but most probably due to the respond to the low-lipid environment. 

The next experiment also revealed almost similar findings. We have 

observed the LCN2 protein expression in rat myotubes and secretion (in the 

culture media) in various media conditions namely normal horse serum, 

lipid-free and lipid-free + PLO, together with the combination of effects of 

48-hour EPS. Results revealed there was a huge significant increase in LCN2 

protein expression in cells and LCN2 secretion in culture media; in lipid-free 

media in both unstimulated and EPS groups. In contrast, LCN2 protein was 

not expressed or secreted in both normal horse serum and lipid-free + PLO 

group in non-stimulated or even after 48 hours of EPS. This results also 



180 
 

suggest that the elevation in LCN2 in skeletal muscle is in response to low-

lipid environment. 

These results however contradict with previous studies which stated 

that LCN2 was elevated in obese and hyperlipidaemic status. Studies 

demonstrated that LCN2 gene expression in adipose tissue was upregulated 

in genetic and dietary-induced obese rodents (Y. Wang et al., 2007; J. 

Zhang et al., 2008), as well as in obese humans (Y. H. Lee et al., 2010; 

Panidis et al., 2010; Y. Wang et al., 2007). Furthermore, circulating LCN2 

levels increased in obese animals, and LCN2 mRNA was increased in the 

liver of ob/ob mice (Yan et al., 2007). These results showed that the 

regulation and secretion of LCN2 is a complicated process; and is suggest 

that the elevation of LCN2 in obese individuals might due to secretion from 

other organs such as adipose tissue and liver but not from skeletal muscle. 

Human study showed a significant increase in LCN2 protein 

expression 3 hours after exercise when compared to pre-exercise state in 

skeletal muscle. Furthermore, the LCN2 protein expression reduced 

gradually within 48 hours post-exercise. Meanwhile, the analysis of the 

blood serum revealed a significant increase in LCN2 protein in the venous 

serum at 3 hours post-exercise as compared to pre-exercise. Further 

analysis based on arterial and venous serum difference revealed that there 

is an uptake of LCN2 by the skeletal muscle from the systemic circulation 

in pre-exercise state. Then, there was a reduction of LCN2 uptake by the 

muscle from the circulation at 2 hours post-exercise and interestingly, the 

muscle started to secrete LCN2 protein into the venous circulation after 3 

hours of exercise. Current results suggest that LCN2 is also being 

synthesized and secreted by skeletal muscle in response to exercise, similar 
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to several other myokines that were found to be influenced and increased 

by physical activity such as IL-6 (Fischer, 2006; Pedersen & Febbraio, 2008; 

Pedersen & Fischer, 2007), IL-8  (Pedersen & Febbraio, 2008) and IL-15 

(Nielsen et al., 2007). 

Apart from that, exercise was documented to cause inflammatory 

reaction to the muscle. Several inflammatory mediators have been 

identified to be increased following exercise such as IL-6 (Bruunsgaard et 

al., 1997), IL-1β (Cannon et al., 1989) and TNF (Dufaux & Order, 1989). 

Since the expression of LCN2 was shown to be induced by a variety of pro-

inflammatory stimuli, including lipopolysaccharide, interleukin-1β, 

interleukin-17, TNFα and hyperglycaemia (Bu et al., 2006; Pawluczyk et al., 

2003; Yan et al., 2007), the elevation of LCN2 post-exercise in this study 

might be influenced by these inflammatory mediators. However in this 

study, the rise in the inflammatory mediators post-exercise were not 

measured. The level of these mediators should be take into account in 

future in order to investigate the relationship between the expression of 

LCN2 and muscle inflammation. 

The term “myokines” is defined as cytokines and other peptides that 

are produced, expressed, and released by muscle fibers and exert either 

paracrine or endocrine effects to other organs (Pedersen, 2011a, 2011b; 

Pedersen et al., 2007).  The current study has demonstrated that the 

skeletal muscle synthesize and secrete LCN2 in response to low-lipid 

environment and post-exercise. In order to classify LCN2 as a novel 

myokine, further future works need to be done to investigate its role in 

mediating other metabolic changes or exerting specific endocrine effects to 

other organs such as the liver and the adipose tissue. 
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Experimental Limitations  

In LCN2 experiments, we encounter several problems especially in 

western blot procedures. There was a huge unspecific band blotted in 

between 37kDa and 50 kDa. Thus, the blotting of control protein such as 

RPLPO (34 kDa), GAPDH (36 kDa) and β-actin (42 kDa) is quite difficult to 

be visualize. Thus, we used the ponceau red-stained membrane as the 

control band for densitometry quantification in the cells. Furthermore, we 

also used the ponceau red-stained membrane to quantify loading control 

for the secretion of LCN2 in the media, since we extracted the protein from 

1 ml media and loaded the similar amount into the separating gel. In 

addition, there was also a huge unspecific band blotted in between 37kDa 

and 50 kDa for the membrane of the protein from the media and this might 

be due to a high protein content in the horse serum.  

Apart from that, we were unable to successfully yield the LCN2 

protein band from human myotubes in western blot, even after applying 2 

EPS protocols: acute high frequency (pulse train of bipolar pulses 100Hz for 

200ms given every 5th second, 30V for 30 min, 1 hour and 2 hours) and 

chronic low frequency (single, bipolar pulses of 2ms, with 11.5V and 1Hz 

continuously for 48 hours).  There are several possibilities that may lead to 

this condition, first the EPS protocol given to the human myotubes is not 

optimum enough to stimulate the cells to produce LCN2, even though the 

EPS protocol is suffice in rat myotubes. Second, there might be several 

steps in the western blot protocol that need to be optimized and modified 

especially sample preparation. Thus, we collected human fresh muscle 

samples and blood serum post-exercise to investigate the LCN2 production 

and secretion in the blood.  
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