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ABSTRACT 
Type 2 diabetes is a complex chronic disease that is associated with skeletal 

muscle insulin resistance. The aim of this thesis is to investigate pathways regulating 
glucose and lipid metabolism in human skeletal muscle.  

Whole body metabolism differs between men and women. Epidemiological 
studies show gender-dependent variations in risk factors for type 2 diabetes. Therefore, 
we tested the hypothesis that intrinsic sex differences contribute to skeletal muscle 
metabolism and gene expression. Sex-dependent differences in expression of genes 
important for glucose and lipid metabolism were observed in skeletal muscle biopsies 
from age-matched male and female subjects. When the same genes were analyzed in 
cultured myotubes from the same subjects no sex-dependent differences were found. 
Furthermore, basal and insulin-stimulated glucose metabolism, as well as lipid uptake 
and β-oxidation, were similar in myotubes between the sexes. Thus, we provide 
evidence against sexual dimorphism in metabolism in cultured myotubes. Differences 
seen between males and females in vivo are likely a consequence of systemic factors. 

The complexity of the insulin signaling pathway is magnified by the existence of 
multiple isoforms of key signaling molecules. Insulin receptor substrate (IRS) 1 and 2 
are the first post-receptor signaling molecules in the insulin signaling cascade, while 
Akt is a downstream kinase important for metabolic responses and cell survival. 
siRNA-mediated gene silencing was used to determine the relative contribution of IRS 
and Akt isoforms to glucose and lipid metabolism in human myotubes. Our results 
provide evidence that IRS-1 and Akt2 are required for cell growth and differentiation, 
as well as insulin-stimulated glucose uptake and incorporation into glycogen, whereas 
IRS-2 and Akt1 are dispensable. In contrast, IRS-2 was necessary for insulin action on 
lipid uptake and metabolism. Thus, we provide evidence for isoform-specific regulation 
in the insulin signaling cascade governing glucose and lipid metabolism.  

Insulin resistance has been linked to low-grade inflammation and increased 
circulatory inflammatory cytokines. We determined the role of inhibitor of nuclear 
factor-κβ kinase β (IKKβ) in TNF-α-induced insulin resistance in cultured human 
myotubes. Deletion of IKKβ fully protected against TNF-α-induced insulin resistance 
at the level of Akt and AS160 phosphorylation. Importantly, TNF-α-induced 
impairments in insulin action on glucose uptake and incorporation into glycogen were 
completely restored by siRNA-mediated gene silencing of IKKβ.  

The AMPK-related kinase SNF (sucrose, non-fermenting) 1/AMPK-related 
kinase (SNARK) has been linked to obesity and type 2 diabetes. We show that SNARK 
expression is unaltered in skeletal muscle from type 2 diabetic patients. Conversely, 
SNARK expression is increased in obese humans, and in cultured myotubes exposed to 
metabolic stressors including TNF-α and palmitate. siRNA-mediated SNARK silencing 
was without effect on basal or insulin-stimulated glucose and lipid metabolism, and 
failed to prevent TNF-α- or palmitate-induced insulin resistance. Thus, SNARK does 
not directly influence skeletal muscle metabolism in human. 

In conclusion, siRNA has been used to validate several molecular mechanisms 
governing insulin-dependent control of glucose and lipid metabolism in skeletal muscle 
from normal glucose tolerant and type 2 diabetic men and women. Isoform-specific 
gene targeting of insulin signaling proteins has potential to prevent or correct insulin 
resistance in skeletal muscle. 
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1 INTRODUCTION 
 
1.1 TYPE 2 DIABETES 

Type 2 diabetes is a complex chronic disease, defined by elevated levels of blood 
glucose (Table 1), that affects most organs. The increased concentration of blood 
glucose seen in type 2 diabetic patients is caused by a combination of insulin resistance 
in tissues such as skeletal muscle, adipose tissue and liver, and a reduced function of 
the insulin producing β-cells in the pancreas.  

Type 2 diabetes develops gradually and blood glucose levels begin to rise when 
insulin production becomes insufficient to overcome peripheral insulin resistance. In 
turn, high blood glucose levels can lead to both microvascular and macrovascular 
complications. Microvascular complications such as retinopathy, nephropathy and 
neuropathy are common in diabetes, and ultimately lead to loss of vision, foot 
ulcers/amputation and kidney failure. Furthermore, macrovascular complications, 
including coronary artery disease, myocardial infarction and stroke, are main causes of 
death among diabetic patients. Indeed, cardiovascular morbidity is two to four times 
greater in patients with diabetes compared to non-diabetic individuals (Adlerberth et al., 
1998; Zimmet et al., 2001). Clearly, type 2 diabetes is not only a health burden for the 
affected individual, but also has an impact on society as a whole due to high costs for 
medical care.  

 
 Fasting plasma glucose 2h plasma glucose 

T2D ≥7.0 mmol/l ≥11.1 mmol/l 
IGT ≥6.1<7.0 mmol/l ≥7.8<11.1 mmol/l 

 
Table 1. Diagnostic criteria for type 2 diabetes (T2D) and impaired glucose tolerance (IGT) 
according to WHO. Type 2 diabetes can be diagnosed by measuring glucose levels in the plasma 
after an 8-14 h fast or by assessing the glucose levels two hours after a 75 g oral glucose load. 

 
1.1.1 Prevalence  

The number of people with diabetes is increasing rapidly worldwide and the 
disease is considered to have reached epidemic-like proportions (Figure 1). The World 
Health Organization (WHO) estimates that more than 180 million people around the 
world have diabetes, which corresponds to 2.8% of the world population. This number 
is likely to more than double by 2030 (International Diabetes Federation, 2006; Wild et 
al., 2004; World Health Organization, 2009). The diabetes “epidemic” relates primarily 
to type 2 diabetes since it accounts for 90% of all cases of diabetes and the increase in 
the incidence of type 2 diabetes encompasses both developed and developing nations.  

In Sweden around 350,000 people suffer from diabetes (Diabetesförbundet, 
2009) which is approximately 3.8% of the population. Whether diabetes has increased 
in Sweden (Ringborg et al., 2008) over the last decade or has remained  at a constant 
level (Eliasson et al., 2002; Jansson et al., 2007) is unclear. Contributing factors which 
could explain the rise in the number of subjects with type 2 diabetes are improved 
healthcare, resulting in an extended lifespan of diabetic patients, as well as an increased 
rate of diagnosis (Berger et al., 1999). 
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In the United States 7.7% of the adult population was diagnosed with diabetes in 
2006. Remarkably, when the number of patients with undiagnosed diabetes was added 
to these numbers the prevalence of diabetes was as high as 12.9%. In addition, another 
30% of the population had elevated blood glucose levels and can thus be considered to 
be in a prediabetic state (Cowie et al., 2009).  This is a large increase compared to 10-
15 years earlier, when 5.1% of the population had diabetes (Cowie et al., 2009; Gregg 
et al., 2004), and 60 years earlier as little as 0.37% of the population was diagnosed 
with diabetes (Kenny SJ, 1995).  

The largest increase in the prevalence of diabetes is expected in China and India 
(King et al., 1998; Zimmet et al., 2001). In fact, the “epidemic” is just beginning in the 
two most populated countries in the world. An increased lifespan, genetic vulnerability 
and urbanization, coupled with a sedentary lifestyle and more energy-rich food, are 
factors thought to contribute to the rapid increase in diabetes in this part of the world 
(Diamond, 2003; King et al., 1998; Zimmet et al., 2001).  

 
Figure 1. Estimation of diabetes prevalence in the adult population worldwide. Data is presented as 
million people with diabetes estimated for the years 2007 and 2025, with the increase expressed in 
percent. Adapted from Diabetes Atlas 3rd edition ©, International Diabetes Federation, 2006.  
 
 

The primary cause of type 2 diabetes is unknown, and might differ between 
individuals (Martin et al., 1992; Yki-Jarvinen, 1994). Most likely, a combination of 
both genetic and environmental factors is involved in the etiology of type 2 diabetes. 
The impact of genetic factors is illustrated by the fact that the concordance rate for type 
2 diabetes in monozygotic twins is 50% (Poulsen et al., 1999). Evidence supporting the 
influence of environmental factors is found in two populations of Pima Indians living in 
Arizona, the United States, and Sonora, Mexico. Despite sharing a similar genetic 
background the prevalence of type 2 diabetes differs 5-fold between these two groups. 
The westernized lifestyle of the Pima Indians in Arizona is thought to be the underlying 
factor behind the difference (Schulz et al., 2006).  
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1.2 GLUCOSE METABOLISM; INTEGRATION OF THE WHOLE BODY 
Type 2 diabetes is a complex disease in the sense that defects can be found in all 

major organs involved in metabolic control of glucose homeostasis. Metabolism has to 
be considered in the context of the whole body, since “crosstalk” exists between 
different metabolic tissues (Figure 2).  

In healthy humans, blood glucose levels are constantly held within a narrow 
range of approximately 5 mmol/l (Kopf et al., 1973; Malherbe et al., 1969). This is 
critical to ensure an adequate energy supply to organs relying of glucose as their energy 
source (for example the brain) and for protecting the blood vessels from damage due to 
dangerously high levels of glucose. Insulin is the primary hormone responsible for the 
strict maintenance of a balanced blood glucose level. Insulin is produced by the 
pancreatic β-cells in response to increased blood glucose levels after a meal and 
consequently stimulates glucose uptake in peripheral tissues such as skeletal muscle 
and adipose tissue while inhibiting hepatic glucose production.  

Insulin mediates its biological effects via interaction with the cell surface insulin 
receptor, resulting in activation of intracellular signaling pathways. To define the 
contribution of each tissue in the development of insulin resistance and altered glucose 
homeostasis tissue-specific ablation of the insulin receptor in mice has been used. 
Deletion of the insulin receptor in the liver (Michael et al., 2000) causes hyperglycemia 
and hyperinsulinemia. These changes are due to an inability of insulin to suppress 
hepatic glucose production, as well as decreased insulin clearance. Likewise, tissue-
specific ablation of the insulin receptor in pancreatic β-cells causes glucose intolerance 
(Kulkarni et al., 1999) with a loss of glucose-stimulated insulin secretion. On the 
contrary, mice with muscle-specific insulin receptor deletion have normal blood 
glucose and insulin levels, and respond appropriately to a glucose tolerance test 
(Bruning et al., 1998). The decreased glucose uptake in the skeletal muscle of these 
animals is compensated by increased glucose uptake in adipose tissue, with a 
subsequent increase in body fat content and circulating free fatty acids and triglycerides 
(Kim et al., 2000). Thus, even though skeletal muscle-specific insulin-receptor knock-
out mice do not develop glucose intolerance, impairments often seen in the diabetic 
patient are observed. Surprisingly, deletion of the insulin receptor in adipose tissue 
leads to a slight improvement in glucose homeostasis (Bluher et al., 2002). This is 
probably due to changes in levels of secreted factors from the adipose tissue, which 
affect other organs involved in metabolic control in a positive way. Finally, genetic 
ablation of the insulin receptor in the hypothalamus increases food intake and body fat 
content (Obici et al., 2002). These mice have normal blood glucose and insulin levels, 
but have increased hepatic glucose production.  

The pancreas, which secretes insulin and glucagon, is not the only tissue 
releasing bioactive mediators that influence whole body metabolism. The “crosstalk” 
between the tissues involved in maintaining nutrient homeostasis is further achieved via 
the release of numerous adipokines and cytokines by several tissues, in particular 
adipose tissue. 

 
 



 

4 

Glucose

Muscle

Adipose 
tissue

Pancreas

LiverBrain

Intestine

Heart

Kidney

Insulin

Insulin

Adipokines

 
 

Figure 2. Crosstalk between different tissues in the regulation of glucose metabolism. Glucose 
enters the blood stream via uptake by the intestine after a meal or by release from the liver. 
Glucose is then used as an energy source and/or stored as glycogen in different tissues. Hormones 
and other signaling molecules are secreted from several tissues, and regulate whole body 
metabolism. Images of organs printed with permission from Servier Medical Art.  
 
 

Adiponectin is the most abundant protein secreted by adipose tissue and it is 
negatively correlated to obesity and type 2 diabetes in humans (Weyer et al., 2001). 
Adiponectin improves whole body insulin sensitivity by increasing glucose uptake and 
lipid oxidation in skeletal muscle (Fruebis et al., 2001; Yamauchi et al., 1996), while 
reducing hepatic glucose production (Berg et al., 2001). The level of the adipose-
derived hormone leptin is directly related to the amount of adipose tissue. Leptin 
controls food intake and energy expenditure by acting in the central nervous system 
(Munzberg and Myers, 2005; Zhang et al., 1994). In peripheral tissues leptin increases 
fatty acid oxidation (Muoio et al., 1997) and glucose metabolism (Kamohara et al., 
1997). Leptin resistance has been observed in obesity, where high levels of this 
hormone fail to promote weight loss (Munzberg and Myers, 2005). Other bioactive 
mediators derived from the adipose tissue that modulate metabolism include resistin 
(Steppan et al., 2001), retinol binding protein 4 (Yang et al., 2005) and possibly visfatin 
(Fukuhara et al., 2005; Sun et al., 2009).  

Several pro-inflammatory cytokines are released from the adipose tissue with 
increased levels in obesity, including interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α; see section 1.6.3). IL-6 has been implicated in insulin resistance (Bastard et 
al., 2002), but high concentrations of IL-6 are also secreted from contracting skeletal 
muscle, thereby increasing peripheral insulin sensitivity (Steensberg et al., 2002), 
making the role of IL-6 in whole body metabolism unclear (Glund and Krook, 2008). 
In conclusion, balanced whole body metabolism requires coordinated regulation and 
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involves an integration of multiple organs. Thus, it is not surprising that defects are 
noted in multiple tissues in type 2 diabetic patients.  

 

 
1.3 IMPORTANCE OF SKELETAL MUSCLE IN GLUCOSE METABOLISM 

Skeletal muscle plays a crucial role in maintaining blood glucose concentrations 
at a constant level. In the beginning of the 1980’s DeFronzo used the eglycemic 
hyperinsulinemic clamp technique to demonstrate that skeletal muscle is the principal 
site for insulin-stimulated glucose uptake. Approximately 75% of glucose taken up 
after a meal is transported into the skeletal muscle. This insulin-stimulated rate of 
glucose uptake is greatly impaired in type 2 diabetic patients (DeFronzo et al., 1985; 
DeFronzo et al., 1981). Furthermore, early defects have been found in skeletal muscle 
from first-degree relatives of type 2 diabetic patients (Eriksson et al., 1989; Vaag et al., 
1992).  

 
 
1.4 SEX DIFFERENCES IN METABOLISM 

Even though men and women share most genetic information differences do exist 
in body composition, metabolism and in disease susceptibilities. Indeed, sex influences 
the risk for nearly all common diseases, including the metabolic syndrome (Hu et al., 
2004; Regitz-Zagrosek et al., 2007) and diabetes (Glumer et al., 2003; Legato et al., 
2006). For example, type 2 diabetes is a more powerful risk factor for coronary heart 
disease in women compared to men (Huxley et al., 2006).  

Epidemiological studies show a higher prevalence of impaired glucose tolerance 
in women then in men, whereas the opposite is found for impaired fasting glucose 
(Glumer et al., 2003). In line with this, women are more often diagnosed with diabetes 
using 2h glucose values (DECODE Study Group, 2003). However, conflicting data 
exist for differences in insulin sensitivity between men and women (Borissova et al., 
2005 (higher in women); Flanagan et al., 2006 (higher in men); Soeters et al., 2007 
(same in women and men)).  

Historically, scientific research has been performed mainly on male subjects. One 
reason for this is because fluctuations in hormones due to the female reproductive cycle 
may influence study results. Other explanations might be related to the desire to 
compare results with earlier studies (performed on men) or reluctance of the 
investigator to include fertile women in a study. Thus, information about sex 
differences on metabolic response has only started to accumulate.  

The term gender is often used interchangeably with sex. Correctly, sex 
differences refer to intrinsic biological differences, whereas gender differences take into 
account the variations between men and women when measuring biological, social, 
ethnical and cultural differences at the same time. 
 
1.4.1 Sex-differences in substrate utilization during exercise 

The mechanisms that underlie metabolic differences between the sexes remain 
unclear. Given the profound importance of skeletal muscle in whole body glucose 
homeostasis (DeFronzo et al., 1985; DeFronzo et al., 1981) the noted difference 
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between men and women in skeletal muscle substrate metabolism during endurance 
exercise is interesting. At the same relative intensity of submaximal exercise women 
oxidize more lipids and fewer carbohydrates compared to men. Accordingly, males 
have a higher respiratory exchange ratio and greater glycogen utilization (Horton et al., 
1998; Tarnopolsky et al., 1990). Moreover, intramuscular triglyceride storage is larger 
in women compared to men (Steffensen et al., 2002). Clearly, intrinsic differences in 
skeletal muscle physiology between the sexes require further investigation. 
 
1.4.2 Body composition 

Differences in muscle mass may contribute to variations in whole body 
metabolism between the sexes, with muscle mass generally being larger in men 
compared to women. Moreover, muscle fiber area is larger in men, while the proportion 
of oxidative slow twitch fibers to glycolytic fast twitch fibers is slightly higher in 
females (Simoneau and Bouchard, 1989). However, the importance of these findings to 
whole body metabolism is unclear.  

Another factor influencing whole body metabolism is the difference in body fat 
composition. Women have a higher body fat percentage (20-25%) compared to men 
(10-15%) (Krotkiewski et al., 1983) and these differences are observed already during 
the first year of life. The distribution of adipose tissue also differs between the sexes. 
Men have an “apple shaped” adipose distribution with the primary storage of fat in the 
abdominal area, while women have a “pear shaped” distribution and preferentially store 
more fat subcutaneously and in the gluteal-femoral region (Lemieux et al., 1993). 
Notably, abdominal obesity is an important risk factor for the development of type 2 
diabetes (Carey et al., 1997; Krotkiewski et al., 1983), whereas an increased amount of 
lower-body fat is associated with a reduced risk of metabolic complications (Snijder et 
al., 2004).  

 
 
1.5 INSULIN SIGNALING IN SKELETAL MUSCLE 

In skeletal muscle activation of the insulin signaling pathway regulates glucose 
and lipid metabolism, protein synthesis, gene expression, cell survival and 
differentiation (Figure 3). 

Insulin receptor Insulin signaling is initiated by insulin binding to the insulin 
receptor (IR), expressed at the cell surface of all insulin-sensitive tissues. The IR 
belongs to the tyrosine kinase receptor family and consists of four subunits; two extra-
cellular insulin-binding α-subunits linked to two transmembrane β-subunits which 
possess intrinsic tyrosine kinase activity. Upon insulin stimulation, conformational 
changes trigger autophosphorylation of the β-subunits. This will activate the receptor 
and lead to tyrosine phosphorylation of a large number of substrate molecules setting 
off the signaling cascade (Baron et al., 1992; Rosen, 1987; White, 1997). 
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Figure 3. The insulin signaling cascade in skeletal muscle.  
 
 

Insulin receptor substrates There are at least 12 substrates of the insulin receptor, 
including four different isoforms of insulin-receptor substrates (IRSs) (Sun XJ Nature 
1991, 1648180, Sun XJ Nature 1995, 7675087, Lavan BE JBC 1997, 9111055, Lavan 
BE JBC 1997, 9261155), as well as Shc isoforms, Gab-1, p62, Cbl and APS (Baumann 
et al., 2000; Cai et al., 2003; White, 2003). IRS proteins have multiple tyrosine 
phosphorylation sites, and once phosphorylated they act as regulatory docking proteins 
that direct the insulin signaling cascade towards either metabolic or mitogenic events 
by binding to numerous proteins containing Src-homology-2 (SH2) domains.   

Phosphatidylinositol 3-kinase Among the downstream proteins of IRSs 
phosphatidylinositol 3-kinase (PI3K) has been shown to be essential for the action of 
insulin on glucose and lipid metabolism. Chemical inhibition of PI3K blocks insulin-
stimulated glucose uptake (Yeh et al., 1995). PI3K consist of a regulatory (p85) and a 
catalytic (p110) subunit, with several isoforms of each subunit (Taniguchi et al., 2006). 
When the regulatory subunit associates with IRS the catalytic subunit is brought close 
to the plasma membrane. PI3K is then able to phosphorylate phosphatidylinositol 4,5-
biphosphate (PIP2) in the plasma membrane, leading to the production of the lipid 
second messenger phosphatidylinositol 3,4,5-triphosphate (PIP3), which in turn can 
bind to other signaling molecules and alter their activity or cellular localization. A key 
molecule downstream of PI3K is phosphoinositide-dependent kinase (PDK). PDK is 
consequently involved in the regulation of several kinases, including the 
serine/threonine kinase Akt and atypical protein kinase C (PKC) (Chou et al., 1998). 

Akt (also known as protein kinase B) Three different isoforms of Akt have been 
identified (Bellacosa et al., 1991; Brodbeck et al., 1999; Cheng et al., 1992; Jones et al., 
1991), which relay the insulin signal via phosphorylation of multiple downstream 
targets to pathways triggering glucose metabolism, protein synthesis and cell survival. 
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Once recruited to the plasma membrane Akt needs to be phosphorylated at Ser473 and 
Thr308 for full activation of its kinase activity (Alessi et al., 1996). PDK1 is the kinase 
responsible for the Thr308 phosphorylation (Alessi et al., 1997), whereas the identity of 
the Ser473 kinase (PDK2) has been a subject of debate. There is increasing evidence 
that mammalian target of rapamycin (mTOR) is a primary regulator of the Ser473 site 
(Sarbassov et al., 2005).  

Akt activation promotes glucose metabolism by inducing glycogen synthesis 
through phosphorylation and inhibition of the enzyme glycogen synthase kinase 3 
(GSK3) (Cross et al., 1995), which normally acts as a block on the pathways governing 
glucose incorporation into glycogen. In addition, phosphorylation of the Akt substrate 
of 160 kDa (AS160/TBC1D4) stimulates glucose uptake (Kane et al., 2002; Sano et al., 
2003). Recently another Akt substrate with a similar size to TBCID4 has been 
identified and it is termed TBC1D1 (Roach et al., 2007). Insulin controls glucose 
uptake in skeletal muscle by regulating the movement of intracellular vesicles 
containing glucose transporter 4 (GLUT4) (Birnbaum, 1989; Fukumoto et al., 1989; 
James et al., 1989) from an intracellular localization to the cell membrane (Hirshman et 
al., 1990; Karlsson et al., 2009). TBC1D1 and 4 have a GTPase-activating domain for 
Rabs, which are small G-proteins important for membrane trafficking and/or docking 
shown to be important for the GLUT4 translocation (Miinea et al., 2005). 

Akt regulates cell growth and survival through inhibition of several pro-apoptotic 
agents including Bad and forkhead box O family of transcription factors (FOXO). 
Protein synthesis is regulated via the mTOR pathway, where mTOR controls the 
translation machinery by phosphorylation and activation of the ribosomal initiating 
factor eIF-4E, and p70S6K activated ribosomal biosynthesis (Manning and Cantley, 
2003).  

 Mitogen-activated protein kinases Insulin exerts its mitogenic control via 
activation of the mitogen-activated protein kinase (MAPK) pathway. This occurs 
through IRS activation of Grb2, recruitment of Son of sevenless (SOS) exchange 
protein to the plasma membrane and subsequent activation of Ras. Ras then activates a 
serine kinase cascade where MAP kinase kinase kinases (MAPKKKs) stimulate MAP 
kinase kinases (MAPKKs), which ultimately stimulate the three classes of MAPKs 
including extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK) 
and p38. Chemical inhibition of ERK reveals this kinase to be essential for insulin-
stimulated cell growth without effecting glucose metabolism (Lazar et al., 1995). 

 
1.5.1 Critical nodes in the insulin signaling cascade 

The intracellular insulin signaling pathway in skeletal muscle is a complex 
cascade of phosphorylation events, which regulates glucose and fatty acid transport and 
metabolism, protein synthesis and gene expression. The existence of multiple isoforms 
for some of the signaling molecules adds further complexity to the signaling cascade.  

The concept of “critical nodes” in the insulin-signaling pathway was introduced 
by Taniguchi et al (Taniguchi et al., 2006). A critical node is defined as a group of 
related proteins in a signaling network, where two or more of these related proteins 
have unique biological roles and therefore act as a junction where the signaling can take 
different tracks. A node is highly regulated, both positively and negatively, and is a site 
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for “cross talk” with other signaling pathways. In the insulin signaling pathway, at least 
three different critical nodes have been described; the insulin receptor and its substrates 
(IRS), PI3K and Akt (Figure 4) (Taniguchi et al., 2006). 
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Figure 4. Critical nodes in the insulin signaling cascade. At each critical node (framed in blue), 
several related proteins have unique biological roles and therefore the node acts as a junction 
where the insulin signal can take different tracks. Modified from Taniguchi et al, (Taniguchi et al., 
2006). 

 
 

Studies performed on genetically modified animal models have given insights 
into the specialized roles of the different IRS and Akt isoforms in the insulin signaling 
pathway. Four structurally related IRS isoforms are expressed in mammals; IRS1-4, 
where IRS-1 (White et al., 1985) and IRS-2 (Araki et al., 1994) are the most widely 
expressed isoforms.  

Mice with a genetic ablation of IRS-1 have a marked reduction in intrauterine 
growth and remain small throughout life. Even though deletion of IRS-1 does not cause 
diabetes, the animals develop impaired glucose tolerance (Araki et al., 1994; 
Tamemoto et al., 1994). The importance of IRS-1 in peripheral glucose metabolism is 
highlighted by the fact that skeletal muscle and adipose tissue isolated from IRS-1-
deficient mice have reduced insulin-stimulated glucose uptake (Araki et al., 1994; 
Tamemoto et al., 1994; Yamauchi et al., 1996).  

The phenotype of IRS-2 deficient mice differs from the phenotype of IRS-1-
deficient mice. Disruption of IRS-2 only leads to mild growth retardation, but the mice 
develop overt diabetes (Araki et al., 1994; Tamemoto et al., 1994). In addition to 
peripheral insulin resistance deletion of IRS-2 causes progressive pancreatic β-cell 
failure, making the mice unable to compensate for the increased insulin demand 



 

10 

(Withers et al., 1998). However, insulin-stimulated glucose uptake is intact in muscle 
isolated from animals with genetic ablation of IRS-2 (Higaki et al., 1999). 

The IRS-3 and IRS-4 isoforms seem to be less important for the regulation of 
metabolism in skeletal muscle. IRS-3 is mainly expressed in liver and lung in rodents 
(Sciacchitano and Taylor, 1997), but expression is undetectable in humans (Bjornholm 
et al., 2002). Furthermore, IRS-3 depletion does not alter growth or glucose 
homeostasis in mice (Liu et al., 1999). Likewise, IRS-4 knockout mice only show mild 
defects in glucose homeostasis (Fantin et al., 2000). 

Three mammalian Akt isoforms exist, which are encoded by distinct genes. 
Despite close sequence homology between the three isoforms, knockout studies have 
revealed distinct roles for the Akt proteins. The Akt1 isoform is ubiquitously expressed 
and Akt1 deficiency leads to increased neonatal mortality and severe growth retardation 
(Cho et al., 2001b) due to a defect in placental development (Yang et al., 2003). 
However, glucose homeostasis is unaltered in these mice (Chen et al., 2001; Cho et al., 
2001b).  

Akt2 deficiency leads to peripheral insulin resistance, as well as mild growth 
retardation and age-dependent loss of adipose tissue. Insulin-stimulated glucose 
transport is impaired in skeletal muscle from mice lacking Akt2 (Cho et al., 2001a; 
Garofalo et al., 2003). Furthermore, Akt2 is the most abundant isoform in insulin-
responsive tissue (Altomare et al., 1998; Yang et al., 2003). Some compensatory effects 
between the Akt1 and Akt2 isoforms might exist, since mice with deletion of both 
isoforms die directly after birth, show dwarfism, have impaired adipogenesis and 
impaired development of skin, skeletal muscle and bone (Peng et al., 2003). 

Akt3 is expressed predominantly in brain and testis, and genetic ablation of Akt3 
leads to reduction in brain size without any detected changes in glucose metabolism 
(Easton et al., 2005; Tschopp et al., 2005).  
 
 
1.6 INSULIN RESISTANCE 
1.6.1 Defects in muscle insulin signaling 

Defects in skeletal muscle metabolism appear to be an early event in the 
development of insulin resistance since decreased insulin-stimulated glucose uptake is 
found in healthy first-degree relatives of type 2 diabetic patients (Eriksson et al., 1989; 
Vaag et al., 1992). In view of the fact that GLUT4 protein levels are normal in skeletal 
muscle from type 2 diabetic patients (Eriksson et al., 1992; Kahn et al., 1992), while the 
GLUT4 translocation and glucose uptake are impaired (Dohm et al., 1988; Zierath et 
al., 1996) a large number of studies have focused on identifying defects in the insulin 
signaling cascade.  

Impaired expression and tyrosine phosphorylation of the IR have been observed 
in skeletal muscle from morbidly obese type 2 diabetic subjects (Goodyear et al., 
1995b). In contrast, insulin binding, protein expression and tyrosine phosphorylation of 
IR is normal in skeletal muscle from moderately overweight type 2 diabetic subjects 
(Arner et al., 1987; Krook et al., 2000).  

Multiple reports have described changes in phosphorylation patterns of IRS in 
insulin resistance. Decreased insulin-stimulated IRS-1 tyrosine phosphorylation and 
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consequently activation of PI3K has been observed in skeletal muscle biopsies from 
patients with type 2 diabetes (Bjornholm et al., 1997; Kim et al., 1999; Krook et al., 
2000, Cusi, 2000 #137) and cultured myotubes from type 2 diabetic patients (Bouzakri 
et al., 2003; Nikoulina et al., 2001).  

In addition to tyrosine phosphorylation IRS can be phosphorylated at multiple 
serine and threonine residues, which will either inhibit or enhance insulin signaling 
(Gual et al., 2005). Using a serine phosphatase inhibitor, increased serine 
phosphorylation was shown to interfere with the insulin receptor-mediated tyrosine 
phosphorylation of IRS-1 and its docking with PI3K (Tanti et al., 1994). Multiple 
systemic factors associated with insulin resistance, for example free fatty acids and 
TNF-α, increase IRS-1 serine phosphorylation and thus inhibit its function (Gual et al., 
2005; Hirosumi et al., 2002; Hotamisligil et al., 1996; Yu et al., 2002). 

Impaired insulin-dependent activation of Akt has been reported in some (Krook 
et al., 1998), but not all (Kim et al., 1999) studies. The differences in Akt response 
between different groups of diabetic patients might be due to the existence of different 
Akt isoforms and later studies have reported isoform-specific defects. In skeletal 
muscle from obese subjects signaling defects were found at the level of Akt2 and Akt3, 
but not Akt1 (Brozinick et al., 2003). Moreover, decreased Ser473 phosphorylation on 
Akt2 and decreased Thr308 phosphorylation on Akt1 has been observed in cultured 
myotubes (Cozzone et al., 2008). Finally, insulin-stimulated phosphorylation of the Akt 
substrate TBC1D4 is impaired in skeletal muscle from type 2 diabetic subjects 
(Karlsson et al., 2005).  

 
1.6.2 Obesity and insulin resistance 

Like diabetes, the prevalence of obesity has increased dramatically during the last 
decades. According to WHO, 1.6 billion adult people, almost every fifth person on the 
planet, are overweight, as determined by a body mass index (BMI) over 25 kg/m2. 
Additionally, at least 400 million of these individuals are obese with a BMI over 30 
kg/m2. Alarmingly no less then 20 million children under the age of five are 
overweight. In Sweden 51% of men and 42% of women are overweight and 10% of 
men and 12% of women are obese (World Health Organization, 2009).  

Obesity, with its associated increased in free fatty acids, is a risk factor for the 
development of insulin resistance (Boden and Chen, 1995; Zimmet et al., 2001). 
Several mechanisms have been proposed to be the link between elevated free fatty 
acids and insulin resistance. In 1963 Randle et al (Randle et al., 1963) put forward a 
theory implicating substrate competition. He postulated that increased lipid metabolism 
caused by increased lipid availability would compete with and thus inhibit glucose 
metabolism, ultimately leading to metabolic disturbances and insulin resistance. This 
idea has later been questioned and disturbances in glucose uptake, rather then glucose 
metabolism, have been implicated in the development of fatty acid induced insulin 
resistance (Cline et al., 1999; Roden et al., 1996). According to the latter model fatty 
acid-induced insulin resistance arises from defects in the insulin signaling cascade 
(Griffin et al., 1999). Accumulation of excess fat in tissues where lipids are not usually 
stored, like skeletal muscle, would lead to the formation of different lipid metabolites 
thought to activate signaling molecules that will inhibit the insulin signaling cascade. 
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Indeed, the lipid intermediates diacylglycerol (Chibalin et al., 2008; Itani et al., 2002) 
and ceramides (Holland et al., 2007) negatively regulate insulin action in skeletal 
muscle. In this context, mitochondrial dysfunction has been discussed (Morino et al., 
2006), where decreased capacity of the mitochondria will contribute to the 
accumulation of harmful lipid metabolites. Alternatively, mitochondrial overload will 
cause incomplete lipid β-oxidation leading to insulin resistance (Koves et al., 2008). 

Metabolic inflexibility is another hypothesis that has been suggested to contribute 
to obesity-induced insulin resistance. According to this theory obese subjects are unable 
to effectively switch between lipid utilization during fasting conditions and glucose 
uptake and metabolism under fed conditions (Kelley et al., 1990). Finally, obesity and 
insulin resistance can be linked via a state of low-grade inflammation (Wellen and 
Hotamisligil, 2005).   

 
1.6.3 Obesity and inflammation 

Associations between inflammation with increased serum levels of acute phase 
proteins, obesity and insulin resistance have been found in multiple epidemiological 
studies (Schmidt et al., 1999; Spranger et al., 2003). However, the first molecular link 
between inflammation and obesity was discovered in 1993 when overproduction of 
tumor necrosis factor-α (TNF-α) was found in adipose tissue of different animal models 
of obesity (Hotamisligil et al., 1993). TNF-α over-expression has also been detected in 
adipose tissue (Hotamisligil et al., 1995; Kern et al., 1995) and skeletal muscle 
(Saghizadeh et al., 1996) of obese humans in correlation with insulin resistance. 
Furthermore, a reduction in body weight decreases TNF-α expression in adipose tissue 
(Hotamisligil et al., 1995).  

Many other inflammatory molecules have been found to be produced by the 
adipose tissue, including IL-6, resistin, monocyte chemoattractant protein-1 (MCP-1), 
and C-reactive protein (Wellen and Hotamisligil, 2005), with similar ability as TNF-α 
to attenuate insulin sensitivity. However, the mechanism by which inflammatory 
molecules are produced in obese individuals is unclear. Metabolic pathways and an 
effective immune system are both incredibly important for the survival of an organism, 
and are highly conserved between species. This is why the two systems have been 
speculated to be closely linked (Hotamisligil, 2006; Wellen and Hotamisligil, 2005). 
Importantly, macrophage infiltration has been observed in expanding adipose tissue and 
macrophages are the principal cells secreting proinflammatory cytokines (Weisberg et 
al., 2003; Xu et al., 2003).  
 
1.6.4 Downstream signaling of TNF-α  

A negative role for TNF-α in insulin resistance has been supported by the fact 
that removal of TNF-α function improves insulin sensitivity and glucose homeostasis in 
obese mice (Uysal et al., 1997). In addition, an acute TNF-α infusion in healthy humans 
leads to skeletal muscle insulin resistance through impaired insulin signaling and 
decreased glucose uptake (Plomgaard et al., 2005).   

The binding of TNF-α to the cell surface receptor TNF-R1 leads to the activation 
of two major transcription factors; c-Jun and nuclear factor-κβ (NF-κβ), which 
subsequently results in activation of genes involved in the inflammatory process, stress 
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responses and cell growth and development. TNF-α binding causes conformational 
changes in the receptor, which recruits the adaptor protein TNF receptor-associated 
death domain (TRADD). TRADD then acts as a platform for binding of other proteins, 
including receptor-interacting protein (RIP) and TNF receptor-associated factor 2 
(TRAF2), leading to the activation of JNK and NF-κβ pathways (Chen and Goeddel, 
2002).  

The activity of NF-κβ is dependent on cellular localization and under basal 
conditions it is controlled by inhibitor of nuclear factor-κβ (Iκβ). Iκβ masks the nuclear 
localization signal and thus prevents NF-κβ from entering the nucleus. Upon TNF-α 
stimulation the serine kinase complex inhibitor of nuclear factor-κβ kinase (IKK) is 
activated to phosphorylate the Iκβ complex and mark it for ubiquitination and 
proteasomal degradation. This releases NF-κβ and permits translocation to the nucleus, 
where genes involved in the inflammatory process can be activated (Ghosh and Karin, 
2002; Karin and Delhase, 2000). The IKK complex consists of three subunits, IKKα 
and IKKβ, which have regulatory functions, and IKKγ, which acts as a scaffolding 
protein. IKKβ is the most important subunit for NF-κβ activation (Karin and Delhase, 
2000). 
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Figure 5. TNF-α signaling. Initiation of TNF-α signaling leads to activation of two major pathways; 
JNK and NF-κβ. Both pathways have been implicated in the negative regulation of insulin 
signaling. TNF-α mediated activation of the IKK complex leads to phosphorylation of IKβ, which 
marks it for ubiquitination and proteasomal degradation. This sequence of events permits NF-κβ 
to enter the nucleus and regulate gene expression. 
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In addition to the involvement of TNF-α signaling in the inflammatory process, 
activation of the signaling molecules JNK and IKKβ have been implicated in insulin 
resistance (Figure 5) (Aguirre et al., 2000; Yin et al., 1998) . Clues to the importance of 
the IKKβ/NFκβ axis in diabetes date back to 1876 when high doses of sodium 
salicylate (4-10 g/day) were observed to reduce glucosuria in diabetic patients (Ebstein, 
1876). The effect of salicylate on blood glucose concentrations in diabetic patients was 
later verified (Hundal et al., 2002; Reid et al., 1957) and high does of salicylates were 
shown to reverse hyperglycemia and hyperinsulinemia in obese animal models (Yuan 
et al., 2001). The molecular target of salicylate was discovered to be IKKβ (Yin et al., 
1998). Heterozygote IKKβ +/- mice have decreased blood glucose and insulin levels, 
and are partly protected from diet- or lipid-induced insulin resistance (Kim et al., 2001; 
Yuan et al., 2001). 
 

 
1.7 INSULIN-INDEPENDENT REGULATION OF GLUCOSE METABOLISM 

Insulin is not the sole regulator of glucose metabolism in skeletal muscle. 
Glucose metabolism can also increase in response to exercise/muscle contraction and 
this has been shown to occur independently of insulin (Ivy and Holloszy, 1981; Ploug 
et al., 1987; Wallberg-Henriksson and Holloszy, 1985). Indeed, contraction-induced 
glucose uptake in isolated skeletal muscle is additive to the effect of insulin (Nesher et 
al., 1985) and muscle contraction stimulates translocation of GLUT4 from intracellular 
compartments to the plasma membrane without activation of the insulin signaling 
cascade at the level of IRS-1, PI3K or Akt (Brozinick and Birnbaum, 1998; Goodyear 
et al., 1995a).  

Type 2 diabetic patients have impaired insulin-stimulated glucose uptake in 
skeletal muscle, while the exercise-induced insulin-independent signaling is intact 
(Koistinen et al., 2003; O'Gorman et al., 2006; Wallberg-Henriksson and Holloszy, 
1985). Thus, activation of this insulin-independent pathway(s) might be a way to 
bypass defects in the insulin signaling cascade in order to improve whole body glucose 
metabolism in diabetic patients.  
 
1.7.1 AMPK 

One proposed key molecule in the insulin-independent regulation of metabolism in 
response to acute exercise is AMP-activated protein kinase (AMPK) (Long and Zierath, 
2006; Richter and Ruderman, 2009). AMPK has the ability to sense the cellular energy 
status and, when energy levels drop, activates catabolic energy producing pathways, 
while turning off anabolic energy consuming pathways. AMPK is thus activated by a 
wide range of stimuli that affect energy status, such as exercise, food deprivation, 
hypoxia, ischemia, and oxidative and hyperosmotic stress (Reviewed in Hardie, 2007; 
Kahn et al., 2005; Long and Zierath, 2006). The importance of a metabolic, energy-
sensing regulator is highlighted by the existence of the AMPK ortholog sucrose, non-
fermenting 1 (SNF1) in the yeast Saccharomyces cerevisiae (Mitchelhill et al., 1994). 

AMPK is a heterotrimeric protein complex consisting of a catalytic α subunit and 
regulatory β and γ subunits. Two isoforms exist for the α and β subunits, respectively, 
while the γ subunit has three isoforms. This allows for the formation of 12 different 
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complexes, where the α2β2γ3 complex is the most common form in skeletal muscle 
(Mahlapuu et al., 2004).  

AMPK can act as a fuel sensor due to its ability to sense changes in the AMP to 
ATP ratio. Binding of AMP to the γ subunit of AMPK leads to allosteric changes of the 
complex, allowing phosphorylation on Thr172 of the α subunit by upstream kinases 
(Hawley et al., 1996), as well as protection from dephosphorylation by protein 
phosphatases (Suter et al., 2006). Phosphorylation of AMPK increases its kinase 
activity 1000-fold (Suter et al., 2006) and AMPK then regulates the activity of 
metabolic enzymes, signaling molecules and transcription factors via phosphorylation. 

 AMPK was first identified based on its ability to inhibit fatty acid and cholesterol 
biosynthesis through inhibition of the enzymes HMG-CoA reductase and acetyl-CoA 
carboxylase (Carling et al., 1987). Later, AMPK was shown to affect multiple 
metabolic pathways in the cell. AMPK increases glucose uptake, glycolysis, lipid 
oxidation and mitochondrial biogenesis, while decreasing fatty acid synthesis, glycogen 
synthesis and protein synthesis (Hardie, 2007; Long and Zierath, 2006). Furthermore, 
in the hypothalamus AMPK plays a role in regulating peripheral metabolism and food 
intake (Minokoshi et al., 2004).  

The upstream kinase responsible for Thr172 phosphorylation of AMPK is LKB1 
(Hawley et al., 2003; Woods et al., 2003). LKB1 was first identified as a tumor 
suppressor that is mutated in Peutz-Jeghers cancer syndrome (Hemminki et al., 1998). 
LKB1 is constitutively active in the cells and phosphorylates AMPK after AMP 
binding (Hawley et al., 2003; Woods et al., 2003). An alternative upstream kinase of 
AMPK is calmodium-dependent protein kinase kinase (CaMKK) (Hawley et al., 2005; 
Hurley et al., 2005; Woods et al., 2005). CaMKK seems to be most important for the 
central nervous system, where it has its highest expression, and activates AMPK when 
Ca2+ levels increase, independently of the cellular AMP/ATP ratio. Since a high level 
of Ca2+ often triggers energy consuming processes, this may constitute a way for the 
cell to anticipate an increased energy demand (Hardie, 2007). 
 
1.7.2 AMPK related kinases 

Recently, 12 human protein kinases with a similar catalytic domain to the α1 and 
α2 subunits of AMPK have been identified. These protein kinases are thus called 
AMPK-related kinase (Lizcano et al., 2004; Manning et al., 2002). Similar to AMPK 
all but one of the twelve AMPK-related kinases are phosphorylated and activated by 
LKB1 (Lizcano et al., 2004). This is of great interest since genetic ablation of LKB1 in 
skeletal muscle partially inhibits contraction-stimulated glucose uptake (Koh et al., 
2006; Sakamoto et al., 2005). On the contrary, over-expression of mutated kinase-dead 
AMPK in skeletal muscle completely blocked the ability of hypoxia and the AMP 
mimetic 5-amino-imidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) to activate 
glucose uptake, but only partially reduced contraction-stimulated glucose uptake (Mu et 
al., 2001). Similar results are found in mouse models where the α1, α2 or γ3 isoforms 
of AMPK have been genetically ablated in muscle (Barnes et al., 2004; Jorgensen et al., 
2004). Thus, additional pathways or signaling molecules downstream of LKB1 might 
be involved in exercise-stimulated metabolic effects in skeletal muscle (Figure 6).  
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Figure 6. Role and regulation of AMPK. AMPK senses cellular energy status, and subsequently 
activates energy producing pathways while turning off energy consuming pathways.  

 
 

The function of the twelve AMPK-related kinases is largely unknown. Brain-
specific kinases (BRSKs) are important for neural polarity and synapse development. 
Microtubule affinity-regulating kinases (MARKs) are involved in the regulation of cell 
polarity and the control of the cell cycle. Maternal embryonic leucine-zipper kinase 
(MELK) is involved in stem cell renewal and cell cycle progression. Qin-induced 
kinase (QIK) is implicated in adipogenesis, salt-inducible kinase 1 (SIK) is involved in 
steroidogenesis, whereas the role of salt-inducible kinase 3 (QSK) is unknown. AMPK-
related protein kinase 5 (ARK5, also known as NUAK1) has been implicated in cell 
survival and involvement in tumor progression. Similarly, SNARK (also known as 
NUAK2) has anti-apoptotic properties (Bright et al., 2009). However, little is known 
about the involvement of AMPK related kinases in metabolism. 
 
1.7.3 SNARK 

One of the AMPK-related kinases is SNF1/5´-AMPK related kinase (SNARK), 
which is coded by the NUAK2 gene (Lefebvre et al., 2001). Snark expression has been 
identified in most rat tissues investigated, with the highest expression in large 
intestine/colon, small intestine, kidney, and liver (Lefebvre and Rosen, 2005). 
However, the expression pattern of SNARK in tissues of human origin is unknown. 
SNARK is interesting from a metabolic point of view since Snark haploinsuffient mice 
develop obesity and liver fat accumulation, as well as hyperinsulinemia, hyperglycemia 
and impaired glucose tolerance with age (Tsuchihara et al., 2008).  

Several different inducers of cellular stress activate SNARK, implicating a 
similar role to that of AMPK in the cell (Lefebvre and Rosen, 2005). However, further 
studies are needed to resolve the role of SNARK in metabolic response since SNARK 
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activation seems to occur in a cell type-specific manner and inconsistency is found in 
the literature (Table 2).  

 
Stimuli SNARK 

activation 
Cell type Reference 

AICAR Yes 
 

SNARK  PLC/PRF/5,  H4IIE, 
NRKC 

(Kuga et al., 2008; Lefebvre et al., 
2001; Lefebvre and Rosen, 2005) 

AICAR No BHK, MEF, HEK293, INS-1 (Lefebvre and Rosen, 2005; Lizcano 
et al., 2004) 

Glucose deprivation Yes SNARK  PLC/PRF/5, NRKC, 
HEK293, H4IIE, BHK 

(Kuga et al., 2008; Lefebvre et al., 
2001; Lefebvre and Rosen, 2005) 

Glucose deprivation No INS-1 (Lefebvre and Rosen, 2005) 
Increased ATP/AMP 
ratio 

Yes NRKC, INS-1 (Lefebvre et al., 2001; Lefebvre and 
Rosen, 2005) 

Increased ATP/AMP 
ratio 

No BHK, HEK293, H4IIE (Lefebvre et al., 2001; Lefebvre and 
Rosen, 2005) 

Glutamine deprivation Yes BHK (Lefebvre and Rosen, 2005) 
ER stress Yes HEK293, INS-1 (Lefebvre and Rosen, 2005) 
ER stress No BHK, H4IIE, NRKC (Lefebvre and Rosen, 2005) 
Hyperosmotic stress Yes HEK293, INS-1, NRKC (Lefebvre and Rosen, 2005) 
Hyperosmotic stress No H4IIE,  BHK (Lefebvre and Rosen, 2005) 
Phenformin No MEF, HeLa (Lizcano et al., 2004) 

 
Table 2. Cell-specific activation of SNARK. BHK; Baby hamster kidney cell line, H4IIE; human 
hepatocarcinoma cell line, HEK293; human embryonic kidney cell line, HeLa; human cervical 
cancer cell line, INS-1; rat pancreatic β-cell insulinoma cell line, MEF; mouse embryonic 
fibroblasts cell line, NRKC; neonatal rat keatinocyte cell line, SNARK  PLC/PRF/5; human 
hepatocarcinoma cell line over-expressing SNARK.  

 
 

The only study to date investigating activation of AMPK-related kinases in 
skeletal muscle was performed in rat extensor digitorum longus muscle. Both muscle 
contraction and AMPK activation by phenformin or AICAR treatment failed to 
increase activity of the AMPK-related proteins QSK, QIK, MARK2/3 and MARK4. 
Unfortunately, SNARK activity was not examined (Sakamoto et al., 2004). The 
AMPK-related proteins do not appear to interact with the regulatory β and γ subunits of 
AMPK (Al-Hakim et al., 2005). This may explain the lack of activation in response to 
AMP or AICAR. 

  
 

1.8 RNA INTERFERENCE 

Over the last decade RNA interference has emerged as a powerful tool in target 
identification and dissection of signaling pathways. The phenomenon of RNA 
interference, where double-stranded RNA (dsRNA) triggers sequence-specific gene 
silencing, was first described in the nematode Caenorhabditis elegans in 1998 (Fire et 
al., 1998). For their discovery, Andrew Fire and Craig Mello received the Nobel Prize 
in Medicine 2006 (The Nobel Foundation, 2006). 

In nature several processes can generate dsRNA. RNA interference exists in vivo 
as a protection system against viral infection (Covey and Al-Kaff, 2000) and to secure 
the stability of the genome by keeping mobile elements (transposons) silent (Tabara et 
al., 1999). Furthermore, endogenous small RNA molecules, called microRNAs 
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(miRNAs), play a role in developmental regulation and are likely involved in several 
diseases including metabolic disturbances (Esau et al., 2006; Poy et al., 2004). Thus, 
RNA interference is not only a powerful research tool, but might be used in functional 
genomics or as therapeutic agents/targets in the future (Dorsett and Tuschl, 2004; 
Jeyaseelan et al., 2007). 

 
1.8.1 Mechanism of RNA interference  

Regulated gene expression is fundamental for all living cells. According to the 
central dogma of molecular biology the genetic information in double-stranded DNA is 
transcribed into single-stranded messenger RNA (mRNA) in the cell nucleus and 
subsequently translated into protein in the cytoplasm. In RNA interference mRNA is 
destroyed before it can serve as a template for the translation into protein. Before Fire 
and Mello discovered the mechanism whereby RNA interference occurs gene silencing 
had been described in plants. With the purpose of deepening the color of petunias a 
chimeric gene important for color synthesis was introduced into the flower. 
Surprisingly, the transgene did not cause a deeper color, but instead the color 
disappeared, indicating that not only was the transgene inactive, it also blocked the 
endogenous expression (Napoli et al., 1990). Sense or antisense single-stranded RNA 
was later discovered to have little effect on mRNA levels, but small amount of dsRNA 
could efficiently and specifically silence homologous mRNA (Fire et al., 1998; 
Montgomery et al., 1998).  
 

 
Fig 7. Mechanism for siRNA transfection and mRNA degradation. After entry into the cell, long 
dsRNA sequences are cut into smaller pieces by Dicer. The RISC complex then uses the produced 
siRNAs to cleave homologus mRNA, and thereby interferes with the translation of mRNA into a 
protein.  
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Long dsRNA is cut into 21-23 nucleotide dsRNA fragments called short 
interfering RNA (siRNA) (Zamore et al., 2000) by a ribonuclease III-like nuclease 
known as Dicer (Bernstein et al., 2001). Thereafter, a large complex called RNA-
induced silencing complex (RISC) uses the siRNA fragments as template whereby the 
complex can be guided to and recognize homologous mRNAs, which will be cleaved 
and subsequently destroyed (Figure 7). The RISC complex contains at least one 
member of the argonaute protein family, which acts as an endonuclease and cuts the 
homogenous mRNA (Hammond et al., 2000). 

Shortly after the mechanism of gene silencing by RNA interference was revealed 
techniques were developed to use RNA interference as a research tool to investigate the 
role of a specific protein. In mammalian cells, the introduction of long dsRNAs leads to 
non-specific stress reactions, but the problem was solved by the introduction of short 
(21 nucleotides) siRNA (Caplen et al., 2001; Elbashir et al., 2001). Since then siRNA 
has been used extensively in the dissection of signaling pathways (Al-Khalili et al., 
2003a; Huang et al., 2008; Jiang et al., 2003b; Puri et al., 2007) and to identify new 
targets involved in the regulation of metabolism (Powelka et al., 2006).  
 
 
1.9 HUMAN SKELETAL MUSCLE CELL CULTURE 

The mature skeletal muscle consists of multinucleated fibers stretching from one 
tendon to the other. The mature fiber is terminally differentiated, but myocytes may be 
grown in culture due to the existence of satellite cells found between the fibers. Mauro 
was first to describe the existence of satellite cells in anuran amphibians in 1961 
(Mauro, 1961). Using electron microscopy he found quiescent mononuclear cells 
between the sarcolemma and basal lamina of the adult skeletal muscle. Because of its 
remote location the cells were named satellite cells.  

In vivo satellite cells are activated during postnatal muscle growth, for example in 
response to intense exercise. Satellite cells also enable skeletal muscle fibers to 
regenerate following an injury. They will then divide, migrate and fuse with each other 
to form new muscle fibers, or with already existing fibers to repair damages (Darr and 
Schultz, 1987; Lipton and Schultz, 1979; Schiaffino et al., 1976). 

For research purposes, satellite cells can be isolated in vitro, where they 
proliferate and differentiate into multinucleated myotubes. During differentiation the 
expression of myogenic markers and regulatory and structural muscle genes change and 
become more similar to the expression pattern in mature skeletal muscle (Al-Khalili et 
al., 2004; Zammit et al., 2006). Furthermore, the differentiation process is associated 
with an increase in several important insulin signaling proteins, including GLUT4 (Al-
Khalili et al., 2003b; Al-Khalili et al., 2004).  
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2 AIMS 
The overall goal of this thesis work is to dissect pathways regulating glucose and 

lipid metabolism in human skeletal muscle. Investigation of these pathways will give 
further insight into the action of insulin, and could reveal novel molecular targets for 
treatment of insulin resistance in obesity or type 2 diabetes.  

 
The specific aims of this thesis are to: 
• Investigate sex differences on metabolic responses in human skeletal muscle 

cells. 
• Dissect the early steps in the insulin signaling pathway and uncover possible 

isoform-specific roles of signaling molecules controlling glucose and lipid 
metabolism. 

• Determine the involvement of IKKβ in TNF-α induced insulin resistance. 
• Determine the expression of SNARK in human skeletal muscle and investigate 

the role of this protein in skeletal muscle glucose and lipid metabolism. 
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3 EXPERIMENTAL PROCEDURES  
3.1 SUBJECT CHARACTERISTICS 

Characteristics of the subjects participating in the four studies included in this 
thesis are listed in Table 3.  

In Study I, human skeletal muscle cell cultures were established from vastus 
lateralis muscle biopsies from post-menopausal women (A) and age-matched men (B) 
to investigate possible intrinsic sex differences in glucose and lipid metabolism in 
skeletal muscle. Detailed subject characteristics are presented in Study I, Tables 1 and 
2. Post-menopausal women and age-matched men were selected to ensure a relatively 
comparable hormonal milieu. Subjects of similar age were recruited for the other three 
studies. None of the female participants used hormonal replacement therapy.  

In Study II and III, human skeletal muscle cell cultures were established from 
rectus abdominis muscle biopsies from subjects scheduled for abdominal surgery. In 
light of this cell culture system it is important to note that in rodents cultured myotubes 
differ in their metabolic properties depending on whether they are established from 
slow twitch glycolytic fibers or fast twitch oxidative fibers. Humans have a greater 
diversity in muscle fiber type composition compared to rodents (Simoneau and 
Bouchard, 1989). Importantly, myotube cultures prepared from human skeletal muscle 
co-express slow and fast myosin heavy chains independently of the source of the 
biopsy (Bonavaud et al., 2001). Thus, even though not formally tested, we hypothesize 
that data from cells established from vastus lateralis (Study I and IV) and rectus 
abdominis (Study II and III) are generally comparable.  

In Study IV, study participants were divided into groups depending on body mass 
index (BMI) and metabolic status (normal glucose tolerant (C) or type 2 diabetic (D)). 
Muscle biopsies from vastus lateralis were used for gene expression experiments. 
Detailed subject characteristics can be found in Study IV, Table 1. For molecular 
characterization and metabolic studies, human skeletal muscle cell cultures were 
established from vastus lateralis biopsies from normal glucose tolerant male subjects.  
 

Study N Age 
(year) 

Muscle origin BMI (kg/m2) F-glucose 
(mmol/l) 

I 10 female A 60±1 vastus lateralis 30.4±1.3 5.3±0.1 
11 male B 59±2 vastus lateralis 27.4±0.6 5.2±0.1 

II 2 male, 3 female 54±4 rectus abdominis 25.7±1.4 5.2±0.3 
III 7 male, 2 female 57±2 rectus abdominis 25.8±0.9 5.5±0.3 
IV 8 male, 10 female C 59±1 vastus lateralis 26.2±0.2 5.3±0.1 

6 male, 11 female C 61±1 vastus lateralis 34.4±0.9 5.5±0.1 
12 male, 2 female D 60±1 vastus lateralis 27.0±0.3 7.8±0.4 
14 male, 3 female D 60±1 vastus lateralis 34.5±0.8 7.8±0.8 
5 male 50±2 vastus lateralis 23.1±0.1 5.1±0.1 

 
Table 3. Summary of the subject characteristics for study I-IV. A) Female, B) male, C) normal 
glucose tolerant, and D) type 2 diabetic subjects.   
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3.2 ETHICAL APPROVAL 

Informed written and verbal consent was received from all participating subjects. 
The Ethical Committee at the Karolinska Institutet approved all study protocols.  
 
 
3.3 SERUM CYTOKINE AND APOLIPOPROTEIN 

HADK2-61K-B04 (cytokine) and APO-62K-06 (apolipoprotein) assay kits from 
Linco Research (Electra-box Diagnostica AB, Tyresö, Sweden) were used to assess 
cytokine and apolipoprotein concentrations in plasma samples, according to the 
manufacturer’s protocol. Plasma samples from each subject were analyzed in duplicate 
and quantified using a Luminex Bio-Plex 200 System (Bio-Rad, Stockholm, Sweden). 
The Luminex technology utilizes flow cytometry in combination with color-coded 
beads coated with antibodies against each respective target analyte. Constructing a 
standard curve (supplied by the manufacturer) for each analyte makes it possible to 
translate the color-signal to a concentration. Calculations were done with the Bio-Plex 
Manager program (Bio-Rad).  
 
 
3.4 SKELETAL MUSCLE BIOPSIES 

Biopsies were taken with a Weil-Blakesley conchotome under local anesthesia 
(Lidocaine hydrochloride 5 mg/ml) from vastus lateralis skeletal muscle (Study I and 
IV), or under general anesthesia during scheduled abdominal surgery from rectus 
abdominis (Study II and III).  

 
 

3.5 HUMAN SKELETAL MUSCLE CELL CULTURE 
3.5.1 Isolation of satellite cells 

Satellite cells were isolated from skeletal muscle biopsies by trypsin digestion. 
Biopsies (~1-3 g) were collected in phosphate-buffered saline (PBS) containing 1% 
PeSt (100 units/ml penicillin, 100 µg/ml streptomycin). Collected biopsies were kept in 
the freezer for one day, in order to increase the ratio of satellite cells to possible 
contaminating cells (in particular fibroblasts). After careful washing, biopsies were 
dissected free from visible connective and adipose tissue and finely sliced. Thereafter, 
the biopsy pieces were mixed with trypsin-EDTA and incubated with gentle agitation at 
37°C for 10 min. Undigested tissue was allowed to settle and then liberated satellite 
cells were transferred to growth media (DMEM/Ham’s F12 medium supplemented 
with 20% fetal bovine serum (FBS), 1% PeSt and 1% Fungizone; Gibco, Invitrogen, 
Stockholm, Sweden). The remaining tissue was repeatedly digested with new trypsin-
EDTA for 10 min, and thereafter for 15 min. Media containing liberated satellite cells 
were pooled and subjected to centrifugation for 10 min at 2000 g. The cell pellet was 
resuspended in growth media and left in a non-coated petri dish for 1h at 37°C to 
eliminate possible contamination of fast adherent (non-myogenic) cells. Finally, the 
satellite cell-containing media was transferred to cell culture flasks (Costar, Nordic 
Biolabs, Täby, Sweden) and kept at 37°C, in 7% CO2. Media was changed every 
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second to third day and the cells were sub-cultured when reaching approximately 70% 
confluence. Subculture passages 4-5 were used for experiments. 

 
3.5.2 Human skeletal muscle cell culture  

Cells were seeded in 6-well plates, petri dishes, or 25 cm2 flasks (~10000 cells 
per cm2). Upon reaching 90% confluence the differentiation of myoblasts into 
multinucleated myotubes was initiated by changing to differentiation media (DMEM 
supplemented with 4% FBS, 1% PeSt, 1% Fungizone). Two days later serum levels 
were further decreased to 2% FBS for an additional three days, giving a total 
differentiation time of five days. At this time point the expression of desmin, myocyte 
enhancer factor 2C (MEF2C) and the insulin sensitive GLUT4 transporter is 
sufficiently increased in the myotubes and glucose metabolism can be readily assessed 
(Al-Khalili et al., 2003b). The day before each experiment cells were serum-starved 
overnight (more than 16 h). Before use cultures were controlled optically for formation 
of elongated myotubes. 

 
3.5.3 Giemsa/Wright staining 

To ensure proper formation of multinuclear myotubes after differentiation 
Giemsa/Wright staining was used on a regular basis. Cells were washed once with PBS, 
fixed in methanol for 10 min, incubated in 1:10 Giemsa for 15 min and 1:10 Wright for 
20 min (Sigma Aldrich, Stockholm, Sweden). Thereafter, cells were washed with water 
and observed in light microscope.  

 
3.5.4 CELLection 

During isolation of satellite cells from muscle biopsies a primary concern is 
contamination by fast growing, non-myogenic, cells which would rapidly take over the 
culture. To reduce the risk of non-myogenic cell contamination cell biopsies were kept 
at 4°C overnight before starting the isolation. Furthermore, after isolation the cell 
suspension was left in a non-coated petri dish for 1h at 37°C before moving the 
suspension to a culturing flask. These two key steps will promote a culture of strong 
surviving, slow adherent myogenic satellite cells.   

To evaluate the isolation process, myoblasts were isolated with or without 
CELLection Pan Mouse IgG Dynabeads® (Dynal, Invitrogen), which allows satellite 
cells to be isolated from a heterogeneous cell suspension with supermagnetic iron beads 
coated with a human skeletal muscle cell-specific antibody. 

A slurry of 50 µl Dynabeads® was washed once in PBS with 0.1% BSA and 
thereafter 15 µl myocyte-specific 51H11 antibody was added followed by rotation 
overnight at 4°C. Labeled beads were washed four times. Isolated myoblasts (passage 
0) were detached from the culturing flask by trypsin-EDTA treatment. Cells were 
subjected to centrifugation (2000 g, 10 min), after which the cell pellet was 
resuspended in 1 ml of a buffer that was provided by the manufacturer. The cell 
suspension was added to the labeled beads and rotated for 1.5h at 4°C. The cells 
attached to the antibody-coated iron beads were removed from the cell suspension 
using a magnet. The remaining cell suspension was transferred to a culturing flask with 
growth media. The beads with the attached isolated cells were washed three times. 
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Thereafter, 5 µl releasing buffer was added, followed by a 20 min incubation at room 
temperature. Samples were mixed vigorously using a pipette and thereafter the iron 
beads were removed with a magnet. The supernatant containing isolated cells was 
transferred to a culturing flask containing growth media. The releasing process was 
repeated once more.  

Cells isolated from the same subject with or without the antibody-based 
CELLection method were compared. Growth rate, differentiation or morphology was 
similar between both cell preparations. Furthermore, the rate of basal- and insulin-
stimulated glucose incorporation into glycogen was similar between the cell 
preparations (Figure 8). Thus, the original isolation process resulted in a homogenous 
myogenic cell population. 

 
Figure 8. Glucose incorporation into glycogen for myotube cultures established with or without the 
use of CELLection. Myotubes were incubated in the absence (Basal; open bars) or presence of 120 
nmol/l insulin (closed bars). Results are presented as mean±SE for n=5 cultures. 
 
 
3.6 SHORT INTERFERING RNA 
3.6.1 siRNA constructs 

siRNA constructs used in study II-IV are listed in Table 4. In study I, IRS siRNA 
oligos were constructed with a 3’-thymidine overhang, as previously described 
(Elbashir et al., 2001). Target sequences were compared to the human genome with the 
Basic local alignment search tool (BLAST) to eliminate the existence of similar 
sequences in other genes. siRNAs with 30-50% GC content are most efficient (Applied 
Biosystems, 2009; Schwarz et al., 2003) and thus the IRS constructs were designed to 
have a GC content of 43% (IRS-1) and 48% (IRS-2), respectively. To anneal the oligos 
the sense and antisense constructs were mixed 1:1 and heated for 1 min at 90°C, 
followed by 1h incubation at 37°C and a stock solution of 20 µM was prepared. Akt 
siRNA constructs were purchased as a SMART pool containing a mixture of four 
different constructs. A pool of siRNA constructs was also used in Study III for IKKβ 
silencing, whereas a single preannealed siRNA construct was used for the SNARK 
silencing in Study IV. For each experiment siRNA targeting against a scrambled, non-
coding region, purchased from each respective manufacturer, was used as a control.  
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Study siRNA construct Company 
II IRS-1 sense (5´-3´): UCGGUUCCGAAAGAGAACUtt 

IRS-1 antisense (5´-3´): AGUUCUCUUUCGGAACCGAtt 
Ambion 

IRS-2 sense (5´-3´): UGGUCUCAAGUACAUCGCCtt 
IRS-2 antisense (5´-3´): GGCGAUGUACUUGAGACCAtt  

Ambion 

Akt1: SMART pool NM005163 Dharmacon 
Akt2: SMART pool NM001626 Dharmacon 

III IKKβ: SMART pool NM001556 Dharmacon 
IV SNARK sense (5´-3´): CAACCACCCUCACAUCAUUtt 

SNARK antisense (5´-3´): AAUGAUGUGAGGGUGGUUag 
Ambion 

 
Table 4. siRNA constructs used in study II-IV. siRNA oligos were from Ambion (Applied 
Biosystems, Stockholm, Sweden) or Dharmacon (Thermo Scientific, Stockholm, Sweden).  
 

  
3.6.2 Transfection 

siRNA transfection was performed as previously described (Al-Khalili et al., 
2003a) using Lipofectamine 2000 (Invitrogen) as the transfection agent. In Study II, 
myoblasts were first transfected the day before the initiation of myotube differentiation, 
since higher transfection efficiency has been described for myoblasts compared to 
myotubes (Neuhuber et al., 2002). Due to target-dependent inhibited survival and 
differentiation (Study II, Figure 1A) the protocol was adapted. Instead, myotubes were 
transfected on day three of the differentiation program. This protocol of transfection of 
myotubes three days after initiation of the differentiation program was also used for 
Study III. In an attempt to increase the transfection efficiency for experiments 
performed in Study IV the transfection was performed twice (both in myoblasts and on 
day three of differentiation). Morphology of the myotubes was unaltered after dual 
transfection in Study IV (Result section, Figure 18).  

In all cases, myotubes were washed once with PBS the evening of transfection 
and kept in antibiotic-free DMEM. Per 1 ml DMEM (one well in a 6-well plate), 4 μl 
siRNA (20 nmol/l stock solution) was mixed with 46 μl DMEM for 5 min. 
Simultaneously, 1 μl Lipofectamine 2000 was mixed with 49 μl DMEM for 5 min. The 
two mixtures were combined and mixed for additional 30 min before being added to 
the cell cultures. The following morning (incubation time >16h), differentiation media 
was added back to the cells.  
 
 
3.7 GLUCOSE METABOLISM 
3.7.1 Glucose uptake 

Radioactively-labeled 2-deoxy-D-glucose was applied to determine glucose 
uptake in myotubes. After incubation, radioactivity was measured in the cell lysates. 2-
deoxy-D-glucose is a glucose analogue where the 2-hydroxyl group has been replaced 
by hydrogen. Like glucose, 2-deoxy-D-glucose is taken up by cells and phosphorylated 
by hexokinase, but not further metabolized. Thus, the molecule is trapped inside the 
cell and by measuring the accumulation of the radiolabeled isotope, an estimate of 
glucose uptake can be determined.  
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Myotubes were grown and differentiated in 6-well plates as described above. 
After overnight serum starvation cells were pre-incubated with or without 120 nmol/l 
insulin in Krebs buffer (140 mmol/l NaCl, 5 mmol/l KCl, 2.5 mmol/l MgSO4, 1 mmol/l 
CaCl2, 20 mmol/l HEPES, pH 7.4) with 0.1 % BSA for 60 min. Following four 
repeated washes, cells were incubated for 10 min with 0.67 μCi/well 2-deoxy-D-
glucose [1,2-3H(N)] (1 mCi/ml, final specific activity 50 Ci/mmol; Amersham, 
Uppsala, Sweden) in Krebs buffer supplemented with 10 μmol/l 2-deoxy-D-glucose. 
After washing with ice-cold PBS cells were lysed in 0.4 mol/l NaOH and radioactivity 
was determined in a liquid scintillation counter (WinSpectral 1414, Wallac, Turku, 
Finland). To determine non-specific uptake parallel incubations were performed in the 
presence of 50 μmol/l cytochalasin B (Sigma Aldrich) and non-specific uptake was 
subtracted from the total. Cytochalasin B exposure reduced glucose uptake 
approximately 15%. Each experiment was performed in triplicate and normalized by 
protein concentration, as assessed by the Pierce method (BSA Protein Assay Kit, 
Thermo Scientific, Fisher Scientific GTF AB, Västra Frölunda, Sweden). Since the 
concentration of glucose in the incubation media is known the results can be expressed 
either as counts per minute (Study II), or calculated to nmol glucose taken up by the 
cells per min and per mg of proteins (Study I and III). In the latter cases, radioactivity 
was measured in 20 μl of radioactive media with a known concentration of glucose 
(triplicate samples), giving the amount glucose taken up in each assay.  

 
Optimization of glucose uptake protocol The rate of insulin-stimulated glucose 

uptake in cultured human myotubes is low compared to intact skeletal muscle biopsy 
strips. For example, in cultured myotubes insulin increases glucose uptake 1.2-1.4-fold 
(Al-Khalili et al., 2003b; Sarabia et al., 1992), whereas in isolated human skeletal 
muscle strips insulin increases glucose uptake more than 2-fold (Karlsson et al., 2006; 
Krook et al., 2000). One possible explanation for the different fold-increase in glucose 
uptake between cells and muscle strips may be the lower GLUT4 expression in cultured 
myotubes (Sarabia et al., 1992). In an attempt to optimize the glucose uptake assay, and 
possibly increase insulin-stimulated values, different protocols were tested. The 
following parameters were analyzed:  

A. Changes in the concentration of non-radioactive 2-deoxy-D-glucose (10 
mmol/l instead of 5 mmol/l). 

B. Changes in the concentration and time of radioactive labeled 2-deoxy-D-
glucose (1 µCi for 15 min instead of 0.67 µCi for 10 min). 

C. Use of glucose free DMEM for incubations instead of Krebs buffer. 
D. Changes in the pre-incubation time with insulin (30 min instead of 1h). 
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Figure 9. Optimization of the glucose uptake protocol. Rates of glucose uptake in the absence 
(Basal; open bars) or presence of 120 nmol/l insulin (closed bars). Results are reported as mean±SE 
for n=3. 
 

 
Since no apparent differences were observed in the fold insulin response (Figure 

9), the original protocol was retained.  
 
3.7.2 Glucose incorporation into glycogen 

To determine glycogen synthesis in cultured myotubes radioactively labeled 
glucose was added to the media. After incubation cells were harvested and total cellular 
glycogen was precipitated, followed by determination of radioactivity in the precipitate.  

Myotubes were grown and differentiated in 6-well plates. After overnight serum 
starvation cells were incubated with or without insulin for 30 min, followed by 
incubation with D-[U-14C] glucose (1 μCi/ml, final specific activity 0.18 μCi/μmol; 
Amersham) for 90 min. Cells were washed five times with ice-cold PBS and lysed in 1 
ml 0.03% SDS. An aliquot (850 µl) of cell lysate was transferred to 10 ml tubes. The 
remaining cell suspension was used to determine protein concentration using the Pierce 
method (BSA Protein Assay Kit, Thermo Scientific). An aliquot (100 μl) of carrier 
glycogen (2 mg/sample) was added to the cell lysates and samples were heated at 95ºC 
for 2 h. Glycogen was precipitated by adding 3 ml of 95% ethanol and incubated 
overnight at 4ºC. Glycogen pellets were collected by centrifugation for 30 min at 2600 
g, washed once with 3 ml 70% ethanol and resuspended in 400 μl water. Radioactivity 
was determined by in a WinSpectral 1414 liquid scintillation counter (Wallac). Each 
experiment was performed in triplicate and normalized by the protein concentration.  

The rate of glucose incorporation into glycogen was calculated by dividing the 
radioactivity counts by incubation time followed by translation into moles. Conversion 
of radioactivity counts to moles was done by measuring radioactivity in triplicate 
samples with a known concentration of glucose (5.56 mmol glucose/L in media plus 
tracer levels of radioactively marked glucose).  
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3.8 LIPID METABOLISM 
Two different assays have been used to measure fatty acid β-oxidation. Both of 

these assays are based on the fact that the end products of fatty acid oxidation are water 
and CO2. In the first method (Study II) [14C]-labeled palmitate was used as substrate 
and radioactively marked CO2 was trapped in a filter-compress and measured. In the 
second method (Study I and III) [3H]-labeled palmitate was used as substrate and radio-
labeled water was separated from the unmetabolized palmitate by activated charcoal 
and measured by scintillation counting. 

  
3.8.1 β-oxidation, method 1 

Myotubes were cultured in 25 cm2 flasks. Before starting the experiment a hole 
was made in each lid and two 24 mm Whatman® filters were wrapped in compresses 
and attached to the inside of the lid. Following overnight serum starvation cells were 
incubated in 2 ml serum-free DMEM supplemented with 4% fatty acid free BSA, 1.0 
mmol/l palmitate, and 0.4 µCi [U-14C] palmitic acid (200 µCi/ml, final specific activity 
793 mCi/mmol; Amersham), with or without 120 nmol/l insulin for 120 min at 37oC. 
Thereafter, a 300 µl aliquot of 70% perchloric acid was added to the medium to move 
the equilibrium of CO2 to the gas phase. The lids were secured with Parafilm®, and the 
flasks were incubated under slight agitation for 1 h at room temperature. The filter-
compress was transferred to a scintillation tube with 200 µl of ice-cold methanol. The 
trapped [14CO2] in the filter-compresses was measured in a WinSpectral 1414 liquid 
scintillation counter (Wallac). All results were normalized by protein concentrations 
and expressed as counts per mg protein per min.  
 
3.8.2 β-oxidation, method 2  

Myotubes cultured in 6-well plates were washed once with PBS and incubated in 
1 ml of DMEM (1g glucose/L) supplemented with 0.2% fatty acid free BSA and 0.5 
μCi palmitic acid [9-10(n)-3H] (5 mCi/ml, final specific activity 52 Ci/mmol; 
Amersham), with or without 120 nmol/l insulin or 1 mmol/l 5-aminoimidazole-4-
carboxamide-1-β-4-ribofuranoside (AICAR) (Toronto Research Chemicals Inc., North 
York, Canada) for 5.5 h. To absorb non-metabolized palmitate 0.2 ml cell supernatant 
was mixed with a 0.8 ml charcoal slurry (0.05 g charcoal powder in 1 ml 0.02 mol/l 
Tris-HCl buffer, pH 7.5) and shaken for 30 min. Samples were subjected to 
centrifugation for 15 min at 15,700 g, after which 0.3 ml supernatant with tritium-
bound water was withdrawn and radioactivity was determined in a WinSpectral 1414 
liquid scintillation counter (Wallac). Each experiment was performed in triplicate wells 
and normalized by protein concentration. Results are expressed as percentage of 
converted palmitate per mg protein per min. 
 
3.8.3 Lipid uptake and accumulation  

As an estimation of free fatty acid uptake myotubes used in the β-oxidation 
experiments were washed five times with Tris-buffered saline supplemented with 
0.02% Tween-20 (TBST) and lysed in 0.4 mol/l NaOH. Accumulated [14C]- or [3H]-
palmitic acid and its intramyocellular lipid products were measured in the cell lysate 
using a WinSpectral 1414 liquid scintillation counter (Wallac). Protein concentration 
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was determined in each sample using the Pierce method (BSA Protein Assay Kit, 
Thermo Scientific). Results are expressed as counts per mg protein per min. 
 
 
3.9 REAL-TIME PCR 

mRNA expression was measured by real-time polymerase chain reaction (real-
time PCR) using SYBR Green or TaqMan technology. With both techniques the PCR 
reaction is monitored with continuous data collection throughout the process.  

SYBR Green is a dye that exhibits high affinity binding to double-stranded DNA 
and is detected as the PCR product accumulates. When using SYBR Green it is 
important to optimize the primers since non-specific reaction products may also be 
detected. To construct the primers the FASTA mRNA sequence was run using Primer 
Express computer softwear (Applied Biosystems). To test primers a standard curve was 
constructed (Figure 10A) and the specificity (Figure 10B) and efficiency (Figure 
10C) of the primers analyzed. If the efficiency of the primers is 100% the cDNA 
amount will double with every cycle of the PCR reaction and the value for the slope 
when plotting the CT values against the log concentration of the standard curve will be  
-3.3.  

 

 
Figure 10. Test of SYBR Green primers for mouse Snark cDNA. A) Amplification blot, B) 
dissociation curve, and C) standard curve. 
 
 

In TaqMan chemistry a fluorogenic probe is used to add specificity to the 
reaction. The probe has a reporter fluorescent dye at the 5’end and a quencher dye in 
the 3’end, and will anneal downstream of the primer on the target sequence. When the 
probe is intact the quencher dye will greatly reduce the reporter dye. During the PCR 
reaction the Taq DNA polymerase will cleave the probe and the reporter dye will no 
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longer be inhibited by the quencher dye, giving a signal responding to the amplification 
of the target sequence.  

SYBR Green technology was used for the results presented in Result section, 
Figure 17, whereas TaqMan technology was used in Study I and IV.  

 
3.9.1 Primers and probes 

All TaqMan probes (Applied Biosystems) were chosen to span an exon-exon 
junction to avoid detection of genomic DNA. 
 
Study Protein name Gene symbol Order no. 

I Carnitine palmitoyltransferase 1B (muscle)  CPT1B Hs00189258_m1 

I 
GLUT4, solute carrier family 2 (facilitated glucose 
transporter), member 4 SLC2A4 Hs00168966_m1 

I Glycogen synthase 1 (muscle)  GYS1 Hs00157863_m1 
I Pyruvate dehydrogenase kinase, isozyme 4 PDK4 Hs00176875_m1 
I Peroxisome proliferator-activated receptor δ PPARD Hs00602622_m1 
I Peroxisome proliferator-activated receptor γ PPARG Hs00234592_m1 
I Stearoyl-CoA desaturase (delta-9-desaturase) SCD Hs01682761_m1 

I 
TBC1 (tre-2/USP6, BUB2, cdc16) domain family, 
member 1 TBC1D1 Hs00989083_m1 

I Uncoupling protein 3 (mitochondrial, proton carrier)  UCP3 Hs01106054_m1 

III 
Inhibitor of kappa light polypeptide gene enhancer in 
B-cells, kinase beta  IKBKB  Hs01559472_m1 

IV SNARK, NUAK family, SNF1-like kinase, 2 NUAK2 Hs00388292_m1 

IV 
AMPKa2, protein kinase, AMP-activated, alpha 2 
catalytic subunit PRKAA2 Hs00178903_m1 

 
Table 5. Gene expression assays used in the studies included in this thesis. 
 
 
SYBR Green primers for mouse Snark were from Sigma Aldrich: 
Sequence (5’-3’) Forward CTGATGAAGAAGCAGGCGGT 
Sequence (5’-3’) Reversed GCCGCAGGTTGTGTTTGTG 
 
3.9.2 RNA extraction, cells 

Total RNA was purified from cultured myotubes using Qiagen RNAeasy Kit 
(Qiagen, Solna, Sweden) according to the manufacturer’s protocol. Myotubes were 
grown in 100 mm2 dishes. Cells were washed twice with ice-cold PBS, harvested in 
RLT buffer and mixed with an equal volume of ethanol. Samples were directly added 
to RNAeasy columns, which bind RNA and allows for several washing steps before the 
purified RNA is eluted in RNase-free water. RNA concentration was measured at 260 
nm with a BioPhotometer (Eppendorf, VWR International, Spånga, Sweden). 

 
3.9.3 RNA extraction, human and animal tissue samples 

Total RNA was isolated from human and animal tissue by Trizol Reagent 
(Invitrogen), according to the manufacturer’s instructions. Biopsies were snap-frozen 
and stored in liquid nitrogen. A portion of the muscle specimen (15-35 mg) was 
homogenized in 2 ml Trizol using a Polytron tissue homogenizer, after which 200 µl 
chloroform was added, samples mixed and subjected to centrifugation at 14,500 g for 
15 min. The aqueous top layer was saved and 500 µl isopropanol was added. Samples 
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were subjected to centrifugation at 12000 g for 10 min and thereafter the supernatant 
was removed. The remaining pellet was washed twice with 80% ethanol before 
resuspending the RNA in nuclease free water. The RNA concentration was measured at 
260 nm with a BioPhotometer (Eppendorf). 

 
3.9.4 cDNA synthesis and real-time PCR analysis 

Isolated RNA (1-3 µg) was subjected to DNAse treatment using DNA-free kit 
(Ambion, Applied Biosystems), followed by cDNA synthesis using High Capacity 
cDNA RT kit (Applied Biosystems) (human biopsies, Study I) or SuperScript First-
Strand Synthesis System for real-time PCR (Invitrogen) (myotubes, Study I, and Study 
IV), according to manufacturer’s instructions.  

mRNA from human biopsy samples (Study I) was loaded onto a TaqMan Low 
Density Array custom designed card (Applied Biosystems) and real-time PCR 
amplification was performed using an Applied Biosystems Prism 7900HT sequence 
detection system (Applied Biosystems). mRNA expression in human biopsy samples 
(Study IV), as well as in myotube cultures (Study I and IV) was quantified with the 
ABI PRISM 7000 Sequence Detector System (Applied Biosystems). Real-time PCR 
was performed in a final volume of 25 µl and thermal cycling conditions were set to 
50°C for 2 min and 95°C for 10 min, followed by 40 cycles with 95°C for 15 sec and 
60°C for 1 min.  
 
3.9.5 Calculations 

The relative abundance of target transcripts was calculated from duplicate 
samples after normalization of the data against an endogenous control (housekeeping 
gene). The endogenous control corrects for errors arising from an unequal amount of 
starting material, different efficiency of cDNA synthesis or loading. For each study, 
two to three different housekeeping genes were tested (GAPDH, 18S, β-actin, or β2-
microglobulin). mRNA expression of the housekeeping genes was unchanged between 
the samples analyzed (for example, no differences in expression between sexes). Thus, 
the housekeeping gene with the mRNA expression closest to the studied genes was 
chosen. For Study I, β2-microglobulin was used for the human biopsy material, 
whereas 18s was used for the myotube cultures. In Study IV, β2-microglobulin was 
used to standardize all samples.  

The quantity of mRNA expression was calculated using the standard curve 
method as described (Applied Biosystems, 2009).  
 
 
3.10 WESTERN BLOT 

Protein expression was determined by Western blot analysis. Cells were cultured 
in 100 mm2 dishes, washed once with ice-cold PBS and harvested by scraping into ice-
cold lysis buffer (137 mmol/l NaCl, 2.7 mmol/l KCl, 1 mmol/l MgCl2, 0.5 mmol/l 
Na3VO4, 1% Triton X-100, 10% [vol/vol] glycerol, 20 mmol/l Tris [pH 7.8], 10 µg/ml 
leupeptin, 0.2 mmol/l phenylmethysulfonyl, 10 mmol/l NaF, 10 µg/ml aprotinin, 1 
mmol/l EDTA, 1 mmol/l DTT, 5 mmol/l natriumpyrophospate, 1 mmol/l benzamidine). 
Lysates (25-40 µg protein) were applied to a SDS-PAGE gel and separated proteins 
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were transferred to Immobilon-P membranes (Millipore, Solna, Sweden). The 
membranes were blocked with 7.5% nonfat milk and probed with primary protein-
specific antibodies and appropriate secondary horseradish peroxidase–conjugated 

antibody. Immunoreactive proteins were visualized by enhanced chemiluminescence 
(ECL Western blotting detection reagent, GE Healthcare, Amersham) and quantified by 
densitometry using Quantity One computer softwear (Bio-Rad). To assess equal 
loading desmin protein expression was determined in all samples.  

 
Study Antibody Company 
III Akt Cell Signaling Technology 
II Akt1  Santa Cruz Biotechnology 
II Akt2 Santa Cruz Biotechnology 
II, III Akt Ser473 Cell Signaling Technology 
II, III Akt Thr308 Cell Signaling Technology 

II, III Phospho Akt substrate (RXRXXS/T)  Cell Signaling Technology 
II Desmin Chemicon, Abcam 
II, III ERK1/2 Cell Signaling Technology 

II, III ERK1/2 (p44/42 MAPK) Thr202/204 Cell Signaling Technology 
II FoxO1/FoxO4 Ser256/193 Cell Signaling Technology 
III GAPDH Santa Cruz Biotechnology 
III GSK3α/β Ser21/9 Cell Signaling Technology 
III Iκβα Cell Signaling Technology 
III IKKβ Cell Signaling Technology 
II, III IRS-1 Upstate 
III IRS-1 Ser307 Upstate 
II IRS-2 Upstate 
III MAP4K2 Abgent 
III MAP4K4 Abgent 
III SAPK/JNK Thr183/185 Cell Signaling Technology 
IV SNARK ProteinTech 

 
Table 6. List of antibodies used in the studies included in this thesis. Antibodies were from Cell 
Signaling Technology (Beverly, USA), Santa Cruz Biotechnology (Santa Cruz, USA), Chemicon 
(Temecula, USA), Abcam (Camebridge UK), Upstate (Charlottesville, USA), Abgent (San Diego, 
USA) and Protein Tech (Chicago, USA). 
 
 
3.11 SNARK ACTIVITY 

SNARK kinase activity was performed as previously described for AMPK 
activity (Treebak et al., 2007). Myotubes were incubated with or without 0.5 mmol/l 
palmitate or 20 µg/ml TNF-α for 48 hours. Cells were washed twice with ice-cold PBS 
and harvested in ice-cold lysis buffer (137 mmol/l NaCl, 2.7 mmol/l KCl, 1 mmol/l 
MgCl2, 0.5 mmol/l Na3VO4, 1% Triton X-100, 10% [vol/vol] glycerol, 20 mmol/l Tris 
[pH 7.8],10 µg/ml leupeptin, 0.2 mmol/l phenylmethysulfonyl, 10 mmol/l NaF, 10 
µg/ml aprotinin,1 mmol/l EDTA, 1 mmol/l DTT, 5 mmol/l natriumpyrophospate, 1 
mmol/l benzamidine). Lysates (400 µg total protein) were mixed with 20 µl SNARK 
antibody (ProteinTech Group, Manchester, UK) and 40 µl Protein G sepharose beads 
(50% slurry, Amersham Bioscience), and rotated overnight at 4°C. Samples were 
subjected to centrifugation (7500 g for 1 min) and immunoprecipitates were washed 
once with lysis buffer, once with 6x assay buffer (240 mmol/l HEPES, 480 mmol/l 
NaCl, pH 7.0) and twice with 3x assay buffer (120 mmol/l HEPES, 240 mmol/l NaCl, 
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pH 7.0). The kinase reaction was initiated by adding 10 µl 3x assay buffer, 15 µl 
peptide mix (200 µmol/l AMARA-peptide (Millipore), 0.4 mmol/l AMP, 1.67 mmol/l 
DTT) and 5 µg ATP-mix (30 mmol/l MgCl2, 1.2 mmol/l ATP, 10 µCi/µl 32P-ATP) to 
the immunoprecipitates. Samples were incubated for 30 min at 30°C and the reaction 
was stopped by addition of a 10 µl aliquot of 1% phosphoric acid. Samples (35 µl) 
were spotted on Whatman® P81 phosphocellulose filter paper and washed four times 
with 1% phosphoric acid. Finally, filter papers were washed once in acetone and dried. 
Radioactivity was measured in a WinSpectral 1414 liquid scintillation counter 
(Wallac). 
 
 
3.12 STATISTICAL ANALYSIS 

Data are presented as mean ± SE. Statistical differences were determined by 
Student’s t test or two-way ANOVA. When ANOVA was applied pair-wise multiple 
comparison procedures were performed using Holm-Sidak method (Study I and IV) or 
Fisher’s least significant difference post hoc analysis (Study II and III). 
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4 RESULTS  
4.1 CHARACTERISATION OF SEX DIFFERENCES IN HUMAN 

MYOTUBES 
Metabolic differences exist between the sexes at the whole body level. The 

purpose of Study I was to investigate whether sex differences in metabolic responses 
could be due to intrinsic factors in skeletal muscle. Furthermore, we established 
whether glucose and lipid metabolism in human skeletal muscle cell cultures are similar 
between men and women. Primary myotube cultures have been widely used in the 
study of skeletal muscle metabolism. However, whether sex differences are maintained 
after cell culturing is currently unknown. 

 
4.1.1 Subject characteristics 

Ten post-menopausal women and eleven age-matched men were included in the 
study. Subject characteristics are presented in Study I, Table 1 and cytokine and 
adipokine concentrations are presented in Study I, Table 2.  

None of the participants had any known metabolic disorder. Fasting plasma 
glucose levels, 2h oral glucose tolerance, as well as insulin values were normal. Apart 
from height and hemoglobulin concentration subject characteristics were similar 
between the male and female participants. Leptin levels tended to be higher in females, 
indicating a higher body fat content in this group. However, body composition was not 
determined to confirm whether body fat content was different between the groups.  

 
4.1.2 Gene expression in biopsies versus culture 

mRNA expression of several genes important for glucose metabolism (glucose 
transporter 4 [GLUT4], glycogen synthase 1 [GYS1], pyruvate dehydrogenase kinase 
isozyme 4 [PDK4], and TBC1 domain family member 1 [TBC1D1]) and lipid 
metabolism (carnitine palmitoyltransferase 1 [CPT1], peroxisome proliferator-activated 
receptor delta [PPARδ] and gamma [PPARγ], stearoyl-CoA desaturase [SCD], and 
uncoupling protein 3 [UCP3]) was measured in vastus lateralis biopsies from  post-
menopausal women and age-matched men (Figure 11, blue boxes). The expression of 
these same genes was also measured in myotube cultures established from the same 
individuals. Not included in Study I, but presented here, is the mRNA expression 
pattern of some additional genes determined in the myotube cultures from post-
menopausal women and age-matched men (Figure 11, yellow boxes). Insulin receptor 
substrate 1 [IRS-1] and 2 [IRS-2] were included because of their important roles in the 
insulin signaling cascade (Araki et al., 1994; Tamemoto et al., 1994), AMP-activated 
protein kinase alpha 2 catalytic subunit [AMPKα2] may have a role in contraction-
stimulated glucose uptake (Jorgensen et al., 2004), fatty acid binding protein 3 
[FABP3] is involved in fatty acid uptake (Fischer et al., 2006), sterol regulatory 
element binding transcription factor 1 [SREBP1] is a transcription factor important for 
fatty acid metabolism (Sewter et al., 2002) and uncoupling protein 2 [UCP2] is a 
modulator of mitochondrial metabolism (Chan and Harper, 2006). 
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Figure 11. mRNA expression analyzed in skeletal muscle from male and female subjects. Genes 
studied in Rune et al (Rune et al., 2009) are highlighted in blue and additional genes studied here 
are highlighted in yellow. TCA cycle; tricarboxylic acid cycle, ETC; electric transport chain. 
 
 

The expression of GYS1, GLUT4, TBC1D1, SCD and UCP3 was higher in 
biopsies obtained from female donors compared to male donors in this study cohort 
(Study I, Figure 1A). Differential gene expression patterns between males and females 
have been reported earlier (Roth et al., 2002; Welle et al., 2008). Importantly, when the 
same genes were studied in myotubes that had been grown in culture for several weeks 
the gene expression pattern between the sexes was similar (Study I, Figure 1B). In 
addition, the mRNA expression of AMPKα2, FABP3, IRS-1, IRS-2, SREBP1, and 
UCP2 (Table 7) was similar between the sexes. These findings were important for 
establishing the criteria for including both male and female subjects in Study II and IV. 
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Gene Myotube mRNA expression 
 Male  Female 

AMPKα2 0.55±0.10 0.66±0.12  
FABP3 1.35±0.24  1.23±0.24  
IRS-1 0.79±0.08  0.73±0.08  
IRS-2 0.91±0.11  0.77±0.06 

SREBP1 0.89±0.13  0.76±0.13  
UCP2 0.61±0.29 1.10±0.65 

 
Table 7. mRNA expression in cultured myotubes from male and female donors. Results are 
reported as mean±SE in arbitrary units for n=7 male and n=7 female subjects.  
 
 
4.1.3 Glucose and lipid metabolism 

To further evaluate whether possible intrinsic sex differences exist in cultured 
human skeletal muscle cells, glucose and lipid metabolism was studied in myotubes 
from post-menopausal women and age-matched men. Notably, in agreement with an 
earlier report (Bonavaud et al., 2001) cell proliferation and morphology between 
cultures derived from male and female donors was unaltered between the sexes 
(Figure 12).  

 

 
Fig 12. Microscopic images of myotubes established from male and female donors. N=3 for male 
and female, respectively.  
 

 
The basal level of glucose uptake (Study I, Figure 2A) and incorporation into 

glycogen (Study I, Figure 2B) in myotubes was similar between male and female 
donors. Basal level of fatty acid uptake and accumulation (Study I, Figure 2C), and 
β-oxidation (Study I, Figure 2D) was also not different between the sexes. 
Furthermore, the effect of either insulin or AICAR on glucose and lipid metabolism 
was similar in myotubes derived from male or female donors (Study I, Figure 2). 
Thus, our findings provide evidence that differences in skeletal muscle metabolism 
noted in vivo are not retained in cultured human myotubes from elderly individuals. 
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4.2 SPECIFIC ROLES OF IRS AND AKT ISOFORMS 
The purpose of Study II was to investigate two of the critical nodes in the insulin 

signaling cascade and elucidate whether specialized or redundant roles exist in the 
regulation of glucose and lipid metabolism for the IRS and Akt isoforms expressed in 
human skeletal muscle.  
 
4.2.1 Cell survival and differentiation 

siRNA transfection was first performed on confluent myoblasts the day before 
initiation of the differentiation program, since transfection efficiency is higher in 
myoblasts compared to differentiated myotubes (Neuhuber et al., 2002). Striking 
morphological changes, with cell death and termination of differentiation, were noted 
in cells transfected with siRNA against either IRS-1 or Akt2. In contrast, growth and 
cell survival was unaltered in cells transfected with siRNA targeting IRS-2 or Akt1 
(Study II, Figure 1A). In line with this finding, phosphorylation of FOXO1 and 
FOXO4 was decreased after depletion of IRS-1 and Akt2 (Study II, Figure 2D), 
possibly implicating that changes in signaling account for the observed morphological 
features. The importance of IRS-1 in cell growth and survival is supported by the 
reduced size of IRS-1 knockout mice (Araki et al., 1994; Tamemoto et al., 1994). 
Furthermore, over-expression of Akt2 in rat muscle leads to muscle hypertrophy, 
indicating this isoform plays a role in muscle growth (Cleasby et al., 2007). 

Because of the morphological changes seen all further experiments in Study II 
were performed with siRNA transfection two days into the differentiation program. 
Applying this strategy morphological abnormalities were undetected (Figure 13).  

 

 
Figure 13. Microscopic images of myotubes after transfection of siRNA against IRS-1, IRS-2, Akt1 
or Akt2 two days into the differentiation program.  
 
 
4.2.2 Glucose metabolism 

The efficiency of the siRNA constructs to silence their respective target protein 
was 70-90% for each construct and specific to each isoform (Study II, Figure 1B). 
Thus, siRNA transfection is an effective way to dissect signaling pathways in cultured 
human myotubes. The reduction in IRS and Akt isoforms had profound impact on 

Akt1 Akt2Control

Control IRS-1 IRS-2
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glucose metabolism (Study II, Figure 3A and 3B). Insulin-stimulated glucose uptake 
and incorporation into glycogen was totally abolished in myotubes after IRS-1 or Akt2 
silencing. Conversely, silencing of IRS-2 or Akt1 was without effect on insulin-
stimulated glucose metabolism, but a small decrease in glucose uptake and 
incorporation into glycogen at basal levels was observed. These data indicate that IRS-
1 and Akt2 are important for insulin-stimulated glucose metabolism in human skeletal 
muscle, whereas IRS-2 and Akt1 are dispensable.  

The isoform-specific roles of IRS and Akt in glucose uptake and incorporation 
into glycogen are supported by a further analysis of the insulin signaling cascade. 
Phosphorylation, and thus signaling transmission, of Akt and AS160 was impaired in 
cells depleted of IRS-1 or Akt2, whereas these signaling events were still present in 
cells treated with IRS-2 or Akt1 siRNA (Study II, Figure 2A, 2B and 2C). 
 
4.2.3 Lipid metabolism 

IRS-2 silencing abolished insulin-stimulated lipid uptake and oxidation, whereas 
IRS-1 silencing decreased basal lipid oxidation (Study II, Figure 3C and 3D). In 
agreement with our results IRS-2 has been associated with lipid metabolism in liver, 
where it has been shown to regulate the expression of lipogenic enzymes (Taniguchi et 
al., 2005). Akt1 silencing leads to an increase in basal palmitate uptake and oxidation, 
whereas Akt2 silencing increases palmitate uptake and decreases basal palmitate 
oxidation. To summarize, the different IRS and Akt isoforms have specialized roles in 
lipid metabolism, and IRS-2 seems to be important for insulin-mediated effects on lipid 
metabolism. Thus, the isoform-specific roles of IRS and Akt with respect to lipid 
metabolism are not as clear as for glucose metabolism. 

ERK phosphorylation was decreased after IRS-2 silencing, but unaffected by 
silencing of IRS-1, Akt1 and Akt2 (Study II, Figure 2E). Analogously, IRS-2 
silencing decreased ERK activation in L6 cells (Huang et al., 2005). Since fatty acid 
uptake is partly mediated via activation of ERK (Turcotte et al., 2005) this may provide 
a mechanism by which insulin-stimulated lipid uptake and oxidation is abolished in 
myotubes after IRS-2 silencing. However, IRS-2 might also be involved in signaling 
towards gene regulatory events of proteins important for lipid metabolism.  

 
 
4.3 IKKΒETA SILENCING RESCUES TNF-ΑLPHA-INDUCED INSULIN 

RESISTANCE 
The proinflammatory cytokine TNF-α has been purposed as an essential 

molecular link between obesity, inflammation and insulin resistance (Hotamisligil et 
al., 1993). However, the exact mechanism whereby this occurs is unclear and requires 
further investigation. A previous study from our laboratory has shown that TNF-α 
infusion in healthy humans causes insulin resistance in the skeletal muscle (Plomgaard 
et al., 2005). As outlined in the introduction TNF-α stimulation leads to the activation 
of two separate signaling pathways involved in development of insulin resistance, 
namely JNK and IKKβ. The intracellular signaling at the JNK axis has been evaluated 
earlier, where reduced expression of MAP4K4 was found to rescue TNF-α-induced 
insulin resistance in human skeletal muscle (Bouzakri and Zierath, 2007). Genetic 
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reduction of IKKβ in mice, or chemical inhibition using salicylate, has highlighted the 
importance of this molecule in TNF-α-induced insulin resistance (Kim et al., 2001; 
Yuan et al., 2001). However, the role of IKKβ in human muscle has not been properly 
examined. Thus, the aim of paper III was to examine the role of IKKβ in TNF-α 
induced insulin resistance in cultured human myotubes.  

 
4.3.1 TNF-α activation of the IKKβ/NF-Κβ axis 

Transfection of myotubes with siRNA constructs directed against IKKβ reduced 
IKKβ protein expression 73% (Study III, Figure 1A). As expected, TNF-α treatment 
resulted in degradation of Ikβα. Ikβα degradation was prevented by IKKβ silencing 
(Study III, Figure 1B).  
 
4.3.2 IKKβ silencing rescues TNF-α-induced impairments in glucose 

metabolism 
TNF-α treatment causes insulin resistance in human skeletal muscle (Bouzakri 

and Zierath, 2007). Consistent with this earlier in vivo finding, insulin-stimulated 
glucose uptake and incorporation into glycogen was abolished in cultured myotubes 
following 2h incubation with TNF-α (Study III, Figure 2A and 2B). siRNA-mediated 
reduction of IKKβ had no direct influence on glucose metabolism, but completely 
rescued the TNF-α-mediated insulin resistance (Study III, Figure 2A and 2B), further 
supporting a role of IKKβ in the link between inflammation and insulin resistance.  

The effect of IKKβ silencing to prevent TNF-α-induced impairments on glucose 
metabolism was also observed when analyzing the insulin signaling pathway. TNF-α 
treatment caused decreased insulin-stimulated phosphorylation of Akt on Ser473 and 
Thr308, as well as decreased phosphorylation of downstream targets AS160 and 
GSK3β, indicating reduced insulin signaling towards glucose uptake and incorporation 
into glycogen. In all these cases, silencing of IKKβ prevented the signaling defects 
caused by TNF-α exposure (Study III, Figure 4), stressing the importance of IKKβ in 
the development of insulin resistance after TNF-α stimulation in skeletal muscle. 

 
4.3.3 Effects of TNF-α on MAPK signaling 

TNF-α treatment increased basal phosphorylation of the MAPKs ERK and JNK 
without effect on insulin-stimulated phosphorylation (Study III, Figure 6A-C and 7A-
B). While MAP4K4 was required for both insulin- and TNF-α-mediated 
phosphorylation of JNK and ERK (Bouzakri and Zierath, 2007) silencing of IKKβ was 
without effect on either JNK or ERK phosphorylation (Study III, Figure 6A-C and 
7A-B). Thus, the IKKβ/NF-κβ pathway does not influence basal or TNF-α induced 
phosphorylation of JNK and ERK.  

 To determine whether the increased basal effect of TNF-α on ERK 
phosphorylation could underlie the trend for TNF-α to increase basal glucose 
incorporation into glycogen cells were treated with a chemical inhibitor of ERK 
(PD98059). Even though PD98059 reduced ERK phosphorylation glucose 
incorporation into glycogen was unaltered (Study III, Figure 6D). Thus, other 
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mechanisms beyond ERK phosphorylation are likely to be involved in TNF-α mediated 
effect on basal glucose incorporation into glycogen. 
 
4.3.4 TNF-α mediated effects on IRS phosphorylation   

Increased IRS-1 serine phosphorylation is associated with negative effects on the 
insulin signaling pathway (Tanti et al., 1994) and has been described in connection with 
TNF-α-induced insulin resistance (Hotamisligil et al., 1996). This led us to investigate 
the effect of TNF-α treatment and IKKβ silencing on IRS-1 serine phosphorylation in 
human myotubes.  

TNF-α treatment increased Ser312 (corresponding to Ser307 in rodents) 
phosphorylation of IRS-1 (Study III, Figure 8B) as previously described (Aguirre et 
al., 2000). Ser312 phosphorylation is thought to induce a conformational change of the 
IRS-1 molecule leading to reduced affinity for the binding between IR and IRS-1 and 
thus interfere with the propagation of the insulin signaling (Aguirre et al., 2002). JNK 
has been shown to be involved in the IRS-1 Ser312 phosphorylation (Aguirre et al., 
2000). In contrast, our results indicate that IKKβ is dispensable for this phosphorylation 
(Study III, Figure 8B). 

 To test whether IKKβ could phosphorylate any other sites of IRS-1 we 
performed an immunoblot analysis of total IRS-1 protein and probed for a gel shift in 
the immunoreactive IRS-1 protein. TNF-α treatment induced a gel shift in IRS-1, 
indicating a highly phosphorylated IRS-1 protein. Importantly, this gel shift was not 
altered with IKKβ silencing, indicating that IKKβ does not change the gross 
phosphorylation pattern of IRS-1 (Study III, Figure 8A). Our finding is in contrast to 
earlier reports in 3T3-L1, Hep G2 and HEK293 cells, where the IKKβ inhibitor 
salicylate has been shown to inhibit TNF-α induced Ser307 phosphorylation of IRS-1 
(Gao et al., 2003; Jiang et al., 2003a). However, conflicting results have been presented 
and other studies disassociate IKKβ from IRS-1 phosphorylation. Alternatively, the 
release of NF-κβ and the subsequent activation of numerous target genes have been 
suggested to produce mediators of insulin resistance (Shoelson et al., 2006). However, 
this was not further investigated in Study III. 

 
4.3.5 IKKβ silencing does not rescue palmitate-induced insulin 

resistance 
Multiple mechanisms link obesity and skeletal muscle insulin resistance. In 

addition to TNF-α, palmitate exposure also causes insulin resistance in cultured 
myotubes. Palmitate treatment decreases insulin-stimulated glucose incorporation into 
glycogen in a dose-dependent manner (Figure 14A and B). In addition, palmitate 
treatment decreases insulin-stimulated phosphorylation of Akt Ser473 (Figure 14C). 
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Figure 14. Palmitate-induced insulin resistance in cultured myotubes. A) Glucose incorporation 
into glycogen under basal (open bars) or 120 nmol/l insulin (closed bars) treatment, results are 
reported as mean±SE nmol glucose/mg protein/h for n=5 subjects. B) Glucose incorporation into 
glycogen reported as fold insulin stimulation over basal. C) Representative Western blot of Akt 
Ser473 phosphorylation in palmitate treated (Palm; 0.5 mmol/l) or control (CNT) myotubes 
incubated with (+) or without (-) 120 nmol/l insulin. 
 
 

To investigate whether IKKβ plays a role in mediating palmitate-induced insulin 
resistance myotubes were transfected with siRNA against a scrambled sequence or 
IKKβ followed by treatment with 0.25 mmol/l palmitate for 48 h. In contrast to the 
results obtained for TNF-α-induced insulin resistance, silencing of IKKβ was without 
effect on palmitate-induced insulin resistance on glucose incorporation into glycogen 
(Figure 15). In control myotubes, or myotubes transfected with siRNA against a 
scrambled sequence, insulin increased glycogen synthesis 4.1- and 4.5-fold, 
respectively. Basal glucose incorporation into glycogen was unaltered after palmitate 
treatment, whereas insulin action on glycogen synthesis was reduced. Silencing of 
IKKβ was without effect on basal or insulin-stimulated glucose incorporation into 
glycogen. siRNA mediated silencing of IKKβ failed to rescue palmitate-induced insulin 
resistance. Thus, our results provide evidence to suggest that palmitate impairs glucose 
metabolism in muscle by an IKKβ-independent mechanism. 
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Figure 15. Silencing of IKKβ failed to prevent palmitate-induced insulin resistance. Glucose 
incorporation into glycogen was measured in myotubes in the absence (basal; open bars) or 
presence of 120 nmol/l insulin (closed bars). Results are reported as mean±SE nmol glucose/mg 
protein/min for n=4 subjects. *, p<0.05 compared to insulin stimulated control myotubes. 
 
 
4.4 ROLE OF SNARK IN MUSCLE METABOLISM 

While the energy sensor AMPK has been widely implicated in the regulation of 
skeletal muscle metabolism, little is known about the physiological role of the AMPK-
related kinases. Snark haploinsufficent mice develop obesity and impaired glucose 
tolerance with age (Tsuchihara et al., 2008). To elucidate the role of the AMPK-related 
kinase SNARK in skeletal muscle metabolism, SNARK expression was assessed in 
human muscle biopsies. Moreover, siRNA silencing was used to decrease expression of 
SNARK in cultured human myotubes followed by measurements of glucose and lipid 
metabolism.  
 
4.4.1 SNARK expression in human muscle biopsies 

SNARK mRNA expression was measured in vastus lateralis skeletal muscle 
biopsies from normal glucose tolerant or type 2 diabetic subjects. Subjects were age-
matched and further stratified into two groups where one group had a BMI <28 kg/m2 
and the other group a BMI >31 kg/m2 (Study IV, Table 1). Metabolic parameters were 
measured, confirming the different metabolic status between the groups. Type 2 
diabetic patients had hyperglycemia and increased HbA1c levels compared to the 
normal glucose tolerant subjects. In the diabetic subjects with BMI >31 kg/m2 HOMA-
IR values were increased, as were serum triacylglycerol and insulin values (Study IV, 
Table 1). 

SNARK mRNA expression was similar between normal glucose tolerant and type 
2 diabetic subjects in both the lower and the higher BMI group. Interestingly, subjects 
with a higher BMI had increased SNARK expression independently of metabolic status 
(Study IV, Figure 1). Thus, obesity seems to influence SNARK expression, whereas 
diabetes does not. Our finding of increased SNARK expression with obesity contrasts 
earlier studies investigating the upstream kinase LKB1 (Chen et al., 2005) or any of the 
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AMPK subunits expressed in skeletal muscle (Sriwijitkamol et al., 2006), which have 
been shown to be unaltered in obesity.  

 
4.4.2 SNARK expression in cultured myotubes 

SNARK mRNA expression was further investigated in myotubes established from 
normal glucose tolerant individuals (fasting glucose 5.1±0.1 mmol/l). These cultured 
myotubes were treated with systemic factors associated with obesity. TNF-α and 
palmitate exposure increased SNARK mRNA expression, whereas treatment with 
oleate, glucose and IL-6 was without impact on the SNARK expression (Study IV, 
Figure 2A). Furthermore, the AMPK activators AICAR, metformin and rosiglitazone 
had no effect on SNARK mRNA expression (Figure 16). None of the systemic factors 
tested had any influence on AMPKα2 mRNA expression (Study IV, Figure 2B).  

 
Figure 16. SNARK mRNA expression in cultured human myotubes after 7 days treatment with 200 
µmol/l AICAR, 20 µmol/l metformin or 10 µmol/l rosiglitazone. Results are reported as mean±SE 
arbitrary units for n=5 subjects. 

 
 

4.4.3 Snark expression in db/db and ob/ob 

Snark mRNA expression was determined in two different obese animal models 
of diabetes; ob/ob and db/db mice (Figure 17). In total contrast to the data obtained in 
the humans, Snark expression was decreased in muscle from obese ob/ob mice, but 
unaltered in muscle from obese db/db mice.  

Snark mRNA expression was decreased in the liver of both obese animal 
models. The expression of Snark was increased in fat tissue of ob/ob mice compared to 
wild-type animals. The importance of this expression pattern for the physiological role 
of SNARK, as well as possible differences between rodents and humans warrants 
further investigation.   
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Figure 17. Snark mRNA expression in muscle, liver, brain, and fat tissue from ob/ob and db/db 
mice. Results are reported as mean±SE arbitrary units for n=7 animals for ob/ob mice and n=5 
animals for db/db mice. ob/ob and wild-type mice where studied at 4 months of age (55.8±1.0 g 
versus 21.0±0.3 g for ob/ob versus wild-type littermates). db/db and wild-type mice were studied at 
6-7 months of age (52.1±2.8 g versus 24.0±1.9g for db/db versus wild-type littermates). *, p<0.05 
compared to respective wild-type littermate.  

 
 

4.4.4 Glucose and lipid metabolism 
To determine a possible role for SNARK in glucose and lipid metabolism in 

human skeletal muscle siRNA was used to silence SNARK gene expression in cultured 
myotubes. Despite introducing siRNA twice (at the myoblast stage and following two 
days into the differentiation program) siRNA treatment only reduced SNARK 
expression 60%, as evidenced by reduced mRNA and protein level of the target (Study 
IV, Figure 3A and B). However, this decrease in SNARK is similar to the expression 
observed in haploinsufficent Snark mice, which show clear alterations in whole body 
metabolism compared to wild-type littermates (Tsuchihara et al., 2008). The dual 
transfection was without effect on cell growth and differentiation (Figure 18). 

 
A. Control B. Scr siRNA C. SNARK siRNA

 
 
Figure 18. Microscopic images of A) control myotubes, B) myotubes transfected with siRNA 
against a scrambled sequence, and C) myotubes transfected with SNARK siRNA. 
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SNARK silencing was without effect on basal or insulin- (6 and 60 nmol/l) 
stimulated glucose metabolism, as assessed by glucose incorporation into glycogen 
(Study IV, Figure 4). Furthermore, SNARK silencing was without effect on basal, 
insulin- (120 nmol/l) or AICAR- (1 mmol/l) stimulated lipid metabolism, as evidenced 
by palmitate oxidation (Study IV, Figure 5). Even though we cannot exclude the 
possibility that total ablation of SNARK expression would affect glucose and lipid 
metabolism, our results indicate that SNARK does not have a role in human skeletal 
muscle metabolism.  
 
4.4.5 SNARK reduction does not rescue TNF-α or palmitate induced 

insulin resistance 
Since SNARK expression was increased in cultured myotubes after exposure to 

TNF-α and palmitate we assessed whether SNARK plays a role in TNF-α- or 
palmitate-induced insulin resistance. SNARK protein levels were increased after TNF-
α or palmitate treatment in cultured myotubes (Study IV, Figure 6A), which is 
consistent with the increased mRNA expression reported (Study IV, Figure 2A). 
Despite the finding of increased SNARK expression after TNF-α or palmitate treatment, 
transfection with SNARK siRNA reduced SNARK protein levels 60% (Study IV, 
Figure 6A). However, a 60% reduction in SNARK expression did not prevent TNF-α- 
or palmitate-induced insulin resistance (Study IV, Figure 6B). Our results indicate that 
other molecular mechanisms beyond SNARK contribute to the insulin resistance 
induced by these substances.  

 
4.4.6 SNARK activity 

The results presented above are limited to an investigation of SNARK expression, 
which does not necessary correlate with SNARK activity. A pilot study was thus 
performed to determine SNARK activity in cultured myotubes after TNF-α or palmitate 
treatment. Differentiated myotubes were treated with or without 20 ng/ml TNF-α or 
0.25 mmol/l palmitate for 48 h, followed by measurement of SNARK activity. TNF-α 
and palmitate increased SNARK activity, consistent with the expression data (Figure 
19). A more extensive experiment is warranted to optimize the assay and verify the 
result presented here. 

 
  

 
 
 
 
 
 
Figure 19. SNARK activity was measured in 
myotubes treated with 0.25 mmol/l 
palmitate or 20 ng/ml TNF-α for 48 h. 
Results are presented as arbitrary units,  
n=1. 
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5 DISCUSSION 
5.1 CHARACTERIZATION OF SEX DIFFERENCES IN HUMAN 

MYOTUBES 
Our findings in Study I indicate that there is little or no intrinsic sex difference in 

mRNA expression of metabolic genes in skeletal muscle. Thus, the sex differences in 
gene expression observed in skeletal muscle biopsies are unlikely to be a consequence 
of intrinsic differences, but rather they occur in response to factors in the in vivo 
environment, where several external factors differ between males and females. Indeed, 
previous published studies implicate the role of sex hormones in the regulation of 
metabolically important genes, such as the GLUT4 transporter (Barros et al., 2006; 
Barros et al., 2008; Muthusamy et al., 2009).  

Since the subjects included in Study I were post-menopausal women and age-
matched men the in vivo hormonal metabolic milieu may have been relatively similar 
when the muscle biopsy was obtained. However, a limitation of this study is the fact 
that testosterone and estrogen levels were not assessed in the study participants. 
Studying pre-menopausal women and age-matched men, with a bigger difference in 
hormone levels, may reveal a different result from those obtained. Preferably, a large-
scale study including male and female individuals of different ages should be 
performed to evaluate the role of sex hormones in determining skeletal muscle 
metabolic phenotype. 

A natural extension of the current study would be to investigate whether male 
and female cultured skeletal muscle cells respond equally to hormonal exposure. This 
may not be the case since a low level of testosterone predicts type 2 diabetes in men 
(Andersson et al., 1994; Pitteloud et al., 2005), but has opposite effects in women. 
Instead, an elevated level of testosterone in women diagnosed with the endocrine 
disorder polycystic ovary syndrome is associated with insulin resistance and diabetes 
(Azziz, 2002).  

Whether estrogen has similar or specialized roles on metabolism in males versus 
females has not been properly investigated. However, estrogen clearly has an impact on 
metabolism. Estrogen protects against high-fat diet-induced insulin resistance in mice 
(Riant et al., 2009). Moreover, mice lacking estrogen production have reduced 
expression of genes involved in mitochondrial β-oxidation in the liver (Nemoto et al., 
2000). Insulin resistance increases after menopause (Borissova et al., 2005) and 
hormonal replacement therapy has been reported to reduce the incidence of type 2 
diabetes in postmenopausal women (Margolis et al., 2004). 

Basal, insulin- and AICAR-stimulated glucose and lipid metabolism was similar 
in myotubes from male and female donors. Our observation that intrinsic metabolic sex 
differences were not retained in cultured myotubes contrasts earlier findings where 
myotubes obtained from type 2 diabetic patients maintain an insulin-resistant 
phenotype, even after prolonged culture (Bouzakri et al., 2003; Gaster et al., 2002; 
Henry et al., 1995; Henry et al., 1996). Interestingly, decreased insulin-stimulated 
glucose uptake has also been observed in myotubes from insulin-resistant non-diabetic 
relatives of type 2 diabetic patients (Jackson et al., 2000). The persistence of metabolic 
defects observed in myotubes from type 2 diabetic patients after several passages in 
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culture suggests that the abnormalities have some intrinsic genetic basis, whereas the 
sex-related metabolic differences may be due to external factors.  

Another limitation of the study is the lack of in vivo metabolic data, which would 
have strengthened our conclusion that metabolic differences between the sexes are not 
retained in cultured myotubes. Optimally, glucose metabolism should have been 
assessed using a euglycemic-hyperinsulinemic clamp before biopsies were taken. 
Alternatively, glucose uptake could have been assessed in isolated muscle strips 
(Bjornholm et al., 1997) to study differences in metabolic responses between the in vivo 
and in vitro condition. 

For research purpose, our finding of similar glucose and lipid metabolism 
between the sexes in cultured myotubes is important since our results indicate that 
studies performed in human myotubes from one sex are applicable to both male and 
females. In addition, insulin-sensitizing drugs acting on skeletal muscle are likely to 
have similar effects in both sexes. 

 
 

5.2 SPECIFIC ROLES OF IRS AND AKT ISOFORMS 
In study II we have investigated the isoform-specific roles of IRS and Akt 

isoforms in mediating insulin action in human skeletal muscle. Although the protein 
structure within the IRS or the Akt isoform family are quite similar the results from 
Study II clearly highlight isoform-specific, non-redundant roles in the regulation of 
glucose and lipid metabolism at the level of IRS and Akt signaling in human skeletal 
muscle. IRS-1 and Akt2 are required for myotube formation and insulin-stimulated 
glucose metabolism, whereas IRS-2 is necessary for insulin action on lipid metabolism. 
Similar to our results, in L6 rat skeletal muscle cells IRS-1 is important for insulin-
stimulated glucose uptake and GLUT4 translocation, whereas IRS-2 is dispensable 
(Huang et al., 2005). Noteworthy, under certain circumstances, IRS-2 may have a role 
in glucose metabolism in skeletal muscle. In L6 muscle cells expressing the 
Arg1152→Gln IR mutation, originally identified in a patient with severe diabetes, the 
basal phosphorylation of IRS-2 is increased, followed by increased PI3K activity and 
glycogen synthase activity (Miele et al., 1999).  Also in agreement with our results, 
IRS-1 has been linked to glucose homeostasis in the liver (Taniguchi et al., 2005). 
Conversely, in adipocytes both IRS-1 and IRS-2 participated in the regulation of 
glucose uptake (Zhou et al., 1997). 

 Similar results corresponding to our findings regarding Akt isoforms were 
obtained in rat skeletal muscle over-expressing Akt1 or Akt2, where Akt2 was the only 
isoform found to be important for glucose uptake and incorporation into glycogen 
(Cleasby et al., 2007). In contrast, the use of RNA interference in cultured 3T3-L1 
adipocytes revealed that Akt2 is important for glucose uptake in adipocytes and, to a 
lesser extent, even Akt1, whereas both isoforms are important for glycogen synthesis 
(Jiang et al., 2003b; Katome et al., 2003).  

Collectively, the results presented in Study II, together with earlier reports, 
clearly highlight isoform-specific roles of IRS and Akt in the regulation of glucose 
metabolism, and this seems to occur in a tissue-specific fashion (Table 8 and 9).  
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Isoform Method Result Reference 
IRS-1 Whole body IRS-1 

KO mice 
Growth retardation, no diabetes but 
compensatory beta cell hyperplasia and 
insulin secretion 

(Araki et al., 1994; 
Tamemoto et al., 1994) 

 Adipocytes from 
IRS-1 KO mice 

Reduced insulin-stimulated glucose uptake  (Araki et al., 1994; 
Tamemoto et al., 1994) 

 Muscle from IRS-
1 KO mice 

Reduced insulin-stimulated glucose 
uptake, impaired MAPK activation and 
protein synthesis 

(Yamauchi et al., 1996) 

 Liver from IRS-1 
KO mice 

Normal PI3K and MAPK activity  (Yamauchi et al., 1996) 

 siRNA silencing 
in L6 cells 

Reduced insulin-stimulated glucose uptake (Huang et al., 2005) 

 Adenovirus-
mediated RNA 
interference in 
mice liver 

Upregulation of gluconeogenic enzymes (Taniguchi et al., 2005) 

 Over-expression in 
rat adipose cells 

Increased insulin-stimulated GLUT4 
translocation 

(Zhou et al., 1997) 

 siRNA silencing 
in human 
myotubes 

Impaired insulin-stimulated glucose 
metabolism 

(Bouzakri et al., 2006) 

IRS-2 Whole body IRS-2 
KO mice 

Mild growth retardation, diabetes, 
peripheral insulin resistance, impaired 
pancreatic beta cell function 

(Kubota et al., 2000; 
Withers et al., 1998) 

 Muscle from IRS-
2 KO mice 

Normal insulin- and exercise-stimulated 
glucose uptake 

(Higaki et al., 1999; 
Kubota et al., 2000) 

 Liver from IRS-2 
KO mice 

Insulin resistance (Kubota et al., 2000) 

 siRNA silencing 
in L6 cells 

Normal insulin-stimulated glucose uptake, 
decreased ERK phosphorylation 

(Huang et al., 2005) 

 Adenovirus-
mediated RNA 
interference in 
mice liver 

Upregulation of lipogenic enzymes (Taniguchi et al., 2005) 

 Brown adipocytes 
from IRS-2 KO 
mice 

Reduced insulin-stimulated GLUT4 
translocation and glucose uptake  

(Fasshauer et al., 2000) 

 Over-expression in 
rat adipose cells 

Increased insulin-stimulated GLUT4 
translocation 

(Zhou et al., 1997) 

 siRNA silencing 
in human 
myotubes 

Impaired insulin-stimulated lipid 
metabolism 

(Bouzakri et al., 2006) 

IRS-3 Whole body IRS-3 
KO mice 

Normal growth and glucose homeostasis (Liu et al., 1999) 

IRS-4  Whole body IRS-4 
KO mice 

Nearly normal glucose homeostasis  (Fantin et al., 2000) 

 
Table 8. Summary of the isoform-specific roles of IRS.  
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Isoform Method Result Reference 
Akt1  Whole body Akt1 

KO mice 
 Sever growth retardation, no effect on 
glucose homeostasis 

(Chen et al., 2001; 
Cho et al., 2001b; 
Yang et al., 2003) 

 siRNA silencing 
in 3T3-L1 
adipocytes 

Modest decrease in insulin-stimulated 
glucose uptake, decreased insulin-
stimulated glucose incorporation into 
glycogen 

(Jiang et al., 2003b; 
Katome et al., 2003) 

 Adipocytes from 
Akt1 KO mice 

Normal insulin-stimulated GLUT4 
translocation and glucose uptake 

(Bae et al., 2003) 

 Over-expression 
in rat muscle 

Hypertrophy, no effect on glucose 
metabolism 

(Cleasby et al., 2007) 

 siRNA silencing 
in human 
myotubes 

No effect on glucose metabolism (Bouzakri et al., 2006) 

Akt2 Whole body Akt2 
KO mice 

Sever diabetes, insulin resistance in muscle 
and liver, mild growth retardation, impaired 
adipogenesis, β-cell failure 

(Cho et al., 2001a; 
Garofalo et al., 2003)  

 siRNA silencing 
in 3T3-L1 
adipocytes 

Reduced insulin-stimulated glucose uptake 
and incorporation into glycogen 

(Jiang et al., 2003b; 
Katome et al., 2003) 

 Over-expression 
in rat muscle 

Increased glucose uptake and incorporation 
into glycogen, hypertrophy 

(Cleasby et al., 2007) 

 Adipocytes from 
Akt1 KO mice 

Reduced insulin-stimulated GLUT4 
translocation and glucose uptake 

(Bae et al., 2003) 

 siRNA silencing 
in human 
myotubes 

Impaired insulin-stimulated glucose 
metabolism 

(Bouzakri et al., 2006) 

Akt3   Whole body Akt3 
KO mice 

Reduced brain size, no effect on glucose 
homeostasis 

 (Easton et al., 2005; 
Tschopp et al., 2005) 

 
Table 9. Summary of the isoform-specific roles of Akt.  
 

 
To shed further light on our results regarding isoform-specific roles of IRS and 

Akt in lipid metabolism mRNA expression of lipogenic genes after silencing of the 
different isoforms would be important to study. Decreased insulin-stimulated ERK 
phosphorylation after IRS-2 silencing, but not after IRS-1 silencing, indicates that an 
isoform-specific regulation exist in insulin signaling towards mitogenic responses. 
Over-expression of the respective IRS and Akt isoforms in cultured myotubes could 
also contribute to the understanding of the isoform-specific roles of these signaling 
molecules in lipid metabolism. In the present study, the relative gene expression of the 
respective isoforms was not determined. This information would increase our 
understanding of the relative roles of these signaling molecules, as would studies of 
activation kinetics and intracellular compartmentalization. Interestingly, we did not 
observe any sex-dependent differences in IRS-1 or IRS-2 expression in cultured cells 
(Result section, Table 7). Finally, it is important to determine the expression patterns 
of IRS and Akt isoforms in cultured human myotubes with the expression patterns in 
mature skeletal muscle in vivo since this might differ.  

Additional highly regulated signaling nodes with related proteins that have 
unique biological roles might exist in the insulin signaling pathway. TBC1D1 and 
TBC1D4 might be an example of such a node. TBC1D4 has been recognized as a 
proximal step in both insulin- and exercise-regulated GLUT4 translocation and 
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subsequent glucose uptake (Karlsson et al., 2005; Sano et al., 2003). TBC1D1 has a 
similar protein structure to TBCD1D4 and is also important for GLUT4 trafficking 
(Roach et al., 2007). However, the two proteins seem to have different roles in the post-
exercise effect on insulin-stimulated glucose transport in skeletal muscle (Funai et al., 
2009). Further studies, using gene silencing as described in Study II can provide 
evidence to elucidate the possible different roles of TBC1D1 and TBC1D4. 

The isoform-specific roles of signaling molecules revealed in Study II 
demonstrate that siRNA is a powerful tool to resolve the complexity of the insulin 
signaling cascade. Transfecting human myotubes with siRNA two days into the 
differentiation program can efficiently and specifically decrease the target protein 
without affecting cell survival. Because of the short time of siRNA-mediated gene 
silencing compensatory mechanisms are minimized. Thus, this system allows for the 
study of the metabolic importance of molecules also involved in growth and 
development, like IRS-1 and Akt1 (Araki et al., 1994; Tamemoto et al., 1994), where 
the use of transgenic animals can be problematic. Given the obvious differences 
between mice models and human myotubes (Table 8 and 9) the results presented in 
Study II are important for target validation in type 2 diabetic patients.  

 
 

5.3 IKKβ SILENCING RESCUES TNF-α-INDUCED INSULIN RESISTANCE 
Increased expression of TNF-α is linked with insulin resistance and inflammation 

in obesity (Feinstein et al., 1993; Hotamisligil et al., 1993). However, several studies 
show that TNF-α neutralization fails to improve insulin sensitivity in humans {Ofei, 
1996 #347; Paquot, 2000 #349; Bernstein, 2006 #392; Dominguez, 2005 #416}. 
Conversely, infliximab, a TNF-α inhibitor, improves insulin sensitivity in patients with 
rheumatoid arthritis (Gonzalez-Gay et al., 2006; Kiortsis et al., 2005). Thus, the 
importance of TNF-α in insulin resistance still warrants further investigation. Our 
results from Study III clearly implicate IKKβ in TNF-α-mediated insulin resistance in 
skeletal muscle. This is consistent with the notion that high doses of the IKKβ inhibitor 
salicylate improves whole body metabolism in obese animal models (Yuan et al., 
2001).  

The tissues responsible for the insulin sensitizing effect of IKKβ inhibition 
requires further exploration. While TNF-α infusion in healthy human causes insulin 
resistance in skeletal muscle (Plomgaard et al., 2005), muscle-specific ablation of IKKβ 
in mice does not protect from obesity-induced insulin resistance (Rohl et al., 2004). 
IKKβ might play an important role in the liver since transgenic animals with an 
inflammatory state selectively in the liver have activated IKKβ/NF-κβ signaling and 
systemic insulin resistance, which can be corrected by salicylate treatment (Cai et al., 
2005). In addition, mice with a liver-specific deletion of IKKβ have improved liver 
insulin sensitivity when placed on a high-fat diet, but fail to improve insulin sensitivity 
in skeletal muscle and adipose tissue (Arkan et al., 2005).   

Further studies are required to elucidate the exact mechanism by which IKKβ is 
involved in TNF-α-mediated insulin resistance. In Study III, signaling defects were 
observed at the level of Akt and its downstream targets, but not at the level of IRS-1. 
Thus, IKKβ may regulate insulin signaling at a point between IRS and Akt. Whether 
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the IKKβ/NF-κβ axis up-regulates the expression of phosphatases known to attenuate 
Akt activity is unknown. Candidate phosphatases include phosphatase and tensin 
homolog deleted on chromosome ten (PTEN) and SH2 domain-containing inositol 5-
phosphatase (SHIP), which act upstream of Akt to block its recruitment to the plasma 
membrane (Aman et al., 1998; Ramaswamy et al., 1999), and protein phosphatase 2A 
(PP2A), which directly dephosphorylates Akt (Meier et al., 1998). Indeed, TNF-α/NF-
κβ causes transcriptional down-regulation of PTEN (Kim et al., 2004), although a 
reduction in the expression or activity of this particular phosphatase would lead to 
increased Akt activity. A more interesting target to investigate would be the pseudo-
kinase tribble 3 (TRB3), which is known to interact with Akt and inhibit its activity. In 
both liver (Du et al., 2003) and skeletal muscle (Koh et al., 2006) decreased TRB3 
expression enhances insulin sensitivity. In addition, TRB3 is induced in response to 
glucose and amino acid deprivation (Schwarzer et al., 2006). Another signaling 
molecule that could be of interest is the downstream target of Akt, p70S6K, which is 
involved in a negative feedback loop regulating insulin action (Um et al., 2004). 
p70S6K is activated by TNF-α in an IKKβ-dependent manner (Zhang et al., 2008). 
Clearly the precise signaling mechanism by which IKKβ suppression protects against 
TNF-α-mediated insulin resistance is important to elucidate, since clinical trials 
investigating the effect of salsalate, a nonacetylated dimeric salicylate with few side 
effects, on inflammation and insulin sensitivity have been initiated (Shoelson et al., 
2003). 

The dramatic rise in obesity over the last decades has lead to an explosion of 
obesity-related health problems, including diabetes, cardiovascular disease and cancer. 
In Study III we investigated the link between the adipose tissue produced cytokine 
TNF-α and skeletal muscle insulin resistance. Our results indicated that targeted 
deletion of IKKβ can correct for the TNF-α-mediated insulin resistance. This finding 
clearly makes IKKβ an attractive drug target (Shoelson et al., 2003).  

Several mechanisms in addition to low-grade inflammation and elevated TNF-α 
level have been purposed to contribute to obesity-induced insulin resistance. For 
example, increased concentrations of plasma free fatty acids and lipid accumulation in 
tissues not suited for lipid storage can serve as a source for lipid metabolites that will 
cause insulin resistance. An increased level of the lipid intermediate diacylglycerol is 
associated with insulin resistance in skeletal muscle, possibly via a PKC-mediated 
mechanism (Chibalin et al., 2008; Itani et al., 2002). Diacylglycerol accumulation can 
interfere with insulin signaling and glucose uptake. Ceramide is another lipid 
intermediate that is elevated in skeletal muscle from obese insulin resistant humans 
(Adams et al., 2004). The precise molecular mechanisms whereby ceramides inhibit 
glucose metabolism is unclear, but several sites in the insulin signaling cascade are 
negatively targeted (Summers, 2006). Interestingly, ceramides can activate both JNK 
and IKKβ (Gual et al., 2005). The saturated fatty acid palmitate causes accumulation of 
both diacylglycerol and ceramides in cultured human myotubes (Pickersgill et al., 
2007).  

Our results provide evidence that palmitate treatment of cultured human 
myotubes causes impairments in insulin-stimulated glucose incorporation into 
glycogen. siRNA-mediated gene silencing of IKKβ was unable to rescue the palmitate-
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induced impairments in glucose metabolism. This result indicates that TNF-α and 
palmitate causes insulin resistance through different mechanisms. Palmitate might 
cause disturbances at several different levels in the myotubes. Indeed, high 
concentrations of palmitate are toxic to the cells (data not shown) and thus the lowest 
concentration possible of palmitate was used to cause insulin resistance. However, just 
correcting one signaling parameter, in this case IKKβ (and SNARK in Study IV), was 
without effect on palmitate-induced insulin resistance. Additional unpublished data on 
other targets tested in the lab confirms this idea.  

Since both low-grade inflammation and elevated levels of free fatty acids are 
likely to exist simultaneously in obese insulin-resistant patients drugs targeting only 
one single molecule might not be effective to overcome impairments in insulin 
sensitivity in these individuals. Thus, future studies need to be performed to gain more 
knowledge regarding the mechanism by which insulin resistance occurs in obesity and 
type 2 diabetes.  
 

 
5.4 ROLE OF SNARK IN MUSCLE METABOLISM  

Together with the report regarding Snark haploinsufficient mice (Tsuchihara et 
al., 2008), suggesting SNARK is involved in whole body glucose and energy 
homeostasis, Study IV is among the first examinations of the role of SNARK in 
metabolism. Based on the presence of glucose intolerance and obesity in Snark 
haploinsufficient mice we expected a reduction in SNARK mRNA expression in 
skeletal muscle from type 2 diabetic and obese subjects. Indeed, Snark mRNA 
expression was decreased in skeletal muscle from ob/ob mice, as well as in liver from 
both ob/ob and db/db mice. Surprisingly we found increased SNARK mRNA 
expression in skeletal muscle from obese humans and this was independent of diabetes. 
Thus, the result obtained in human is incompatible with the finding in rodents, 
indicating that species-specific differences exist in the regulation of SNARK expression. 
To date, limited studies are available whereby SNARK expression has been determined. 
Thus one cannot exclude the possibility that different results would have been obtained 
if SNARK activity had been measured. However, our preliminary SNARK activity data 
suggests SNARK expression and activity are positively correlated.  

Our results indicate that SNARK may not be involved in the development of 
skeletal muscle insulin resistance in human. This is further supported by the finding 
that SNARK silencing in human myotubes was without effect on glucose or lipid 
metabolism. Moreover, TNF-α- or palmitate-induced insulin resistance was not 
prevented by SNARK silencing. Further metabolic studies on isolated tissues from 
Snark haploinsufficient mice are important to understand the apparent conflicting result 
between mice and humans.  

Interestingly Snark haploinsufficent mice display increased voluntary exercise 
(Ichinoseki-Sekine et al., 2009), suggesting an involvement of SNARK in behavioral 
regulation. Future studies are required investigate the mechanism by which SNARK 
expression influences behavior and to elucidate whether SNARK influences whole 
body metabolism through central regulation. The downstream targets of SNARK are 
also an area of future studies and since SNARK is mainly localized in the nucleus, 
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physiological effects may be executed by gene regulatory mechanisms (Kuga et al., 
2008). 

In cultured human myotubes treated with TNF-α- or palmitate, two known 
cellular stressors linked to obesity-induced insulin resistance, SNARK mRNA 
expression is increased. Conversely, AMPK-activators including AICAR, metformin 
and rosiglitazone, are without effect on SNARK mRNA expression. Thus, SNARK 
expression seems to increase in response to systemic factors associated with obesity, 
but not insulin-independent activators of glucose or lipid metabolism. The increased 
SNARK expression measured in myotubes after TNF-α or palmitate treatment could 
account for the increase in SNARK expression detected in skeletal muscle biopsies from 
obese subjects.   

Consistent with our observation that TNF-α or palmitate treatment induced 
SNARK expression, earlier studies have reported that SNARK is activation by cellular 
stressors (Summarized in Introduction, Table 2). In fact, SNARK was first identified 
in keratinocytes as a UVB-induced gene (Rosen et al., 1995), suggesting a role for 
SNARK in cellular adaptation to DNA-damage-induced stress. Therefore, a possible 
role for SNARK in tumor protection has been proposed. Indeed, obese Snark 
haploinsufficent mice have enhanced tumorgenesis after treatment with a chemical 
carcinogen (Tsuchihara et al., 2008). Furthermore, SNARK is a NF-κβ-regulated 
antiapoptotic gene that contributes to tumor promoting activity in cancer cells 
(Legembre et al., 2004). Undoubtedly, future studies are warranted to elucidate the role 
of SNARK in both metabolism and cell growth/cancer.  

 
 

5.5 TARGETING SKELETAL MUSCLE IN METABOLIC DISEASE 
Alternations in the expression or activity of critical components of the insulin 

signaling pathway (Study II) or suppression of targets that have a negative impact on 
the insulin signaling pathway (Study III) clearly influences insulin-stimulated 
metabolism in myotubes. Changes in glucose metabolism in skeletal muscle should 
theoretically have a great impact on blood glucose levels, given the importance of the 
skeletal muscle in postprandial blood glucose regulation (DeFronzo et al., 1985; 
DeFronzo et al., 1981). Increased glucose uptake in skeletal muscle can release the 
pressure on other metabolically important tissues such as liver and pancreas in type 2 
diabetic patients.  

The importance of skeletal muscle as a drug/prevention target in the treatment of 
type 2 diabetes is highlighted by the fact that increased amount of physical exercise 
affects muscle metabolism and  decreases the incidence of type 2 diabetes (Knowler et 
al., 2002; Tuomilehto et al., 2001). However, despite the existence of “cross talk” 
between the metabolically important tissues in the body, targeting multiple tissues 
seems to be the most effective way to combat type 2 diabetes. Life style prevention 
studies, with increase physical activity, as well as dietary recommendations aimed to 
reduce body weight, including restricting fat intake and increasing fiber intake, can 
collectively decrease the cumulative incidence of diabetes with 58% compared to the 
control group. In contrast, treatment with metformin, which mainly affects the liver, 
reduces diabetes incidence with 31 % (Knowler et al., 2002; Tuomilehto et al., 2001). 
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However, lifestyle changes have proven difficult to achieve and thus a better 
understanding of the molecular mechanism underlying type 2 diabetes is necessary for 
the development of new drugs to enhance insulin sensitivity. In this thesis siRNA has 
been used to validate several molecular mechanisms (Figure 20) governing the insulin-
dependent control of glucose and lipid metabolism in skeletal muscle from normal 
glucose tolerant and type 2 diabetic men and women, adding novel insight to increase 
our understanding of pathways controlling glucose and lipid metabolism in skeletal 
muscle.  

 

 
Figure 20. Summary of validated molecular mechanisms regulating glucose and lipid metabolism 
in skeletal muscle studied in this thesis work. 
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6 SUMMARY 
The aim of this thesis was to identify pathways regulating glucose and lipid 

metabolism in human skeletal muscle, and to apply siRNA-mediated gene silencing to 
dissect the molecular mechanisms governing these pathways. The results presented in 
this thesis are summarized as follows: 

  
• Sex-dependent differences in skeletal muscle gene expression of key metabolic 

genes detected in vivo are not retained in cultured myotubes. Intrinsic sex 
differences in glucose and lipid metabolism are not present in human myotubes.  

• Isoform-specific roles in the insulin signaling cascade at the level of IRS and 
Akt have been identified. IRS-1 and Akt2 are important for insulin-stimulated 
glucose uptake and incorporation into glycogen, whereas IRS-2 and Akt1 are 
dispensable. In contrast, IRS-2 is important for insulin-stimulated lipid 
metabolism.  

• IKKβ is important for TNF-α-induced insulin resistance in skeletal muscle. 
Inhibition of IKKβ prevents TNF-α-induced impairments in insulin-stimulated 
glucose and lipid metabolism. 

• SNARK gene expression is increased in human skeletal muscle from obese 
normal glucose tolerant and type 2 diabetic subjects, and in myotubes exposed 
to TNF-α or palmitate. SNARK silencing does not alter glucose or lipid 
metabolism in skeletal muscle. Moreover, SNARK silencing is unable to 
prevent TNF-α- or palmitate-induced insulin resistance. 
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7 CONCLUSIONS AND FUTURE PERSPECTIVES 
The central objective of this thesis was to delineate signaling pathways regulating 

metabolism in human skeletal muscle. Given the large number of people affected by 
type 2 diabetes today, and even larger numbers in the near future, research in the field 
of diabetes is highly warranted. To tackle this disease a further understanding of the 
molecular mechanisms controlling glucose and lipid metabolism is essential, both in 
health and disease. Through the identification of novel modes of action of insulin on 
target tissues, as well as by understanding the positive and negative regulation of the 
insulin signaling cascade, novel strategies to prevent and fight metabolic diseases such 
as diabetes may be discovered.  

Cultured myotubes were used to study skeletal muscle metabolism. This approach 
allows for controlled conditions and eliminates potential interference of whole body 
systemic stimuli, such as hormones, cytokines or altered fuel sources. We present 
evidence against intrinsic sex difference in skeletal muscle metabolism since metabolic 
responses and gene expression were similar between men and women in cultured 
myotubes.  

Results presented in this thesis provide evidence that siRNA silencing is a 
powerful tool to specifically reduce the expression of signaling molecules and dissect 
the role of these targets in metabolism. Unlike the situation with transgenic or knockout 
animal models, there is little time to develop alternative or compensatory mechanisms 
in the cell cultures that could possibly render difficulties when conclusions are drawn 
regarding the precise role of the molecule of interest. Furthermore, since gene silencing 
is achieved in primary human tissue the results should be more applicable to the human 
condition compared to results obtained using transformed cell lines or non-human cells.  

The complexity of the insulin signaling pathway was highlighted by the discovery 
of isoform-specific roles in the regulation of glucose and lipid metabolism. Together 
with in vivo studies using whole body and tissue-specific transgenic animals, and in 
vitro cell experiments, our results draw attention to the intricate problem of designing 
drugs for treatment of metabolic diseases such as type 2 diabetes. On the other hand, 
these findings also open up for possibilities of targeting specific tissues and metabolic 
endpoints.  

The dramatic increase in obesity seen worldwide precedes the anticipated increase 
in diabetes. Numerous epidemiological studies have reported association between 
obesity, low-grade inflammation and insulin resistance. Results presented in this thesis 
provide evidence for a molecular link between inflammation and development of 
insulin resistance in skeletal muscle. Importantly, IKKβ was shown to be a possible 
drug target to combat muscle insulin resistance.  

The role of exercise and muscle contraction in the regulation of metabolism has 
been intensively studied. The discovery of a group of AMPK-related kinases implicates 
an important role of this protein kinase family in the regulation of metabolism. The 
results presented in this thesis provide evidence to suggest that the AMPK-related 
kinase SNARK does not play a direct role in glucose or lipid metabolism in human 
skeletal muscle. Interestingly, SNARK expression is increased in skeletal muscle 
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biopsies from obese individuals. Further studies are warranted to elucidate the role of 
SNARK in obesity.  

Taken together the results presented in this thesis provide evidence for novel 
molecular mechanisms governing the insulin-dependent control of glucose and lipid 
metabolism in skeletal muscle. siRNA has potential implications in the identification 
and validation of new targets for the treatment of insulin resistance in Type 2 diabetes. 
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8 POPULAR SCIENTIFIC SUMMARY 
The number of people with diabetes is increasing rapidly worldwide and the 

disease is considered to have reached epidemic-like proportions. In Sweden 
approximately 350,000 people suffer from diabetes and worldwide the number is 
estimated to have reached over 180 million people.  

Diabetes is a complex chronic disease, which affects most organs in the body. It 
occurs when the pancreas does not produce enough insulin, or when the body cannot 
effectively respond to the insulin it produces. This leads to an increased concentration 
of sugar (glucose) in the blood. Blood glucose needs to be maintained at a constant 
level to ensure an adequate energy supply to organs relying on glucose as their energy 
source (for example the brain) and to protect blood vessels and other organs from 
damage due to dangerously high levels of glucose. In this regard, muscle is the most 
important tissue for taking up glucose from the blood after a meal. Thus, muscle is vital 
for the regulation of blood glucose levels.  

Several types of diabetes are recognized. Type 2 diabetes (formerly called adult-
onset diabetes) is the most common form and is caused by a combination of the body’s 
inability to correctly respond to insulin in tissues such as muscle, liver and fat, as well 
as impaired insulin secretion. Type 1 diabetes (previously known as childhood-onset 
diabetes) is characterized by an absolute lack of insulin production due to a specific 
loss of the cells that produce insulin. 

The overall goal of this thesis work, which consist of four separate studies, is to 
gain insight into the molecular signals inside the muscle cell that regulate the uptake, 
use and storage of glucose (glucose metabolism) and fat (lipid metabolism) in response 
to insulin. This is crucial in order to understand what happens in muscle of type 2 
diabetic patients.  

 

 
Figure 21. The hormone insulin initiates a signal inside the muscle cell, telling the muscle to 
increase its uptake, use and storage of glucose. 
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within the muscle cell. These signals are made up of different signaling proteins that 
activate each other in a chain reaction, ultimately telling the muscle to increase the 
uptake and storage of glucose. Some of these signaling proteins exist in several 
alternative forms.  

For example, two different signaling proteins, IRS and Akt, which were 
investigated in this thesis exist in two and three different versions, respectively. We 
determined whether the different forms of the proteins had specific roles in glucose 
metabolism in the muscle. This was done by applying a novel technique called siRNA, 
which makes it possible to very specifically reduce the amount of a chosen protein. We 
show that IRS-1 and Akt2 are important for the effect of insulin on glucose uptake and 
storage, whereas IRS-2 and Akt1 are not required for this process.   

We also investigated whether there is a sex-dependent difference in muscle 
metabolism between males and females. When we studied the expression of several 
genes controlling glucose and lipid metabolism in muscle biopsies, we noted a marked 
difference in expression levels between males and females. However, when muscle 
cells were isolated from these biopsies and cultured for several weeks, the differences 
between the sexes were no longer apparent. Therefore, the sex-dependent differences 
seen in muscle in the body are likely due to external factors, such as sex hormones, and 
appear not to be due to intrinsic differences in the muscle cells.  

Like diabetes, obesity has increased dramatically during the last decades. A 
suggested link between obesity and the development of type 2 diabetes is a state of 
low-grade inflammation in the body. Low-grade inflammation leads to release of 
substances from the fat tissue, which has a negative impact on glucose metabolism in 
the muscle, possibly explaining why obese individuals have a higher risk of developing 
type 2 diabetes.  

TNF-α is a factor released from fat tissue, which causes muscle insulin resistance. 
By decreasing the level of a signaling protein called IKKβ in human muscle cells, we 
could prevent the negative effects of TNF-α on the muscle. Our results indicate that 
IKKβ could play a key role in the interaction between fat tissue and muscle cells in the 
development of type 2 diabetes. 

Finally, a recently identified protein, called SNARK, was investigated to determine 
whether it plays a role in glucose and lipid metabolism in muscle. In mice where the 
amount of SNARK protein is reduced by half the animals develop obesity and have 
impaired regulation of blood glucose levels. Our aim was to study the expression and 
role of SNARK in human muscle.  

In contrast to the results reported in mice, SNARK was more abundant in muscle 
from obese human. Furthermore, when SNARK protein was reduced in human muscle 
cells, no change in glucose or lipid metabolism occurred. Our results indicate that the 
SNARK protein does not directly influence muscle metabolism in humans. 

In summary, these studies provide novel information about signaling proteins 
regulating metabolism in the muscle. This in turn will help us to better understand 
muscle metabolism, which is critical to finding new treatments for type 2 diabetes. 
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9 POPULÄRVETENSKAPLIG SAMMANFATTNING 
Antalet människor med diabetes ökar dramatiskt runt om i världen och ökningen 

liknas numera vid en epidemi. Bara i Sverige lider 350 000 personer av diabetes och 
antalet drabbade runt om i världen uppskattas till över 180 miljoner människor.  

Diabetes är en komplex kronisk sjukdom som påverkar de flesta organ i kroppen. 
Sjukdomen utvecklas när bukspottkörteln inte kan producera tillräckligt med insulin, 
eller när kroppen inte reagerar på insulinsignalen på ett effektivt sätt. Tillsammans leder 
detta till en ökad blodsockernivå (glukosnivå). Det är viktigt att hålla blodglukosnivån  
jämn. Dels för att tillgodose näringstillförseln till alla vävnader och organ som behöver 
glukos som näringskälla, exempelvis hjärnan, och dels för att skydda blodkärlen och 
andra organ från skadligt höga glukosnivåer i blodet. Musklerna är det organ som tar 
upp mest glukos från blodet efter en måltid. Därmed spelar musklerna en viktig roll i 
regleringen av blodglukosnivån. 

 Det finns flera olika former av diabetes. Typ 2 diabetes, tidigare känd som 
åldersdiabetes, är den vanligaste formen och orsakas av en kombination av minskat 
svar på insulin i muskler, lever och fettvävnad, samtidigt som insulin inte produceras 
som det ska i bukspottkörteln. Typ 1 diabetes, tidigare under namnet ungdomsdiabetes, 
kännetecknas av total avsaknad av insulinproduktion eftersom cellerna som normalt 
producerar insulin har förstörts.  

Det övergripande syftet med denna avhandling, som omfattar fyra olika studier, är 
att få kunskap om signaler inne i muskelcellerna som aktiveras av insulin. Dessa 
signaler reglerar upptag, användande och lagring av glukos och fett, den så kallade 
glukos- och lipidmetabolismen. Ökad insikt inom detta område är viktig för att förstå 
vad som händer i musklerna hos patienter med typ 2 diabetes. 

 

Figur 22. Hormonet insulin aktiverar signaler i musklerna, vilket gör att de ökar sitt upptag, 
användande och lagring av glukos. 

  
 
Hormonet insulin är kroppens signal till musklerna att öka upptaget av glukos från 
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slutänden leder till ökat upptag och lagring av glukos. Vissa signalproteiner finns i flera 
alternativa former.  

Två av dessa signalproteiner, kallade IRS och Akt, finns i två respektive tre 
alternativa former. Med en ny teknik som heter siRNA undersökte vi om dessa olika 
varianter har specifika funktioner i musklernas glukos- och lipidmetabolism. siRNA-
tekniken möjliggör att mängden av ett protein som man är intresserad av kan minskas 
på ett mycket specifikt sätt, och därmed kan proteinets betydelse för en viss händelse 
undersökas. Vi visar att de alternativa formerna IRS-1 och Akt2 är viktiga för effekten 
av insulin på glukosupptag och lagring. Däremot behövdes inte de alternativa formerna 
IRS-2 och Akt1 för denna process. 

 Vi undersökte också om det föreligger könsberoende skillnader i 
muskelmetabolismen. Vi bestämde mängden (uttrycket) av ett antal gener som 
kontrollerar glukos- och fettmetabolismen i muskelbiopsier från män och kvinnor och 
noterade betydande skillnader. När däremot muskelceller utvanns från dessa biopsier 
och odlades i flera veckor i laboratoriet försvann skillnaderna mellan könen. Därmed är 
olikheterna som hittades i muskelbiopsierna mellan män och kvinnor troligtvis 
orsakade av externa faktorer, som till exempel könshormoner, och beror således inte på 
könsbestämda olikheter i själva muskelcellen. 

I likhet med diabetes har fetma ökat dramatiskt de senaste årtiondena. Ökningen av 
fetma och typ 2 diabetes verkar sammanlänkade genom en svag inflammation i 
kroppen. Den svaga inflammationen leder till att fettvävnaden utsöndrar vissa ämnen 
vilka har en negativ inverkan på glukosmetabolismen i kroppens muskler. Detta kan 
förklara varför kraftigt överviktiga individer ofta drabbas av typ 2 diabetes.  

TNF-α  är ett ämne som utsöndras från inflammerad fettvävnad och som leder till 
insulinresistens i musklerna. Genom att minska på nivåerna av ett signalprotein som 
heter IKKβ i odlade muskelceller kunde vi förhindra de negativa effekterna som TNF-α 
orsakar på musklerna. Våra resultat visar därmed att IKKβ kan spela en viktig roll i 
länken mellan fettvävnaden, insulinresistensen i musklerna och uppkomsten av typ 2 
diabetes. 

 Till sist undersökte vi ett nyligen beskrivet protein, SNARK, och dess möjliga roll 
i glukos- och fettmetabolism i muskler. En studie utförd på möss visar att om mängden 
SNARK reduceras till hälften bli mössen feta. Dessutom får mössen problem med att 
reglera sin blodglukosnivå. Vad som händer inuti musklerna är hittills okänt.  

I motsats till djurstudien visar vi att det finns en ökad mängd SNARK i muskler 
hos kraftigt överviktiga personer. Dessutom skedde ingen förändring av metabolismen i 
odlade mänskliga muskelceller när mängden SNARK minskades. Våra resultat 
indikerar därmed att SNARK inte har någon direkt inverkan på muskelmetabolismen 
hos människor. 

Sammanfattningsvis ger resultaten som presenteras i denna avhandling ny kunskap 
rörande de signalvägar som reglerar muskelmetabolismen. Denna information gör att vi 
får bättre förståelse för hur metabolismen fungerar i muskler, vilket är viktigt för att 
kunna hitta nya behandlingsformer för typ 2 diabetes. 
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