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ABSTRACT 
Type 2 diabetes (T2D) is a complex metabolic disorder characterised by 
hyperinsulinaemia, hyperglycaemia and dyslipidaemia. Obesity is the major risk factor 
for development of insulin resistance, a main predictor of T2D. Recent evidence 
indicates that nutrient excess and obesity lead to chronic low-grade inflammation in 
metabolic tissues, which further promotes insulin resistance.  
AMP-activated protein kinase (AMPK), a central regulator of energy homeostasis, 
increases insulin sensitivity in liver and skeletal muscle and lowers the plasma glucose 
level, thus reverting the major metabolic disturbances in T2D. Serine/threonine protein 
kinase 25 (STK25) was found to be differentially expressed in skeletal muscle, 
comparing AMPKγ3 (Prkag3-/-) knockout mice to wild-type littermates, indicating a 
potential role for STK25 in regulation of energy homeostasis in skeletal muscle. 
In Paper I, genes regulating the circadian rhythm (Cry2, Nr1d1 and Bhlhb2) were 
shown to be differentially expressed in skeletal muscle from wild-type mice treated 
with the AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), 
while they remained unaltered in AMPKγ3 knockout mice. Furthermore, the 
respiratory exchange ratio (RER) was elevated during the dark period of observation in 
wild-type mice reflecting a diurnal shift in substrate utilisation from lipid oxidation at 
daytime to carbohydrate utilisation during nighttime. However, no day/night shift in 
the RER profile was observed in Prkag3-/- littermates. Thus, this study suggests that 
APMK, as a central energy sensor, could be one important node linking energy 
metabolism to the circadian clock function. 
In Papers II and III, the AMPK agonists, AICAR and metformin, are shown to 
markedly decrease the expression of IL-6-induced serum amyloid A (SAA) cluster 
genes, haptoglobin and suppressor of cytokine signalling 3 (SOCS3) in the human 
hepatocyte cell line HepG2. By repressing AMPK activity with small interfering 
(si)RNA the inhibitory effect of AMPK on SAA expression by both AICAR and 
metformin was reversed (Paper II), indicating that the effect of the agonists is 
mediated by AMPK activation. Further, we show that AMPK interferes with IL-6 
signalling by decreasing IL-6-induced phosphorylation of Janus kinase 1 (JAK1), src 
homology 2 domain containing protein tyrosine phosphatase 2 (SHP2) and signal 
transducer and activator of transcription 3 (STAT3) in HepG2 cells (Papers II and III). 
In addition, pharmacological activation of AMPK was shown to repress IL-6-induced 
inflammation in vivo by suppression of STAT3 activity in mouse liver (Paper III). 
This suggests that AMPK is an important intracellular link between metabolic and 
inflammatory pathways in liver. 
In Paper IV we show that partial reduction of STK25 by siRNA increases uncoupling 
protein 3 (UCP3), glucose transporter 1 (GLUT1), GLUT4 and hexokinase 2 (HK2) in 
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the rodent myoblast cell line L6, both at mRNA and protein level. Correspondingly, 
the rates of palmitate oxidation and insulin-stimulated glucose uptake were elevated 
after partial depletion of STK25. In conclusion, our studies suggest a role of STK25 as 
a negative regulator of glucose and lipid metabolism in skeletal muscle. Impaired 
glucose uptake and fatty acid metabolism by skeletal muscle is a hallmark of insulin 
resistance, and therefore, STK25 could be an important new mediator to be evaluated 
for therapeutic intervention in T2D and related complications.  
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INTRODUCTION  
Type 2 diabetes and insulin resistance 
Type 2 diabetes (T2D) is a complex metabolic disorder characterised by 
hyperinsulinaemia, hyperglycaemia and dyslipidaemia. The prevalence for T2D is 
growing and is expected to continue to grow due to population growth, aging, and 
increasing prevalence for obesity and physical inactivity. The total number of people 
with diabetes is expected to rise from 285 million in 2010 to 439 million in 2030 (1). 
Importantly, from being a disease of middle-aged and older subjects T2D has today 
emerged as a new and serious health problem in children (2; 3). Thus, with its steep 
increase in incidence, T2D is becoming one of the major global threats to human 
health. Globally, the total burden of diabetes and related complications is 
approximately 12% of the total health care costs (4). Epidemiologic studies and 
clinical trials have shown that T2D is largely preventable through diet and lifestyle 
modifications. However, to translate these findings into practice, fundamental changes 
in public policies and health systems are required (5). 
More than 85% of people with T2D are overweight or obese and obesity is the major 
risk factor for development of insulin resistance (IR), which is a main predictor of 
T2D. The pathophysiology of IR is a reduced insulin sensitivity, which is an inability 
of insulin secreted by the β-cells in the pancreatic islets of Langerhans, to lower 
plasma glucose levels through suppression of hepatic glucose production and 
stimulation of glucose utilization in skeletal muscle and adipose tissue (6). As a result, 
the islet β-cells will increase the insulin secretion to maintain normal blood glucose 
levels. Ultimately, this will lead to β-cell dysfunction, resulting in insufficient levels of 
insulin secretion from these cells and manifestation of hyperglycaemia (7). Defects in 
the intracellular insulin signalling pathway emerge as having a central role for the 
origin of IR. 

Intracellular insulin signalling and insulin resistance  
Insulin secreted by the pancreas binds to the α subunit of the insulin receptor (INSR), 
a tyrosine kinase receptor, on the target tissue. This leads to autophosphorylation of 
tyrosine residues in the β subunit of the receptor, which is a key step for further signal 
transduction (8). Upon receptor activation several cellular targets such as the insulin 
receptor substrate (IRS) family of proteins, become tyrosine phosphorylated, with 
IRS1 and IRS2 being the most important mediators for carbohydrate metabolism (9). 
Next, phosphorylated tyrosines on IRS proteins serve as docking and activating site for 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), resulting in increased 
intracellular concentration of the phospholipid phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). This, in turn, activates phosphoinositide dependent protein kinase 
1 (PDK1), which subsequently phosphorylates protein kinase B (PKB, also referred to 
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as AKT). PKB activation then triggers downstream effects of insulin in peripheral 
tissues such as increased glucose uptake in skeletal muscle through translocation of 
glucose transporter 4 (GLUT4, also referred to as SLC2A4) to the cell membrane and 
conversion of glucose to glycogen, inhibition of gluconeogenesis and glycogenolysis 
as well as increased glycogen synthesis in liver and increased lipogenesis and 
decreased lipolysis in adipose tissue (reviewed by (10), Fig. 1).  
 
 
 
 
 
 
 
 
 

 

 
 
Figure 1. Overview of the insulin-signalling pathway. Binding of insulin to its receptor, results in 
tyrosine phosphorylation of IRSs, which will allow IRSs to associate with PI3K. PI3K activates 
PDK1, which in turn activates PKB. PKB phosphorylates numerous substrates, which are important 
for regulation of insulin dependent processes. PKB phosphorylates the PKB substrate of 160 kDa 
(AS160), which results in translocation of GLUT4 vesicles to the plasma membrane, facilitating the 
uptake of glucose into the cell. In addition, PKB deactivates glycogen synthase kinase 3 beta (GSK3β) 
leading to increased glycogen synthesis. PKB could also activate the mammalian target of rapamycin 
(mTOR)/p70 ribosomal S6 kinase (P70S6K)-signalling pathway, which will result in increased protein 
synthesis. Insulin-induced activation of phosphodiesterase 3 (PDE3) via PKB is a component of the 
antilipolytic action of insulin (11). Furthermore, PKB phosphorylates forkhead box O1 (FOXO1), 
which will result in its cytoplasmic retention and the repression of target gene expression, such as 
gluconeogenic genes (12). Adapted from (13). 

It has become evident that IR is affecting insulin signalling at cellular level via 
postreceptor defects. There are numerous studies, both in patients as well as in 
experimental animals with IR, showing that protein level and activity of INSR is either 
normal or only slightly reduced and that this minor reduction is not sufficient to 
account for the substantially reduced insulin action observed. Several studies in IR 
animal models and humans have shown that an insulin signalling defect in the IRS-
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PI3K-pathway accounts for IR phenotype in insulin target tissues (reviewed by (14)).  
In line with these studies, observations performed in humans show that rare mutations 
of IRS1 are associated with IR (15) and a dominant negative PKB2 mutation in man 
causes severe hyperinsulinaemia and diabetes (16). In addition to tyrosine 
phosphorylation, IRS proteins can be phosphorylated on serine residues, which 
attenuates insulin signalling by inhibiting insulin-stimulated tyrosine phosphorylation 
as well as by reducing the ability of IRS proteins to attract PI3K (reviewed by (14)). 
Serine phosphorylation of IRSs can also lead to increased degradation of the protein, 
thereby attenuating the insulin signalling prematurely. Normally, the regulatory 
subunit p85 of PI3K, which exists bound to the catalytic subunit p110 or as a free 
monomer, is in excess of p110. However, a disruption in the balance between the 
amounts of the two PI3K–subunits has been shown to potentially lead to IR in both 
animal models and in human studies (reviewed by (17)). Interestingly, elevated plasma 
levels of free fatty acids (FFA) and inflammatory cytokines can contribute to IR both 
by inducing serine phosphorylation of IRS1 and by activating phosphateses that 
negatively regulate the insulin-signalling cascade. FFAs increase the production of 
ceramides, lipids that act as second messengers, which activate protein phosphatase 
2A (PP2A), leading to dephosphorylation and inactivation PKB (18). IR has lately 
been shown to associate with a state of low-grade chronic inflammation in metabolic 
tissues, and inflammation is strongly implicated in the development of IR. 

Metabolically triggered inflammation  
Recent evidence indicates that nutrient excess and obesity lead to chronic low-grade 
inflammation, also called metainflammation, in metabolic tissues. Metainflammation 
and inflammation, i.e. the classic way to look at inflammation, are distinguishable. The 
classical inflammation is described as a defence evoked by the body to injuries or 
infections. The hallmark of this response includes swelling, redness, pain and fever. 
This adaptive response is rapid and the insult is normally removed or neutralized fast 
and the inflammation is resolved. Even if metainflammation triggers a subset of 
signalling pathways and molecules involved in classical inflammation, it is a long-
lasting condition primarily with harmful consequence for the metabolic milieu. Not 
only immune cells are engaged in metainflammation, but specialized metabolic cells 
such as adipocytes and hepatocytes. 
Metainflammation is initiated predominately in adipose tissue, and is caused by excess 
consumption of nutrients. Nutrient overload triggers inflammatory-signalling pathways 
in adipocytes by activating intracellular kinases such as c-jun N-terminal kinase 
(JNK), IkappaB kinase (IKK), or protein kinase R (PKR). This will induce a moderate 
inflammatory response with a low-level induction of inflammatory cytokines such as 
tumor necrosis factor (TNF)-α, CC-chemokine ligand 2 (CCL2), interleukin (IL)-1β, 
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and IL-6. Increased cytokine secretion will in turn recruit inflammatory cells, mainly 
macrophages and T-lymphocytes, to the place of action, which will even further 
enhance the inflammatory cascade. All these events will be as a circuit without an end 
and thereby the inflammatory state will continue without an apparent resolution 
(reviewed by (19)). Different mechanisms have been suggested for onset of the 
inflammatory response evoked by nutrient overload. The demand on the 
endoplasmatic reticulum (ER) due to obesity as well as the production of reactive 
oxygen species (ROS) due to hyperglycemia will increase, which will trigger the 
activation of inflammatory pathways (reviewed by (20)).  
The effects of metainflammation, once initiated within adipocytes, will proceed in 
liver, skeletal muscle, brain and pancreas, ultimately leading to metabolic dysfunction 
and IR at whole body level. Compared to adipose tissue, liver will not experience an 
infiltration of macrophages during the onset of obesity. Instead, secretion of 
inflammatory markers will take place within cells of the liver such as hepatocytes and 
macrophage-like Kupffer cells (21). In contrast, muscle cells are not known to secrete 
inflammatory signals in obesity. Instead inflammatory mediators secreted from liver 
and adipose tissue will affect skeletal muscle metabolism (Reviewed by (19)).  
The mechanisms of how metainflammation interferes with intracellular insulin 
signalling contributing to IR remain largely unknown. It has been demonstrated that 
serine/threonine kinases, such as JNK, IKK, PKR and Protein Kinase C theta (PKCθ) 
triggered in response to inflammatory signalling contribute to inhibition of insulin 
signalling via serine phosphorylation of IRS1 (reviewed by (22), (23; 24)). 
Furthermore JNK, IKK and PKR can also induce the transcription of inflammatory 
mediators through activation of transcription factors, activator protein-1 (AP-1), 
nuclear factor-kappaB (NF-κB) and interferon regulatory factor (IRF), respectively 
(22; 23), which further promotes the inflammatory cascade. Furthermore, it is well 
known that the cytokine IL-6 secreted by liver and adipose tissue induces the janus 
kinases (JAKs), which leads to activation of the transcription factors signal transducer 
and activator of transcription 1 (STAT1) and STAT3 (reviewed by (25)). STAT3 is not 
only inducing the expression of acute-phase response genes, such as serum amyloid A 
1 (SAA1), SAA2 and haptoglobin (HP) (26) but also the suppressor of cytokine 
signalling 3 (SOCS3) in liver (25; 27). Importantly, SOCS3 has recently been shown to 
repress the insulin signalling pathway by proteasomal degradation of IRS1 and IRS2, 
by binding to tyrosine residues on INSR, thereby inhibiting tyrosine phosphorylation 
of IRSs, and by inhibition of INSR tyrosine kinase activity (reviewed by (27)).  
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Circadian clock and metabolic regulation 
The circadian rhythm is a 24-hour cycle in biochemical, physiological and behavioural 
processes. There is an essential connection between circadian regulation and metabolic 
function as perturbations of circadian clock are associated with an increased risk for 
the development of metabolic disorders in humans (28). Similarly, glucose intolerance 
and obesity develop in mice with defective circadian clock function (29; 30).	
  Recent 
evidence indicates that disturbances in circadian rhythm are sufficient to induce the 
expression of proinflammatory cytokines such as TNF-α and IL-6, ultimately causing 
metainflammation (31). 
The central circadian clock is located in the suprachiasmatic nuclei (SCN) of the 
hypothalamus (32). This master clock controls the daily sleep-wake cycle, body 
temperature, and feeding and activity behaviours. Circadian clocks in peripheral 
tissues are suggested to optimize the timing of metabolic processes to be able to 
efficiently store or utilize metabolites and many metabolic activities have been shown 
to act in a circadian manner with diurnal changes. Hormones, such as insulin, 
glucagon, adiponectin, leptin, and ghrelin show oscillating levels. Lipid and 
cholesterol biosynthesis, carbohydrate metabolism and transport, oxidative 
phosphorylation and detoxification pathways are regulated in a circadian manner by 
rate limiting enzymes. In fact, the fraction of cyclically expressed transcripts in 
peripheral tissues is as high as 5 to 20 % (33). It has been shown that circadian genes 
are expressed in a tissue specific pattern with <10% of the circadian genes in any 
tissue commonly expressed in another tissue (reviewed by (34)).  
The master circadian pacemaker in hypothalamus is primarily entrained by light, 
which illuminates through a retinohypothalamic tract linking the retina to the SCN. 
The master clock can synchronize peripheral circadian clocks via chemical cues, such 
as rhythmically secreted hormones, or these peripheral circadian clocks could directly 
respond to the environment. Exercise can directly affect expression levels of key clock 
components and downstream targets in skeletal muscle (35). In animal studies, it has 
been shown that temperature cycles or feeding rhythm that oppose the natural rhythm 
can shift the phases of circadian oscillators in peripheral tissues (36-38). While the 
effects of the circadian clock on metabolic processes have now been well documented, 
much less is known about how metabolic processes may alter the circadian clock. The 
clock function in human neuroblastoma cells was found to be regulated by the redox 
state of nicotinamide adenine dinucleotide (NAD) (39), which is directly influenced by 
energy metabolism. Peroxisome proliferator-activated receptor-gamma, coactivator 1, 
alpha (PPARGC1A also referred to as PGC-1α), a transcriptional coactivator that 
regulates energy metabolism, influences the circadian clock in skeletal muscle and 
liver (40). Lately, new evidence suggests that metabolic energy sensors, such as AMP-
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activated protein kinase (AMPK) (41-45) and sirtuin (SIRT1) (46-49), transmit energy 
dependent signals to the circadian clock. 
 
 
 
 
 

 

 
 

 
 
 

 

Figure 2. The core mechanism of the circadian clock. Adapted from (50). ROR elements, RORE.  

The central and peripheral oscillators share a common molecular circuitry, with a 
battery of transcriptional activators and repressors forming a self-sustained 
transcriptional feedback loop (51; 52). The core of this mechanism is the circadian 
locomotor output control kaput (CLOCK) and brain muscle arnt-like 1 (BMAL1) 
proteins, which form a heterodimeric transcription factor complex (53). This complex 
will activate the transcription of target genes containing E-box regulatory enhancer 
sequences, including the period (Per1, Per2, and Per3) and cryptochrome (Cry1 and 
Cry2) genes as well as the nuclear receptor subfamily 1, group D, member 1 and 2 
(Nr1d1 and 2, also referred to as orphan nuclear receptors α and β (Rev-Erb α and β)) 
and the RAR-related orphan receptor-α (Rorα) genes. Following translation, PER and 
CRY proteins will dimerize and translocate to the nucleus where they will inhibit the 
CLOCK/BMAL1 complex and thereby repress their own transcription (reviewed by 
(54)). To further enhance the stability and precision of the circadian rhythm, additional 
loops are connected to the core clock, with NR1D1 repressing the transcription of 
Bmal1, RORα activating Bmal1 expression, and the basic helix-loop-helix domain 
containing class-B 2 (Bhlhb2, also referred to as Dec1) and Bhlhb3 (also referred to as 
(Dec2)) repressing Clock and BMAL1 induced transactivation of PER ((55-57), Fig. 
2). Only a few key metabolic genes are direct targets of the core clock genes (58; 59). 
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Instead, the majority of Clock targets genes are transcription factors, which will have 
an impact on the periodicity of downstream metabolic genes (51).  

AMP-activated protein kinase (AMPK) and Serine/threonine protein kinase 25 
(STK25) – two kinases regulating the metabolic homeostasis in liver and skeletal 
muscle 
The focus of this thesis work is to describe novel molecular mediators of metabolic 
regulation, and possible connection to metainflammation and molecular clock 
function, in peripheral tissues, with the focus on two serine/threonine kinases – AMPK 
and STK25.  

AMPK - evolution 
AMPK was first described by Carling and Hardie in 1987 (60), and was thereafter 
substantially ignored for the next 10 years. After the first publications reporting the 
involvement of AMPK in glucose homeostasis in 1998 (61; 62), the general interest in 
this kinase has drastically grown, and in 2001 almost 250 papers were published with 
AMPK in the title or abstract. Furthermore, 10 years later the total number of 
published paper in the field of AMPK was raised to nearly 4000 (63).   
AMPK is an evolutionarily conserved serine/threonine protein kinase and has been 
established to function as a major cellular energy sensor in all eukaryotic cells. This 
protein is activated by an increase in the AMP to ATP ratio within the cell and once 
activated it phosphorylates downstream substrates, which in general switches on 
catabolic pathways generating ATP while switching off ATP-consuming processes 
(64). In addition to the acute effect on cellular energy metabolism, AMPK also shows 
long-term effects on gene expression as well as protein production and modification. 
AMPK acts not only as a metabolic master switch by regulating fuel homeostasis at 
the cellular level but this protein also controls the whole body glucose homeostasis and 
insulin sensitivity. 

Structure of AMPK complex 
AMPK is a heterotrimeric enzyme composed of a catalytic α subunit and two 
regulatory subunits, β and γ, which all are required for its activity (65). The 
mammalian genome contains seven AMPK genes encoding for two α, two β and three 
γ isoforms and in total 12 heterotrimeric complexes could be formed. Upon activation, 
AMPK becomes phosphorylated on Thr172 on the α subunit by upstream kinases as the 
liver kinase B1 (LKB1, (66)), the calmodulin-dependent protein kinase kinase β 
(CAMKKβ, (67)), and the transforming growth factor-beta-activated kinase 1 (TAK1, 
(68)), which will cause >200-fold activation. Additionally, AMP can activate AMPK 
up to 10-fold by binding allosterically to the cystathionine-β-synthase (CBS) domains 
on the γ subunit (reviewed by (69), (70)). Dephosphorylation of AMPK on Thr172 of 
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the α subunit, which leads to inactivation of the kinase, is achieved by members of the 
phosphoprotein phosphatase family and metal-dependent protein phosphatase family 
(70; 71). It has also been suggested that AMP could increase Thr172 phosphorylation 
by protecting AMPK from dephosphorylation ((70; 72; 73), Fig. 3). More recently it 
has become evident that even ADP, can protect AMPK against dephosphorylation of 
Thr172 (74).  
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Regulation of AMPK by phosphorylation of Thr172 and by allosteric binding of AMP. 

Various types of metabolic stresses such as glucose deprivation, hypoxia, ischemia, 
oxidative stresses and muscle contraction activate AMPK. These activation 
mechanisms, which involve increased cellular AMP, ADP or Ca2+ levels, are regarded 
as classical or canonical. However, recent studies indicate that AMPK could be 
activated by non-canonical pathways, which induce cellular stress triggered by ROS 
and DNA-damaging agents (reviewed by (75)). 

AMPK in regulation of skeletal muscle metabolism  
After food intake, when circulating insulin levels are high, skeletal muscle is the main 
site for glucose disposal. Activation of AMPK increases the glucose uptake in skeletal 
muscle either acutely by increased translocation of GLUT4, the main glucose 
transporter in skeletal muscle, to the plasma membrane by AMPK phosphorylating the 
PKB substrate of 160 kDa (AS160), or chronically by increasing the expression of 
GLUT4 (76; 77). In addition, increased glucose transport via GLUT1 (also referred to 
as SLC2A1) has been shown in response to AMPK activation (78). AMPK also 
acutely increases fatty acid oxidation by phosphorylating and thus inhibiting the 
activity of acetyl-CoA carboxylase 2 (ACC2), which will decrease the level of 
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mitochondria, this will ultimately lead to an increased β-oxidation rate (61; 79). In 
addition, AMPK promotes mitochondrial biogenesis and the expression of nuclear 
encoded mitochondrial genes by up-regulating the master regulator Pgc1-α ((80), Fig. 
4). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 4. The effects of AMPK activation on skeletal muscle, liver and adipose tissue. Adapted from 
(81). 

AMPK in regulation of liver metabolism 
AMPK is regulating lipid oxidation, lipogenesis, and cholesterol synthesis in the liver. 
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase) and ACC1, 
key enzymes in cholesterol and fatty acid synthesis, respectively, are phosphorylated 
and inactivated by AMPK (64; 82). Also the transcription factor sterol regulatory 
element binding protein 1 (SREBP-1c) is phosphorylated by AMPK, leading to 
decreased expression of key enzymes in the fatty acid synthesis pathway (83). In 
addition, AMPK reduces the expression level of SREBP-1c as well as the 
carbohydrate response element-binding protein (ChREBP), transcription factors 
mediating activation of lipogenic and glycolytic genes, respectively (reviewed by 
(84)). AMPK is an important factor in controlling hepatic glucose production and has 
been shown to repress the expression of gluconeogenic genes such as glucose-6-
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phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) by 
phosphorylation of the transcriptional coactivator, transducer of regulated CREB 
activity 2 (TORC2), which will not allow the coactivator to enter the nucleus (85). 
Thus, AMPK suppresses gluconeogenesis and lipid synthesis in the liver and also 
decreases lipid accumulation via increased lipid oxidation (Fig. 4).    

AMPK in regulation of adipose tissue metabolism 
In adipose tissue, activation of AMPK leads to decreased lipogenic rate, through 
inactivation of ACC by phosphorylation, as well as a decreased triglyceride synthesis 
depending on decreased glycerol-acyl transferase activity (reviewed by (86)). 
Furthermore, the hormone–sensitive lipase (HSL), a rate-limiting enzyme controlling 
lipolysis, is phosphorylated and thus inhibited by AMPK leading to decreased lipolysis 
(87). AMPK has also an inhibitory effect on the expression and secretion of two 
proinflammatory cytokines, TNFα and IL-6, in human adipose tissue. All these actions 
of AMPK will lead to decreased levels of circulating lipids and a reduced 
inflammatory response (86). In addition, chronic activation of AMPK in adipocytes 
increases the expression of PGC-1α, peroxisome proliferator-activated receptor 
(PPAR)α and PPARγ, transcription factors involved in mitochondrial biogenesis and 
oxidative metabolism ((88), Fig. 4). 

Pharmacological activation of AMPK 
Pharmacological activation of AMPK could be achieved by 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), which is a cell permeable compound able to 
activate AMPK in various tissues. Once taken up by the cells, AICAR is converted to 
ZMP, an AMP analog, which mimics the effect of AMP by binding to the γ subunit 
and activating AMPK allosterically (89). There are several agents that are widely used 
in the treatment of T2D and that act by activating AMPK. Metformin (1,1-
dimethylbiguanide), which has been used to treat diabetes for 50 years and is still the 
front-line drug, activates AMPK indirectly by inhibiting complex I of the respiratory 
chain, which will result in a lower ATP:AMP ratio (90). Secondly, thiazolidinediones 
(TZDs), including troglitazone, rosiglitazone and pioglitazone, which were introduced 
in T2D therapy in the late 1990s, activate AMPK by inhibition of complex I of the 
respiratory chain, but also by inducing the expression of adiponectin in adipocytes (91-
93). Adiponectin, in turn, activates AMPK in liver and skeletal muscle (94). Even 
direct activators of AMPK have been developed as the compound A-76966, which 
binds to the β-subunit and activates AMPK both allosterically and by inhibiting 
dephosphorylation of Thr172 of the α subunit (95; 96). All of these compounds have 
shown to have off target effects and, therefore, it is of outermost importance to 
develop drugs with higher specificity towards the target molecule (reviewed by (97)). 
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AMPK and inflammation 
Recent evidence points towards AMPK being an important regulator of inflammatory 
processes. The AMPK activator, AICAR, has been shown to inhibit inflammatory 
response in experimental models e.g. autoimmune encephalomyelitis (98), relapsing 
colitis (99), cystic fibrosis (100), asthma (101) and lipopolysaccharide (LPS)-induced 
lung injury (102). It has also been described that the AMPK agonist metformin can 
reduce circulating C-reactive protein (CRP) levels in T2D individuals. In addition, Sag 
et al. have shown that macrophages stimulated with anti-inflammatory cytokines (e.g. 
IL-10 and transforming growth factor β (TGF-β)) exhibit AMPK activation whereas 
cells treated with proinflammatory stimulus (e.g. LPS) show inactivation of AMPK, 
and that AMPK promotes macrophage polarisation towards an anti-inflammatory 
phenotype (103).  Furthermore, in vitro studies performed in endothelial cells and 
macrophages have described that AMPK activation negatively regulates the 
inflammatory response evoked by different stimuli such as free fatty acids, LPS and 
TNF-α, by inhibiting NF-κB signalling (104-108). Reduced NF-κB activity as a result 
of pharmacological activation of APMK has also been shown in human muscle 
precursor cells from obese individuals (109). Recently, it was shown that the AMPK 
activator, metformin, could reduce IL-6-induced inflammatory response by decreasing 
the expression of the inflammatory marker Saa1 in mouse liver (110). 

STK25 
Several molecular mediators for AMPK signalling have been identified in metabolic 
tissues. Our previous studies have shown that one differentially regulated gene in 
skeletal muscle comparing AMPKγ3 knockout mice to wild-type littermates is Stk25, 
which raised the hypothesis that this kinase might be involved in metabolic and 
inflammatory regulation by AMPK. 
STK25 (also referred to as SOK1 and YSK1) belongs to the STE20 protein kinase 
superfamily, which includes more than 30 members. The Ste20 (from “sterile) gene 
was first identified in the budding yeast Saccharomyces cerevisiae as a mitogen-
activated protein kinase kinase kinase kinase (MAP4K) involved in the mating 
pathway. This superfamily is divided into two groups, the p21-activated kinases 
(PAKs) and the germinal center kinases (GCKs). These two groups are subdivided 
further into 10 subfamilies, PAK-I and -II and GCK-I to –VIII. The PAK family of 
kinases has a C-terminal kinase domain and an N-terminal binding site for small GTP-
binding proteins while the GCK family has a N-terminal catalytic domain and a C-
terminal regulatory domain. The STE20 superfamily of kinases is involved a wide 
range of biological responses such as regulation of cell proliferation, cell death, 
cytoskeleton rearrangements, and cell migration in response to extracellular stimuli or 
different forms of cellular stress. Most of the members of this family have been shown 
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to be capable of activating MAPK pathways such as the extracellular signal-regulated 
protein kinase (ERK) pathway, the JNK pathway and the p38 MAPK pathway. 
According to the phylogenetic tree published by Dan et al. 2001, STK25 belongs to 
the GCK-III sub-family of proteins together with mammalian sterile 20-like 3 (MST3) 
and MST4 (also referred to as MASK,(111)).  
The serine/threonine protein kinase STK25 was first cloned and characterized in 1996 
by Pombo et al. (112) and it was shown to be broadly expressed in rodent tissues such 
as brain, heart, intestine, kidney, liver, lung spleen and skeletal muscle (113). STK25 
is a protein comprising 426 amino acids with a calculated molecular weight of 48 kDa. 
However, the apparent molecular mass on SDS-polyacrylamide gel electrophoresis is 
55 kDA, which probably reflects on post-translational modifications of the protein 
(113). STK25 is regulated by phoshporylation/dephosphorylation events, with 
autophosphorylation of Thr174 being an important mechanism for activation of the 
kinase activity.  The C-terminal regulatory domain of STK25 has an inhibitory effect 
on the kinase activity (112). STK25 is activated by oxidative stress and chemical 
anoxia, with reactive ROS being the primary mechanism, but not by any other 
environmental stresses or growth factors (112; 114). Interestingly, STK25 is not 
activating any of the known MAPK pathways including ERK, JNK and p38, as 
described for other family members (112; 113).  
STK25 has been shown to associate with the Golgi matrix protein, GM130, which will 
render STK25 active by autophosphorylation and once activated STK25 
phosphorylates the 14-3-3ζ-protein to implement normal cell migration and 
polarization (115). The interaction between STK25 and GM130 is stabilized via the 
cerebral cavernous malformation 3 (CCM3, also referred to as PDCD10), a protein 
known to be important for normal cardiovascular development in vivo. This interaction 
protects STK25 from ubiquitin ligation as well as preserves the kinase activity of 
STK25 (116; 117). In addition, STK25 acts as a scaffolding protein by linking LKB1-
STE20-related adaptor (STRAD) to GM130 to regulate Golgi morphology and 
neuronal polarization (118). In response to chemical anoxia and the following ROS 
production, STK25 is cleaved by caspases and thereby it dissociates from the Golgi 
complex and translocates to the nucleus inducing apoptotic cell death (119). However, 
STK25 could also induce cell death following oxidant stress by exit the Golgi 
complex, disrupting the 14-3-3ζ/apoptosis signal-regulating kinase 1	
  (ASK1) complex 
by phosphorylation of the 14-3-3ζ-protein, which leads to ASK1-mediated cell death 
((120), Fig. 5).  
 
 
 
 



INTRODUCTION 
	
  

	
   23	
  

 

 
 
 
 
 
 
 
 

 

 

Figure 5. STK25 and cellular functions. Adapted from (121). 

MST3 and MST4 are the nearest neighbours of STK25. MST3, as STK25, can be 
cleaved by caspases to promote apoptosis and MST3 could also inhibit cell migration 
by inactivating the protein tyrosine phosphatase – proline-, glutamic acid-, serine- and 
threonine-rich (PTP-PEST), a scaffold protein tyrosine phosphatase. Furthermore, it 
controls the cell shape and cell cycle by phosphorylating the nuclear Dbf2-related 
kinase 1 (NDR1), which is implicated to regulate cell proliferation, tubulin 
cytoskeleton organization and polarization. MST4 can activate ERK to induce cellular 
transformation, which could be further enhanced by MST4 interacting with CCM3. In 
addition, MST4 interacts with GM130, which will restrict MST4 at the Golgi matrix to 
control cell migration (reviewed by (121)). 
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AIM 
The overall aim for this thesis was to characterize the signalling pathways for the 
metabolic master switch, AMPK, to control metabolic and inflammatory cross-talk and 
to elucidate the impact of a novel kinase STK25 in the regulation of skeletal muscle 
metabolism.  

Specific aims: 
Paper I: To study the impact of pharmacological activation of AMPK in vivo on 
circadian clock function, comparing AMPKγ3 knockout mice to wild-type littermates 
using a global gene expression analysis approach.  

Paper II: To investigate the role of AMPK in the regulation of the inflammatory 
response evoked by cytokines in human hepatocytes. 

Paper III: To investigate the mechanism for AMPK to interfere with STAT3 signalling 
in human hepatocytes and to evaluate the capacity of AMPK activation to repress liver 
inflammation in vivo. 

Paper IV: To characterize the role of STK25 in the regulation of skeletal muscle 
metabolism.  
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EXPERIMENTAL PROCEDURES  
Experiments involving human subjects 
The gene expression of STK25, uncoupling protein 3 (UCP3), and hexokinase 2 (HK2) 
in skeletal muscle biopsies from 41 consecutively recruited Caucasian men (n=23) and 
women (n=18) were analysed.  The subjects were categorized into groups of normal 
glucose tolerance (NGT) (n=13, 9 males, 4 females), impaired glucose tolerance (IGT) 
(n=14, 8 males, 6 females), and T2D (n=14, 6 males, 8 females) based on a 75 g oral 
glucose tolerance test. Patient recruitment and collecting biopsies were performed in 
collaboration with Prof. M. Blüher, Leipzig University, Germany. This study was 
approved by the ethics committee of the University of Leipzig and conformed to the 
Declaration of Helsinki and all participants provided written informed consent before 
taking part in the study. For more information regarding the outline of the human 
study, see Supplemental Materials for Paper IV. 

Animal experiments  
In Paper I, AMPKγ3 knockout (Prkag3-/-) mice and wild-type littermates were used. 
Prkag3-/- mice were created by conventional gene targeting methods, which led to 
inactivation of AMPKγ3 in all tissues (122). Since the AMPKγ3 subunit is selectively 
expressed in skeletal muscle (123), the primary effect of the gene targeting was 
expected to be seen in this tissue. The mice were bred into C57BL/6 genetic 
background. The local ethical committee in Stockholm approved the experiments 
performed. In this study, AMPKγ3 knockout mice and wild-type littermates were 
injected intraperitoneally (IP) with either saline (0.9% NaCl) or AICAR (0.25 g/kg). 
Whole body energy homeostasis was evaluated in Prkag3-/- mice and wild-type 
littermates using metabolic cages. Mice were housed individually in metabolic cages 
and followed for 120 h with automated recordings every 20 min. Oxygen 
consumption, locomotor activity and respiratory exchange ratio (RER) were measured. 
Animal experiments in Paper I were performed in collaboration with Prof. J. Zierath, 
Karolinska Institutet, Stockholm, Sweden. For further information, see Paper I.  
For the in vivo experiments in Paper III, C57BL/6 male mice at 8-9 weeks of age were 
used. Animal experiments were performed with the approval of the local Ethics 
Committee for Animal Studies at the Administrative Court of Appeals in Gothenburg, 
Sweden. In this study, C57BL/6 mice were injected IP with either saline (0.9% NaCl) 
or AICAR (0.25 g/kg), followed 1 h later by injections of saline or human rIL-6 (0.5 
µg/animal). 15 or 45 min after the last injection, liver was dissected and both RNA and 
protein were extracted. 
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Cell culture experiments 
Cell lines 
The human cell line, HepG2 (hepatocellular carcinoma, human, American Type 
Culture Collection (ATCC), Manassas, VA, USA) has been derived from the liver 
tissue of a 15-years-old Caucasian American male with a well-differentiated 
hepatocellular carcinoma (124). The morphology of this immortalized cell line is 
epithelial and it has been widely used as a model system for studies of liver 
metabolism and drug targeting. It has also been shown that IL-6 could trigger an acute-
phase response in HepG2 cells (125). HepG2 cells were cultured as described in 
Papers II and III. 
The rodent cell line, L6 (skeletal muscle, Rattus norvegicus, ATCC) has been isolated 
from primary cultures of rat thigh muscle. Under normal growth conditions these cells 
propagate as mononucleated myoblasts. Once L6 cells become confluent, they start to 
differentiate into multinucleated myotubes (126). L6 cells were used for metabolic 
studies and they were cultured as described in Paper IV. 
Primary hepatocytes isolated from mouse liver are effective tools to confirm results 
gained using immortalized cell lines. These cells are cultured on collagen-coated 
plates, and thus, they will preserve both liver-specific functions and morphology over 
a substantial period of time (127). Primary hepatocytes were cultured and treated as 
described in Paper II. 

Transient transfection of cell lines 
In Paper IV, L6 myoblasts were transiently transfected with a FLAG-tagged rat Stk25 
construct using Lipofectamine 2000 (Invitrogen, San Diego, CA, USA), a liposome-
containing reagent. A liposome is a vesicle composed of a lipid bilayer. These 
positively charged vesicles aggregate with the negatively charged plasmid DNA and 
easily fuse with the negatively charged plasma membrane of living cells, thus 
delivering the construct into the target cells. 
In Paper II, HepG2 cells were transfected with small interfering RNA (siRNA) 
interfering with the α1 and α2 subunit of AMPK. These transfections were performed 
using the lipid-mediated reagent Lipofectamine RNAiMax (Invitrogen). siRNAs, once 
introduced into the cell, will associate with a protein complex called the RNA-induced 
silencing complex (RISC). The RISC complex containing the siRNA, which is 
complementary to the target mRNA, recognises and binds the target mRNA and 
mediates the degradation of mRNA (reviewed by (128)). In Paper IV, L6 myoblasts 
were transfected with siRNA interfering with STK25. For further information 
regarding siRNA concentrations and cell densities see Papers II and IV. 
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In vitro cytokine stimulation  
HepG2 cells were stimulated with human recombinant cytokines such as IL-6, IL-1β, 
and TNF-α as described in Papers II and III. Briefly, 16 h before cytokine stimulation, 
ordinary growth medium was exchanged to starvation medium and the cells were 
treated with AMPK agonists, AICAR or metformin, at concentration and time points 
indicated in Papers II and III. Both RNA and proteins were extracted from these cells.  
In Paper II, primary mouse hepatocytes were pre-treated with AICAR (2 mmol/l) or 
metformin (5 mmol/l) 16 h before mouse rIL-6 (20 ng/ml) was added for 20 min. 
Proteins were extracted from these cells. 

Analysis of mRNA and protein expression 
RNA extraction  
In Paper I, the RNeasy Fibrous Mini Kit (Qiagen, Valencia, CA, USA) was used for 
RNA preparation from skeletal muscle. It is known that RNA purification from fibrous 
tissues, such as skeletal muscle, is difficult due to the abundance of collagen and 
contractile proteins. RNeasy Fibrous Mini Kit is provided with proteinase K, which 
digests these proteins. For tissue disruption the Mixer Mill MM 301 (Retsch, Haan, 
Germany) was used. In Papers II to IV, RNA was isolated with the RNeasy Mini Kit 
(Qiagen) (Paper II) or the EZNA Total RNA kit (Omega Bio-Tek, Norcross, GA, 
USA) (Papers III and IV).  

Microarray analysis 
For the global gene expression study described in Paper I, the GeneChip Mouse 
Genome 430 2.0 arrays (Affymetrix, Santa Clara, CA, USA) were used, which will 
allow for analysis of over 39,000 transcripts on a single array. Each transcript is 
detected with a probe set, which is a collection of 16 to 20 pairs of probes (synthetic 
25-mer oligonucleotides) synthesized on a coated quartz surface. Each pair of probes 
consists of two oligonucleotides – one perfect match (PM), complementary to the 
target mRNA sequences and one mismatch (MM), in which the middle nucleotide has 
been changed to its complement. The PM probe is gene specific and the MM probe is 
used to correct for non-specific binding of the mRNA. The sequences from which 
these probe sets are derived are selected from different databases such as GenBank®, 
dbEST, and RefSeq. For further information regarding the cRNA preparation and gene 
chip hybridization, see Paper I.  
The gene array data were analyzed using GeneTrafficUNO version 3.2-11 (Iobion 
Informatics, La Jolla, CA, USA), and Spotfire Decision Site version 8.1 (TIBCO 
Software Inc., Palo Alto, USA). The GC-Robust Multi-array Average (RMA) 
algorithm was used to calculate the intensities for every probe set. The performance of 
the data analysis is outlined in Paper I.  
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Quantitative real-time PCR (qRT-PCR) 
cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems, Foster City, CA, USA). qRT-PCR was performed using ABI 
Prism 7900HT Sequencing Detection System (Applied Biosystems). Primers and 
probes were designed using the Primer Express software (Applied Biosystems). Both 
SYBR Green (Paper I) and TaqMan (Papers II to IV) chemistries were used. 
For the SYBR Green based detection, SYBR Green I dye is used, which is a highly 
specific double stranded DNA-binding dye. The first step will be to denature the DNA 
to reduce the fluorescence. Then the temperature is reduced to allow for the primers to 
anneal to the template. Taq DNA polymerase is used for the extension of the target 
sequence, which will create the PCR product (amplicon). The SYBR Green dye will 
bind to each new copy of the amplicon and as the PCR reaction progresses more 
amplicons will be produced. This will be monitored as an increase in fluorescence 
intensity, which is proportional to the amount of PCR product produced. 
TaqMan based detection uses a fluorogenic probe, which is specific for the gene of 
interest. The probe is conjugated with a reporter fluorescent dye at the 5’end and a 
quencher dye at the 3’end. The quencher dye will eliminate the fluorescence from the 
reporter dye as long as the probe is intact. Since the probe will anneal downstream of 
one of the primer binding sites, the 5’end nuclease activity of the DNA polymerase 
will cleave the probe when the primer extends. During the extension the reporter dye is 
cleaved from the probe and thus, it starts to emit its characteristic fluorescence. The 
signal from reporter dye is directly proportional to the amount of amplicon produced.  
Quantification of the amount of target could be done with the standard curve method, 
using a serial dilution of a plasmid for the gene of interest, or with the comparative 
threshold method (2-Ct method), using an endogenous housekeeping gene for 
normalization. The amount of specific transcript is measured at the exponential phase 
of the amplification before reaction components become limiting. Threshold cycle (Ct) 
is defined as the number of cycles for the fluorescent signal to be higher than the 
minimal detection level (129). This will always occur at the exponential phase and Ct 
values are inversely proportional to the amount of target transcript in the sample. The 
standard curve method was used in Paper I while the comparative threshold method 
was used in Papers II to IV.  

Protein extraction and western blot analysis 
Western blot analysis uses specific antibodies to identify proteins that have been 
separated from one another according to their size by gel electrophoresis.  
In Paper I, the extensor digitorum longus (EDL) muscles were homogenized and 
protein lysates were prepared as described. To detect proteins of interest, western blot 
analysis was performed at the laboratory of Prof. J. Zierath, Karolinska Institutet, 
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Stockholm, Sweden for details see Paper I. In Papers II to IV, whole cell extract was 
prepared from HepG2 and L6 cells according to the description in Paper II and 
western blot was performed. Briefly, protein lysates were prepared and the protein 
concentration was determined in duplicates using the BCA protein assay kit (Thermo 
Fisher Scientific, Rockford, IL, USA). To ensure that the transfer of proteins to the 
membrane was complete, the membrane was incubated with 0.5% Ponceau S solution, 
which is a rapid and reversible staining method for locating protein bands on western 
blots. Apart from that, housekeeping genes, such as actin or glyceraldehyde 3-
phosphate dehydrogenas (GAPDH), were routinely used as loading controls. However, 
it has been shown that Ponceau S staining is equally good to actin as quality and 
loading control in western blotting (130). For detailed description of the western blot 
performance see Papers II and IV. For antibodies used, see respective Papers. 

Glucose transport and palmitate oxidation assay 
In L6 myoblasts, transfected with siRNA interfering with STK25, the glucose 
transport rate into the cells was measured using the glucose analogue 2-deoxyglucose 
(2-DG). 2-DG is phosphorylated by hexokinase to 2-DG-P but cannot be further 
metabolized. Thus, the rate of intracellular accumulation will reflect the transport and 
is not influenced by subsequent steps in the glucose metabolism (131). For further 
details, see Supplemental Materials for Paper IV. 
Beta-oxidation is the process by which fatty acids are broken down in the 
mitochondria or peroxisomes to generate acetyl-CoA, which will be fed into the citric 
acid cycle to generate the high-energy molecule ATP, CO2 and H2O. Palmitate was 
used as substrate to measure the beta-oxidation rate in L6 myoblasts transfected with 
siRNA interfering with STK25. In this assay, 3H-palmitate was used by the cells to 
generate 3H-labeled H2O as the final beta-oxidation product, which is released into the 
media and measured. For further details, see Supplemental Materials for Paper IV. 

Statistics 
Statistical analyses were performed using the Microsoft Excel. Statistical significance 
between the groups was calculated with an unpaired Student’s t test, with a value of p 
< 0.05 considered statistically significant. 
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PAPER I 
Summary of results 
A global gene expression analysis was performed in white gastrocnemius muscle of 
wild-type and Prkag3-/- mice. In both genotypes, the impact of AMPK agonist AICAR 
administration was evaluated. One functional group of genes differentially regulated in 
AMPKγ3 knockout and wild-type mice were genes regulating the circadian clock. We 
found the expression level for Cry2 to be significantly increased, and for Bhlhb2 and 
Nr1d1 to be significantly decreased in wild-type mice in response to AICAR, 
compared to saline (p<0.01, p<0.01, p<0.05, respectively). These genes were not 
affected by AICAR treatment in Prkag3-/- mice (Fig. 6). We also compared basal 
expression level of circadian core clock genes between Prkag3-/- mice and wild-type 
littermates. The only clock gene to be significantly changed was Per1, which was 
increased in knockout mice (p<0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Cross-talk between genes involved in regulation of circadian rhythm. The positive loop of 
the circadian rhythm is formed by the CLOCK:BMAL1 heterodimer. This complex induces 
transcription of the negative arm of the core clock comprised of Per and Cry genes. PER and CRY 
proteins directly associate with CLOCK:BMAL1 and abrogate the transcriptional activity of the 
heterodimer. There are additional loops connected to the core clock, with NR1D1 repressing the 
transcription of Bmal1 and BHLHB2 repressing CLOCK and BMAL1 induced transactivation of PER. 
Grey arrows indicate transcripts that are specifically up- or down-regulated, in wild-type but not in 
Prkag3-/- mice after AICAR treatment. 

The effect of AICAR on the expression of core clock genes in wild-type mice suggests 
that AMPK influences the circadian function. To evaluate the role of AMPK on the 
physiological night/day rhythm, the respiratory exchange ratio (RER) was calculated 
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as the ratio between CO2 production and O2 consumption over a 24-hour period. Wild-
type mice showed an increased RER during the dark period compared to the light 
period (p<0.001), which was expected and corresponds to a switch in fuel source from 
fat to carbohydrate. Interestingly, for Prkag3-/- mice no light-dark cycle variation of 
RER was observed, further indicating a possible role of AMPK in regulation of the 
circadian rhythm.  

Discussion 
It was shown by Um et al. that pharmacological activation of AMPK phosphorylates 
casein kinase I epsilon (CKIε), a key regulator of the circadian period length, in Rat-1 
fibroblasts. Once activated CKIε phosphorylates PER, which leads to proteasome-
mediated degradation of PER. Thus, AMPK activation leads to degradation of PER2 
and a phase advance in the expression pattern of clock genes (41). Furthermore, Um et 
al. showed that metformin induced a phase advance in the expression of Per1 and 
Per2 in mouse skeletal muscle. This is in line with our investigation suggesting that 
AMPK regulates circadian rhythms in skeletal muscle. After these two studies were 
published, additional evidence has been provided supporting the role of AMPK in the 
regulation of circadian gene function and expression. Pharmacological activation of 
AMPK directly phosphorylates CRY1, thereby facilitating its degradation, in mouse 
embryonic fibroblasts (MEF) as well as in mouse liver (43). In line with this, AMPK 
activity was rhythmic and inversely correlated with the abundance of CRY1 (43). 
Lamia et al. followed the rhythmic behaviour of Nr1d1 in synchronized MEFs after 
glucose deprivation or AICAR treatment, which both resulted in an increased 
expression of Nr1d1 ultimately leading to a decreased Bmal1 expression (43). 
However, Barnea et al. showed that treating lean, healthy mice with the AMPK 
agonist metformin affects the circadian clock in a tissue-specific manner with the 
activation of liver CKIα leading to a phase advance, while at the same time activating 
of muscle CKIε leads to a phase delay in the expression of clock genes (45). The 
rhythmic expression of the circadian core clock genes, Clock, Bmal1, and Per2 in 
heart and skeletal muscle was severely affected in AMPKα2-/- mice and the same was 
found in white adipose tissue of AMPKα1-/- mice, further indicating that AMPK is 
involved in the circadian regulation in both tissue- and isoform-specific manner (41; 
44). Notably, one additional mechanism for AMPK to interfere with the circadian 
clock is to enhance SIRT1 activity by increasing intracellular levels of NAD+, leading 
to deacetylation of PER2, which ultimately will result in phosphorylation and 
degradation of PER2 (132; 133). In addition, impaired function of AMPK and SIRT1 
together with decreased amount of CLOCK and BMAL1 seen in white adipose tissue 
from db/db mice, a genetic model for IR and obesity, was reversed after treatment with 
metformin (134). It has also been shown that mice fed a time-restricted high fat diet 
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(HFD) compared to mice with free access to HFD have improved AMPK function as 
well as improved oscillations of circadian clock components in the liver (135).  

Conclusion  
Taken together, our results indicate that pharmacological activation of AMPK 
regulates expression of several circadian clock genes in skeletal muscle of wild-type 
mice in an AMPKγ3 subunit-dependent manner, and that the diurnal shift in substrate 
utilisation seen in wild-type mice is blunted in Prkag3-/- mice. Thus, APMK, as a 
central energy sensor, could be one important node of linking energy metabolism to 
the circadian clock function. 
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PAPERS II and III 
Summary of results 
Liver is one of the metabolic tissues involved in the inflammatory response evoked by 
increased caloric intake. To elucidate the impact of AMPK on hepatic 
metainflammation, we performed both in vivo and in vitro experiments (Papers II and 
III). In Paper II, HepG2 cells were pre-treated with AICAR (2 mM) and metformin (5 
mM), and then exposed to IL-6 (10 ng/ml). We showed that the IL-6-induced 
inflammatory response, estimated as the markedly increased expression of the acute-
phase proteins SAA1, SAA2 and HP, was significantly decreased with AICAR (p<0.05, 
p<0.01, p<0.01, respectively) and metformin (p<0.01) in dose-dependent manner in 
HepG2 cells. We also reproduced this in mice injected with AICAR before 
inflammation was induced by systemic IL-6 administration (Paper III). In this 
experiment, liver was dissected and the expression levels of Saa1, Saa2 and Hp were 
analysed. AICAR showed an anti-inflammatory capacity in vivo by significantly 
inhibiting IL-6-induced expression of Saa1 and Saa2 (p<0.01). 
AICAR and metformin are not specific activators of AMPK. Therefore, to elucidate 
the contribution of AMPK in the anti-inflammatory response evoked by AICAR and 
metformin, the catalytic α1 and α2 subunits of AMPK were repressed approximately 
80% by siRNA transfection in HepG2 cells (Paper II). The inhibitory effect of AICAR 
and metformin on IL-6-induced expression of SAA1 and SAA2 was significantly lower 
in cells transfected with siRNA against the α1 and α2 subunits of AMPK (AICAR: 
p<0.01, p<0.05, respectively; metformin: p<0.05).  
To map the mechanism for AMPK to interfere with IL-6 signalling, we characterized 
the effect of pharmacological activation of AMPK at total protein and phosphorylation 
level of all the components in the IL-6/STAT3 signalling pathway by pre-treating 
HepG2 cells with AICAR (2 mM) and metformin (10 mM), before IL-6 was added 
(Papers III). We demonstrate that both AICAR and metformin significantly decrease 
early IL-6-induced increase in Tyr1022/1023 phosphorylation of JAK1 (p<0.05, p<0.01, 
respectively), Tyr542 phosphorylation of the SH2-domain containing protein tyrosine 
phosphatase 2 (SHP2) (p<0.01) and Tyr705 phosphorylation of STAT3 (p<0.01). The 
protein level of IL-6 receptor subunit α (IL6Rα) or Ser727 phosphorylation of STAT3 
were not affected by AICAR or metformin. In addition, we show that AICAR, but not 
metformin decreases Tyr1007/1008 phosphorylation of JAK2 (p<0.01), and that 
metformin, but not AICAR, reduces the protein level of GP130 approximately 3-fold  
(p<0.05). Furthermore, AICAR, but not metformin, reduces the protein level of LIM 
domain only 4 (LMO4), which has been suggested to stabilize the IL-6 receptor 
complex, by approximately 2-fold (p<0.01, Fig. 7). 
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Figure 7. A schematic model of the effects of AICAR and metformin on the IL-6 signalling pathway. 
IL-6 signals through its receptor IL6Rα, which leads to the assembly of the IL6R/GP130 receptor 
complex. This receptor complex is further stabilised by LMO4. The formation of the receptor complex 
leads to phosphorylation and activation of receptor-associated JAKs, followed by phosphorylation of 
the signal transducing receptor subunit GP130. Once activated, GP130 will serve as docking sites for 
STAT3 and SHP2, which both will be phosphorylated by JAKs. Phosphorylated STAT3 will dimerize 
and translocate to the nucleus to activate transcription of target genes. JAKs as well as STAT3 
proteins are negatively regulated by protein tyrosine phosphatases (PTPs). Red and blue arrows 
indicate targets, which are regulated at the level of phosphorylation or protein expression by AICAR 
and metformin, respectively. IL-6/STAT signalling pathway is summarised as described by Heinrich 
et al. (136). 

To confirm that AMPK exerts its anti-inflammatory effect by similar mechanism in 
vivo, IL-6-induced phosphorylation of STAT3 was investigated in liver after IP 
injection of AICAR or placebo (Paper III). In line with in vitro data, AICAR reduced 
IL-6 induced Tyr705 phosphorylation of STAT3 in mouse liver (p<0.05). In addition, 
the expression level of SOCS3, a direct target of the transcription factor STAT3, was 
decreased in HepG2 cells and mouse liver after AICAR treatment (p<0.01).  
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Discussion 
IR is a major metabolic feature of obesity and is also a main predictor of T2D. Recent 
evidence indicates that nutrient excess and obesity lead to chronic low-grade 
inflammation in metabolic tissues, which further promotes IR. Increased levels of pro-
inflammatory cytokines, such as IL-6, TNF-α and IL-1β, show an association with 
obesity-induced IR with circulating IL-6 demonstrating the strongest relationship 
(137). IL-6 produced by adipose tissue has been shown to act in an endocrine manner 
in contrast to TNF-α, which may act locally in autocrine and paracrine manners (138). 
However, IL-6 is not only produced by adipocytes and various proinflammatory cells 
(reviewed by (139)), but also by many other cell types, such as hepatocytes and 
skeletal muscle cells (140; 141).  
IL-6 had been shown to activate AMPK both in skeletal muscle and adipose tissue 
(reviewed by (142)). Interestingly, IL-6 knockout mice show a decreased AMPK 
activity in both muscle and adipose tissue while in liver the AMPK activity was equal 
to control mice (143). This is line with our results showing that IL-6 had no impact on 
AMPK activity in HepG2 cells (Paper II). Acute-phase proteins SAA1, SAA2 and HP, 
are synthesized in hepatocytes and upregulated in response to inflammatory signals 
evoked by cytokines such as IL-6 (reviewed by (144)). Consistently, our studies 
described in Papers II and III demonstrate a markedly enhanced expression of SAA 
cluster genes as well as HP in HepG2 cells and mouse liver in repose to IL-6 
treatment. Interestingly, we found this acute phase gene expression evoked by IL-6 to 
be blunted by the AMPK agonists, AICAR and metformin, which had not been 
reported previously.  
The cytokine IL-6 activates the JAK/STAT signalling pathway, which ultimately leads 
to tyrosine phosphorylation of STAT3 and the subsequent translocation of STAT3 into 
the nucleus inducing transcription of several target genes such as acute-phase response 
genes and SOCS3. This has been previously demonstrated in HepG2 cells (145) and is 
consistent with our results. (Papers II and III). In Paper III we show that IL-6-
stimulated phosphorylation of key mediators of canonical IL-6 signalling - JAK1, and 
its targets, SHP2 and STAT3 is inhibited by both AICAR and metformin, suggesting 
that AMPK activation represses IL-6 signalling through inhibition of JAK1 
phosphorylation. Thus, we have identified the point of interaction for AMPK 
activation with canonical IL-6 signalling pathway in liver.  
It has been shown that the hepatic target of IL-6/STAT3 signalling, SOCS3 is a 
mediator of IR in liver. SOCS3 was shown to repress the insulin signalling pathway by 
inhibiting tyrosine phosphorylation of IRS1 and IRS2 by competitive binding at the 
docking site on INSR, by inducing serine phosphorylation of IRS1 and IRS2 and 
thereby marking them for proteasomal degradation, and by inhibition of INSR tyrosine 
kinase activity (reviewed by (27)). Exposure to palmitate, a saturated fatty acid, leads 
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to constitutively phosphorylated STAT3, and corresponds to increased amount of 
SOCS3 and reduced insulin-stimulated activation of PKB in L6 myotubes (146).  
Recently, it was shown that metformin improves IL-6-induced IR by inhibition of the 
IL-6/STAT3 signalling pathway via increasing the orphan nuclear receptor small 
heterodimer partner (SHP, also referred to as NROB2) protein in rat primary 
hepatocytes, which will repress the transcriptional activity of STAT3 by direct 
interaction and repression of the DNA binding capacity of STAT3 on the Socs3 gene 
promoter (110). Furthermore, pharmacological activation of PPARβ/δ attenuates IL-6-
induced IR in hepatic cells by preventing STAT3 phosphorylation and the following 
increase in SOCS3 through inhibition of ERK1/2 phosphorylation and prevention of 
IL-6-induced reduction in AMPK activity (147). In other cells types, such as 
macrophages, endothelial cells, and neutrophils, AMPK has been shown to interfere 
with cytokine signalling by repressing mediators of the NF-κB pathway. We have not 
evaluated the possible involvement of NF-κB in AMPKs effect in liver cells, which 
will be the focus of our further studies.  

Conclusion  
Pharmacological activation of AMPK suppresses IL-6-induced acute-phase response 
in mouse liver and hepatocytes by inhibiting IL-6-stimulated phosphorylation of 
downstream mediators of the canonical IL-6/STAT3 signalling pathway – JAK1, 
SHP2 and STAT3. This suggests that AMPK, a key cellular energy sensor, is an 
important intracellular link between metabolic and inflammatory pathways in liver.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PAPER IV 

	
   37	
  

PAPER IV 
Summary of results 
In Paper IV we investigated the impact of STK25 on skeletal muscle metabolism using 
the rat skeletal muscle cell line, L6.  First, we measured the relative expression of 
Stk25/STK25 mRNA expression in mouse, rat and human tissues and Stk25/STK25 
was broadly expressed in all tissue examined. Next, we determined the cellular 
localisation of endogenous STK25 in L6 myoblasts by immunofluorescent staining 
with STK25 showing a uniform cytoplasmatic distribution.  
Lipid and glucose metabolism was investigated in L6 cells after repression of STK25 
by siRNA transfection. A three- to four-fold depletion of STK25 was achieved in L6 
cells by siRNA approach and it was stable over the period of observation (48, 96, 144 
and 192 h post-transfection, Paper IV, ESM Fig. 1). We followed the expression as 
well as protein levels for genes known to be involved in fatty acid oxidation, glucose 
metabolism, as well as mitochondrial biogenesis. Most interestingly, we found the 
expression level for uncoupling protein 2 (Ucp2) and Ucp3 to be increased in response 
to depletion of STK25. Ucp2 was significantly increased at the first time point studied 
(p<0.05) and remained significantly increased over time (p<0.01, p<0.01, p<0.05, at 
96, 144 and 192 h post-transfection, respectively). Markedly increased expression 
levels for Ucp3 were seen at 144 h and 192 h post-transfection (p<0.01). Increased 
UCP3 was confirmed at protein level (1.65-fold increase at 192 h and 1.50-fold 
increase at 216 h post-transfection, (p<0.05)). However, we were not able to detect any 
UCP2 protein at any time point studied. Since UCP2 and UCP3 proteins are suggested 
to be involved in β-oxidation, we measured the rate of fatty acid oxidation after partial 
depletion of STK25 in L6 myoblasts. β-oxidation was increased approximately 20%, 
reaching the same level as measured for the positive control substance phenformin 
(p<0.01).  
We also found the genes regulating glucose metabolism in skeletal muscle, Glut1, 
Glut4 and Hk2, to be upregulated in response to STK25 depletion. Both Glut1 and Hk2 
were significantly increased 96 h post-transfection and remained increased over the 
period of observation (p<0.05) while Glut4 was found to be significantly induced 144 
h post transfection (p<0.05). We confirmed an increased production of GLUT1, 
GLUT4, and HK2 at protein level (p<0.05; 144 h, 48 h and 96 h, 192 h post-
transfection, respectively). Correspondingly, the glucose uptake rate, in response to 
insulin treatment, was increased approximately 50% after partial depletion of STK25 
(p<0.01). 
We also measured the activity of STK25 based on the phosphorylation level of Thr174 
after L6 myoblasts were transiently transfected with pFLAG-rStk25 and treated with 
substances known to evoke different cellular stress responses. TNFα, but not IL-6, 
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significantly increased the phosphorylation level of STK25 (p<0.05). Both menadione 
and H2O2, known to induce oxidative stress, activated STK25 (p<0.05). Thapsigargin, 
a strong inducer of ER stress, or serum starvation did not affect the phosphorylation of 
STK25 (Fig. 8). 
Interestingly, we found the expression level of STK25 to be significantly increased in 
biopsies from skeletal muscle of T2D individuals (p<0.05). Based on our in vitro 
studies, we also quantified the expression of HK2 and UCP3 in these biopsies. HK2 
was decreased both in individuals with IGT (p<0.05) and T2D (p<0.01), whereas 
UCP3 was significantly decreased in individuals with IGT (p<0.05). 

Discussion 
To our knowledge, this is the first study reporting STK25 to be involved in the 
regulation of glucose and lipid metabolism in skeletal muscle. In the experimental 
model used, partial depletion of STK25 in the rat myoblast cell line L6 leads to 
increased expression of genes involved in glucose and lipid metabolism - Glut1, Glut4, 
Hk2 and Ucp3. Here, we show that increased level of GLUT1, GLUT4, HK2 and 
UCP3 correlates with increased insulin-stimulated glucose uptake and increased β–
oxidation in L6 myoblasts. Increased mitochondrial lipid oxidation as well as 
increased clearance rate of glucose could be one way to improve metabolic 
dysfunctions in T2D and related complications.  
Skeletal muscle is the major consumer of fatty acids as fuel and also accounts for 
approximately 70% of whole body insulin-stimulated glucose uptake. Therefore, an 
increased expression of the main glucose transporters GLUT1 and GLUT4 is expected 
to result in enhanced insulin sensitivity. In addition, after entering the muscle cells, 
glucose is phosphorylated by HK2 to form glucose-6-phosphate, and increased 
expression of Hk2 is also expected to positively influence insulin-stimulated glucose 
metabolism (148-150). 
UCPs are inner mitochondrial membrane transporters, with UCP1 being the first 
uncoupling protein to be identified. UCP1 is expressed exclusively in brown adipose 
tissue (BAT) while UCP2 is broadly distributed. UCP3 is preferentially expressed in 
skeletal muscle and BAT (151; 152).  The function of UCP3 and UCP2 has been re-
evaluated and the importance of these two proteins in fatty acid metabolism has 
become more evident. Partial depletion of STK25 in L6 myoblasts results in increased 
expression of Ucp2 and Ucp3 mRNA as well as in increased UCP3 protein.  However, 
we were unable to detect any UCP2 protein in L6 cells. Thereby, the physiological 
relevance of increased expression of Ucp2 mRNA is unclear. It has been shown that 
the mRNA level for Ucp3 is increased in rat skeletal muscle after fasting as a 
consequence of elevated free fatty acids (153). Furthermore, transgenic mice 
overexpressing UCP3 in skeletal muscle were found to be lean even though they eat 
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more than their wild-type littermate. In addition, these mice displayed reduced fasting 
glucose and insulin levels, which suggests improved insulin sensitivity (154). 
Interestingly, reduced UCP3 levels in skeletal muscle of mice reduce both AMPK 
activity as well as fatty acid oxidation, ultimately leading to decreased insulin 
sensitivity (155). MacLellan et al. reported that moderate overexpression of UCP3 in 
L6 myotubes increased fatty acid oxidation (156). It has also been shown that 
overexpression of UCP3 in L6 myotubes increases glucose uptake and GLUT4 
translocation by activating a PI3K-dependent pathway (157).  
There is a strong association between IR and lipid accumulation in nonadipose tissues, 
such as muscle and liver. Lipid accumulation could depend on increased fatty acid 
uptake, a decreased rate of fatty acid utilization, or a combination of both. Recent 
studies have reported that mitochondrial dysfunction could be a major factor 
contributing to muscle lipid accumulation and IR. It has been shown that individuals 
with T2D and IGT have reduced expression of key genes in oxidative metabolism and 
mitochondrial function in skeletal muscle (158; 159). Krook et al. reported that the 
mRNA level of UCP3 in skeletal muscle biopsies was decreased in individuals with 
T2D (160). This was also shown at protein level by Schrauwenin et al. demonstrating 
that individuals with T2D had markedly lower UCP3 levels compared to control 
subjects (161). In our study we observed a reduced level of UCP3 in skeletal muscle 
biopsies from individuals with IGT and a tendency toward reduced level in individuals 
with T2D, which coincides with elevated levels of STK25 in individuals with T2D and 
lower levels of HK2 in both individuals with T2D and IGT. In line with these results, a 
reduced gene expression of HK2 has been reported in skeletal muscle from T2D 
patients (162).  
The onset of diabetes is closely associated with oxidative stress due to hyperglycemia, 
which results in overproduction of oxygen free radicals. In general, cells could activate 
mechanisms that minimize the damage evoked by ROS or undergo cell death if the 
damage is too severe to repair. It has been shown that STK25 could be activated by 
oxidant stress in Ramos B cells or Madin-Darby canine kidney epithelial cells (112). 
This is in agreement with our results in L6 myoblast as STK25 was activated by 
menadione and H2O2, known to induce oxidative stress. In line with results presented 
by Pombo et al. (114), thapsigargin, an inducer of ER stress, was not able to activate 
STK25 in L6 myoblasts (Fig. 8).  
In this study, relatively modest, although statistically significant increase in beta-
oxidation and insulin-stimulated glucose uptake was seen in L6 cells. To evaluate the 
relevance of these findings on whole body level, the future focus is to further 
investigate the impact of STK25 in vivo by generating transgenic mice overexpressing 
STK25 as well as STK25 knockout mice. We have generated a transgenic mouse 
model overexpressing STK25 under an β-actin promoter. STK25 transgenic mice as 
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well as wild-type littermates have been challenged with HFD and early data from this 
study indicate that mice overexpressing STK25 have impaired insulin sensitivity and 
glucose tolerance. The studies in knockout mice, kindly provided by Prof. B. Howell, 
SUNY Upstate Medical University, Syracuse, NY, USA, are now ongoing. 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 8. A proposed model of the role of STK25 in the regulation of lipid and glucose metabolism in 
skeletal muscle. 

Conclusion  
By partial depletion of STK25 in the rodent myoblast cell line L6 we demonstrate a 
modest but significantly increased lipid oxidation as well as insulin-stimulated glucose 
uptake, suggesting a role of STK25 as a negative regulator of glucose and lipid 
metabolism in skeletal muscle. Impaired glucose uptake and fatty acid metabolism by 
skeletal muscle is a hallmark of IR and, therefore, STK25 could be an important new 
target to be evaluated for therapeutic intervention in T2D and related complications.  
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