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ABSTRACT 

Nissinen, Tuuli 2014. Effects of insulin deficiency on exercise-induced acute responses in 

the regulation of fatty acid oxidation in mouse gastrocnemius muscles. Department of Biol-

ogy of Physical Activity, University of Jyväskylä, Master’s Thesis in Exercise Physiology, 

102 p. 

Insulin is a hormone that plays an important role in the regulation of the metabolism of all 
the main nutrients. Its main function is to stimulate glucose uptake and disposal or utiliza-
tion by the cells and thus to decrease blood glucose concentration. However, it also inhibits 
breakdown of proteins and lipids and promotes their synthesis. Type 1 diabetes is a disease 
in which insulin secretion is impaired because of destruction of pancreatic β-cells. It is 
characterized by hyperglycemia and increased reliance on fat oxidation. This is seen also as 
altered gene expression patterns. The purpose of this study was to look into the effects of 
insulin deficiency on exercise-induced acute responses in the expression of genes and the 
activation of signaling pathways involved in fatty acid oxidation. Male NMRI mice (n = 
64) were randomly assigned into three streptozotocin-induced diabetic and three healthy 
groups. Two healthy and two diabetic groups performed a single one-hour bout of treadmill 
running (21 m/min, 2.5o incline) and were sacrificed either three or six hours after exercise. 
Gastrocnemius muscles were dissected and mRNA expression and protein expression and 
phosphorylation were analyzed with RT-PCR and Western blotting respectively. PGC-1α 
mRNA expression increased (p < 0.001) after exercise in both healthy and diabetic mice, 
but the response was higher in diabetic mice (p < 0.05). PDK4 mRNA expression increased 
after exercise only in diabetic mice (p < 0.05). Diabetic mice showed a more pronounced 
response in CPT1B mRNA six hours after exercise compared with healthy exercised mice 
(p < 0.05). Contrary to mRNA level results, PGC-1α protein content did not change in re-
sponse to exercise when compared with sedentary counterparts of the same health status. 
The analysis of AMPK and p38 MAPK phosphorylation did not suggest activation of these 
pathways in response to exercise. Even a decrease in AMPK phosphorylation was seen six 
hours after exercise in healthy mice (p < 0.05) while p38 MAPK phosphorylation was de-
creased in diabetic mice three hours after exercise (p < 0.05). There were no significant 
changes in proteins PDK4, CPT1B, sirtuins 1, 3 and 6, ACC or Cyt c. These results suggest 
that diabetic mice have more pronounced exercise-induced responses in the expression of 
genes related to increased fatty acid oxidation. These changes may be mediated by in-
creased PGC-1α activation as no increases were seen in PGC-1α protein expression. The 
time points were not optimal for protein level analyses and thus, further studies are needed 
to clarify protein phosphorylation and expression changes and to find out whether the gene 
expression changes are reflected to the level of substrate metabolism. 
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1 INTRODUCTION 

Type 1 diabetes mellitus is one of the most prevalent chronic diseases in children, and its 

incidence has been increasing worldwide. Finland has been the leading country in the inci-

dence of type 1 diabetes in children younger than 15 years, with highest recorded incidence 

of 64.9 per 100 000 person-years in 2006. (Harjutsalo et al. 2013.) Diabetes mellitus is a 

disease in which the metabolism of carbohydrates, fats and proteins is impaired. It is caused 

by either lack of insulin secretion (type 1 or insulin-dependent diabetes) or decreased insulin 

sensitivity of target tissues (type 2 or non-insulin-dependent diabetes). Both forms are char-

acterized by impaired uptake and utilization of glucose by most of the cells, which results in 

increased blood glucose concentration, decreased utilization of glucose and consequently 

increased utilization of fats and proteins by the cells. (Guyton & Hall 2000, 894–895.) 

In type 1 diabetes insulin secretion is impaired normally because of autoimmune destruction 

of pancreatic β-cells. Resulting high blood glucose concentration then causes other dysfunc-

tions including dehydration and abnormal function of blood vessels and nerve cells which 

then may trigger a number of other disorders and injuries that cause severe harm to multiple 

tissues. (Guyton & Hall 2000, 894–895.) Insulin deficiency also increases lipolysis and re-

lease of fatty acids into the blood stream which eventually causes rise in plasma lipoprotein, 

cholesterol and phospholipid levels. This can ultimately lead to development of atheroscle-

rosis. In addition, insulin deficiency results in excessive utilization of fat which finally leads 

to ketosis and acidosis because of accumulation of ketone bodies. (Guyton & Hall 2000, 

888–889, 895.)  

At least in animal models, the changes in substrate use are seen also in gene expression lev-

el: genes related to fatty acid oxidation are up-regulated, whereas those involved in glucose 

uptake, transport and metabolism are down-regulated. In addition, genes involved in oxida-

tive phosphorylation are down-regulated, which suggests impaired capacity to produce ATP 

aerobically. (Silvennoinen 2004; Yechoor et al. 2002.) Indeed, both in human and animal 
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studies, diabetes has been related to lowered aerobic capacity and this is seen at the level 

of whole organism as impaired VO2max and at the level of skeletal muscle as lowered activi-

ty of key oxidative enzymes (el Midaoui et al. 1996; Ianuzzo et al. 1974; Kivelä et al. 2006; 

Noble & Ianuzzo 1985; Silvennoinen 2004). 

Exercise training has been shown to reverse many of the unfavorable effect of diabetes or 

insulin deficiency on aerobic capacity (Costill et al. 1979; el Midaoui et al. 1996; Ianuzzo et 

al. 1974; Kivelä et al. 2006; Laaksonen et al. 2000; Noble & Ianuzzo 1985). In addition ex-

ercise has many other beneficial effects on health in type 1 diabetics, such as improvements 

in glycemic control, lipid profile and vascular function. Thus, regular exercise has been rec-

ommended to type 1 diabetics. (Costill et al. 1979; Fuchsjager-Mayrl et al. 2002; Laaksonen 

et al. 2000.) 

The purpose of this study was to elucidate the effects of an acute exercise bout on the ex-

pression of genes and on the activation intracellular signaling pathways involved in fatty 

acid oxidation and oxidative metabolism in general in gastrocnemius muscles of healthy and 

insulin deficient mice. The main research question was, whether insulin deficient mice had 

different acute responses to an endurance exercise bout compared with healthy mice. The 

gene expression was studied at the level of both mRNA and protein using quantitative real-

time PCR and Western blotting, respectively. In addition, phosphorylation status of certain 

proteins was studied to evaluate the activation of the key signaling pathways in regulation of 

oxidative energy metabolism. 
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2 SKELETAL MUSCLE GLUCOSE METABOLISM 

Carbohydrates (CHOs) readily available for energy production are present in blood plasma 

as glucose and in liver and skeletal muscles as its storage form glycogen, from which glu-

cose can be released when energy demands increase (Nelson & Cox 2013, 543, 612–613, 

956). In addition to lipids, carbohydrates are an important source of energy during exercise, 

especially during exercise at high intensity. Bodily CHOs stores are not even nearly as 

abundant as those of fat, as they are depleted after one to two hours of intense exercise. 

However, the advantage of CHO utilization is, that ATP (the form of chemical energy that 

can be utilized by the cells) can be produced more quickly and both with (aerobically) or 

without (anaerobically) oxygen. (Horowitz & Klein 2000; Spriet & Watt 2003) The aerobic 

pathway of glucose catabolism to provide ATP consists of three stages: glycolysis, citric 

acid cycle and oxidative phosphorylation, the last two of which are common with fatty acid 

oxidation (Nelson & Cox 2013, 633, 667, 731). This metabolic pathway is described briefly 

below. 

2.1 Energy production from glucose 

Glycolysis. The first step of ATP production from glucose is glycolysis. It is a series of 10 

enzymatic reactions during which one glucose molecule is degraded to form two molecules 

of pyruvate. This step is common for both aerobic and anaerobic energy production path-

ways. Glycolysis can be divided into two phases: The first, preparatory phase consists of 

five enzymatic reactions during which glucose is phosphorylated and converted to glycer-

aldehyde 3-phosphate. This first phase requires energy provided by breakdown of two mol-

ecules of ATP. During the second, payoff phase glyceraldehyde 3-phosphate is converted to 

pyruvate. A total of four molecules of ATP are formed during the payoff phase, giving gly-

colysis a net ATP production of two molecules per one glucose molecule. (Nelson & Cox 

2013, 544–546.) Glycogen breakdown can also provide substrates for glycolysis: the con-

secutive reactions catalyzed by glycogen phosphorylase and phosphoglucomutase detach 
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glucose 1-phosphate from glycogen and convert it to glucose 6-phosphate which enters 

glycolysis. This saves one molecule of ATP and thus, the net production of ATP is three 

molecules instead of two. (Nelson & Cox 2013, 560–561.) Glycolysis liberates also hydro-

gen ions and electrons that are bound to NAD+ to form NADH. Two NADH molecules are 

formed per one glucose molecule. At this point, anaerobic pathway separates from the aero-

bic. In aerobic conditions, pyruvate is oxidized and the electrons provided by NADH are 

transferred to oxygen in electron transport chain providing energy for ATP synthesis. In 

anaerobic glycolysis the next step is formation of lactate in a reaction catalyzed by the en-

zyme lactate dehydrogenase. In the reaction pyruvate accepts electrons from NADH and is 

reduced to lactate with concomitant regeneration of NAD+. This regeneration of NAD+ al-

lows glycolysis to continue. (Nelson & Cox 2013, 545–546, 555.)  

Citric acid cycle. In aerobic pathway the next step is the transport of the formed pyruvate 

molecules into mitochondria. In mitochondria, pyruvate is oxidized to acetyl coenzyme A 

(acetyl-CoA) and carbon dioxide by the pyruvate dehydrogenase (PDH) complex. This reac-

tion also liberates electrons that are accepted by NAD+. Acetyl-CoA then enters the citric 

acid cycle (also Krebs cycle or tricarboxylic acid (TCA) cycle), where it is oxidized to car-

bon dioxide. During the first of the eight enzymatic reactions of citric acid cycle acetyl 

group is attached to four-carbon oxaloacetate. This reaction is catalyzed by citrate synthase 

and it produces one molecule of 6-carbon citrate and liberates coenzyme A. During the next 

seven reactions, two molecules of carbon dioxide and one molecule of ATP are liberated 

and oxaloacetate is reformed enabling the continuation of the cycle. In addition, hydrogen 

ions and electrons liberated during citric acid cycle are bound to NAD+ and FAD to form 

NADH and FADH2 respectively. (Nelson & Cox 2013, 633–634, 638–649.)  

Electron transport chain and oxidative phosphorylation. The hydrogen ions and electrons 

liberated during glycolysis and citric acid cycle are directed forward to electron transport 

chain and oxidative phosphorylation that take place in the inner mitochondrial membrane. 

In the electron transport chain, electrons derived from glycolysis and citric acid cycle and 

transported by electron carriers NADH and FADH2 are transferred from complex to another 
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down the electron transport chain. Finally the electrons are passed by Complex IV to ox-

ygen which is reduced to water. This liberates energy that is harnessed to bump hydrogen 

ions from mitochondrial matrix to the intermembrane space against their concentration gra-

dient. This produces a proton gradient. Finally, hydrogen ions flow back to the mitochondri-

al matrix through the enzyme ATP synthase down the electrochemical gradient. This liber-

ates energy that is used by ATP synthase to form ATP from ADP and Pi. The whole oxida-

tive breakdown of glucose yields a total of 30 to 32 molecules of ATP per one molecule of 

glucose. So, remarkable amount of ATP can be produced aerobically compared with anaer-

obic energy production, but the cost is a significant reduction in the rate of ATP production. 

(Nelson & Cox 2013, 732–745, 759–760.)  

2.2 Regulation of glucose metabolism 

Hormonal regulation. It is crucial to maintain plasma glucose concentration steady and 

within a narrow range (4–7 mmol/l in normal individuals) as disturbances in glucose bal-

ance and its regulation may result in severe complications. The glucose balance is main-

tained by controlling glucose absorption from the intestine, production by the liver and up-

take and metabolism by peripheral tissues. In the center of this regulation is a hormone 

called insulin. (Saltiel & Kahn 2001.) Insulin is a peptide hormone synthesized and secreted 

by pancreatic β-cells. It contributes to the regulation of the metabolism of all the main nutri-

ents (glucose, lipids and protein). Insulin promotes uptake of glucose and its storage as gly-

cogen or usage for energy production in most of the cells except brain cells. Thus, insulin 

tends to decrease blood glucose concentration. This is probably the most visible and widely 

known effect of insulin. However, insulin has also profound effects on the metabolism of 

the other two main nutrients: fat and protein. While increasing the utilization of glucose by 

most of the tissues, insulin decreases utilization of fat and promotes fatty acid synthesis and 

fat storage. It also increases protein synthesis and inhibits the catabolism of proteins. (Guy-

ton & Hall 2000, 884, 886–889.) Consequently, insulin resistance or deficiency causes pro-

found dysfunctions in the metabolism of all the main nutrients and results in elevated glu-

cose and lipid levels in both fasted and fed states (Saltiel & Kahn 2001). Many hormones 
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act to increase plasma glucose concentration, in fasted state or during exercise, but insulin 

is the only hormone promoting the decrease in plasma glucose concentration. Glucagon is 

considered the main hormone opposing the actions of insulin: It is secreted by pancreatic α-

cells in response to lowered blood glucose. It stimulates glycogenolysis and glucose synthe-

sis by gluconeogenesis and inhibits glycolysis in liver. This allows liver to liberate glucose 

to circulation increasing blood glucose concentration to normal level. Epinephrine exerts 

similar effects to liver as glucagon, but in addition, it stimulates glycolysis in skeletal mus-

cle. The stress hormone cortisol acts to restore blood glucose levels and to increase glyco-

gen stores by increasing liberation of fatty acids and glycerol (precursor for gluconeogene-

sis) from adipose tissue and export of amino acids from skeletal muscle to liver and by 

stimulating gluconeogenesis in liver. (Nelson & Cox 2013, 955–959.)  

Insulin signaling. Skeletal muscle is insulin sensitive tissue and it accounts for up to 75% of 

all insulin-dependent glucose disposal. The mechanism by which insulin increases glucose 

uptake by skeletal muscle involves translocation of GLUT4 glucose transporter from cyto-

plasmic storage sites to plasma membrane. The overview of the signaling pathway behind 

this and the other effects of insulin are shown in figure 1. Briefly, insulin receptor belongs 

to the family of receptor tyrosine kinases and consists of two α- and two β-subunits. The α-

subunit acts as an inhibitory subunit preventing the tyrosine kinase activity of the β-subunit 

when insulin is not bound to the receptor. Binding of insulin removes this inhibition allow-

ing activation of the receptor by transphosphorylation of the β-subunit. Inside the cell, the 

receptor then tyrosine phosphorylates insulin receptor substrate (IRS) which starts the intra-

cellular signaling cascades through phosphorylation of target proteins. Probably the most 

important of these targets is phosphatidylinositol 3-kinase (PI3K) which mediates most 

metabolic actions of insulin. Ultimately the activation of insulin receptor and its signal 

transduction pathways increases GLUT4 translocation to the surface of the cell and subse-

quent glucose uptake, promotes glycogen synthase activity and thus glycogen synthesis and 

blocks hepatic gluconeogenesis and glycogenolysis thus inhibiting glucose release from the 

liver. Also, insulin promotes lipid synthesis and inhibits degradation of lipids in lipolysis. 

The effects of insulin of lipid metabolism are discussed more profoundly later in this re-
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view.  In addition to substrate metabolism, insulin action promotes cell growth and dif-

ferentiation and expression of multiple genes via MAPK signaling (briefly reviewed later in 

this literature review). (Saltiel & Kahn 2001.) 

 

FIGURE 1. Overview of insulin signaling (Saltiel & Kahn 2001). 

Intracellular factors in short-term regulation of glucose metabolism. The glycolytic flux is 

regulated tightly in order to maintain constant ATP levels. Basically, the activity of key en-

zymes is allosterically regulated by the balance between ATP synthesis and consumption, 

the ratio between NADH and NAD+ and fluctuations in the concentrations of key metabo-

lites. (Nelson & Cox 2013, 555, 589, 762.) For example, high concentration of ATP indi-

cates that ATP is being produced more than is consumed and this inhibits many of the key 

enzymes involved in glycolysis and citric acid cycle. On the contrary, when cellular energy 

consumption increases, accumulation of ADP and AMP activates these enzymes to boost 

the rate of ATP production. (Nelson & Cox 2013, 604, 654–655.) When oxidative phos-

phorylation slows down with decreasing energy demands (high ATP and low ADP concen-

tration) NADH starts to accumulate. This inhibits citric acid cycle which then causes accu-

mulation of acetyl-CoA which further inhibits PDH complex. This promotes the switch 
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from glucose breakdown in glycolysis to gluconeogenesis. (Nelson & Cox 2013, 608.) 

PDH complex may also be inactivated via covalent protein modification. This modification 

is performed by pyruvate dehydrogenase kinase (PDK) which phosphorylates and thus inac-

tivates PDH complex. PDK is allosterically activated by high ATP levels, but decline in 

ATP concentration induces phosphatase activity which reactivates PDH complex. (Nelson 

& Cox 2013, 654.) The changes in the concentrations of key metabolites reflect the balance 

between ATP production and consumption. Thus, accumulation of metabolites casts inhibi-

tion on the up-stream enzymes to prevent unnecessary progression of glucose catabolism 

and further accumulation of these products. (Nelson & Cox 2013, 555, 604.) Moreover, cer-

tain conditions in addition to increased insulin signaling, such as muscle contraction and 

subsequent activation of intracellular signaling pathways, promote GLUT4 translocation 

from intracellular storage sites to plasma membrane and thus regulate cellular glucose me-

tabolism via changes in glucose uptake (Hardie & Sakamoto 2006).   

Intracellular factors in long-term regulation of glucose metabolism. In addition to regula-

tion of enzyme activity, some enzymes are regulated through the balance between enzyme 

synthesis and degradation. Enzyme synthesis is induced via transcription of the gene encod-

ing the enzyme. The regulation of gene expression is induced by a certain signal, such as 

insulin or muscle contraction, and it is mediated by transcription factors. This regulation is 

complex, as these transcription factors act in coordination with other transcription factors 

and they may be activated or inactivated by multiple protein kinases and phosphatases in 

response to different stimuli. (Nelson & Cox 2013, 608–610.) Some of these factors regulat-

ing gene expression are discussed more in detail later in this review.   
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3 LIPID METABOLISM IN ADIPOSE TISSUE AND SKELE-

TAL MUSCLE 

3.1 Energy production from fat 

Fats, stored as triacylglycerols (TAG) mainly in white adipose tissue but also, to a lesser 

extent in other tissues, such as skeletal muscle and blood plasma, are the largest energy re-

serve of the body (Horowitz & Klein 2000; Lass et al. 2011). The amount of energy stored 

as endogenous TAG represents remarkably larger than the amount of energy stored as the 

form of glycogen (Horowitz & Klein 2000; Horowitz 2003). TAG consists of one molecule 

of glycerol to which three fatty acids are bound with ester bonds (Nelson & Cox 2013, 630). 

Fatty acids can be released from endogenous triacylglycerol stores by lipolysis, that is, hy-

drolysis of triacylglycerol by the enzyme hormone-sensitive lipase. This is mainly regulated 

by hormones that either stimulate or inhibit hormone-sensitive lipase. (Horowitz & Klein 

2000.)  Free fatty acids (FFA) liberated to circulation from adipose tissue are then transport-

ed bound to albumin in blood plasma. From plasma, FFAs can be transported to tissues, 

such as skeletal muscle, to serve as substrates for ATP production. (Lass et al. 2011; Nelson 

& Cox 2013, 669.) 

3.1.1 Lipolysis and mobilization of fatty acids  

Lipolysis is a catabolic process where hydrolytic cleavage of TAG results in liberation of 

three non-esterified fatty acids (NEFA) and one molecule of glycerol. The hydrolysis of 

primary and secondary ester bonds between long-chain fatty acids (LCFAs) and glycerol is 

performed by three enzymes (figure 2): First step, generating diacylglycerol (DAG) and 

NEFA from TAG, is performed by adipose triglyceride lipase (ATGL). This can also be 

performed by hormone sensitive lipase (HSL) but its role is much more prominent in the 

second step, which involves a cleavage of another fatty acid yielding monoacylglycerol 
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(MAG) and another NEFA. The third and last step is to break the last ester bond in a re-

action that liberates glycerol and NEFA. This is likely to be performed by the enzyme 

monoglyceride lipase but other enzymes, such as HSL, might also have significant role in 

MAG hydrolysis. Also, other enzymes than the previously mentioned might contribute to 

lipolysis in tissues other than adipose tissue. (Lass et al. 2011.)   

 

FIGURE 2. Lipolysis is an enzymatic three-step process in which triacylglycerol is degraded into 

glycerol and three free fatty acids (Lass et al. 2011). 

As already stated, adipose tissue isn’t, however, the only source of fatty acids for exemple 

during exercise. It has been found that intramuscular triacylglycerols (IMTG), lipid droplets 

stored inside muscle cells, may contribute as much as 10–50 % to total amount of fat 

oxidized during exercise. The hydrolysis of IMTGs provides a source of fatty acids that are 

more readily available for skeletal muscles to oxidize, and thus they form an attractive 

source of energy during exercise. In addition, there are lipid droplets also between muscle 

fibers but their contribution to energy production during exercise is unknown. Circulating 

plasma TAGs are another potential source of fatty acids for oxidation in active skeletal 

muscles. Lipoprotein lipase (LPL) is an enzyme located on the capillary endothelium that is 

able to hydrolyze plasma TAGs. Even though TAGs might be hydrolyzed in skeletal muscle 

tissue the released FFAs are not necessarily taken up and used locally at the site of LPL 

activity. (Horowitz 2003.) 
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3.1.2 Beta-oxidation of fatty acids 

Fatty acid transport into the mitochondria. After being used for ATP production, fatty acids 

need to be taken up by the muscles and transported to mitochondria where they are finally 

oxidized (Horowitz 2003; Nelson & Cox 2013, 670–672). Transport of FFAs from plasma 

into and inside skeletal muscle cells happens with the help of transport proteins. These in-

clude fatty acid translocase (FAT/CD36), fatty acid binding protein (FABP) and fatty acid 

transport protein (FATP). (Horowitz 2003.) The transport into mitochondria can happen in 

two manners depending on the length of the fatty acyl chain: fatty acids with 12 or fewer 

carbons can traverse plasma membrane freely, whereas fatty acids (majority of the fatty 

acids liberated from adipose tissue) with 14 or more carbons need specific membrane 

transport proteins. To get into the mitochondria these fatty acids have to go through car-

nitine shuttle consisting of three enzymatic reactions: 1) formation of fatty acyl-CoA by 

acyl-CoA synthetase in the outer mitochondrial membrane, 2) carnitine is attached to fatty 

acid by carnitine acyltransferase I to form fatty acyl-carnitine, which can then move across 

mitochondrial membranes through pores and acyl-carnitine/carnitine transporter. 3) Finally, 

in the inner face of the inner membrane, fatty acyl group is detached from carnitine which is 

replaced by coenzyme A by carnitine acyltransferase II. Then the formed fatty acyl-CoA 

and carnitine are released into the mitochondrial matrix, and fatty acid oxidation can begin. 

(Nelson & Cox 2013, 670–672.)  

β-oxidation of fatty acids. The first step in fatty acid oxidation is called β-oxidation. It is a 

series of four enzymatic reactions that take place in the mitochondrial matrix. During these 

reactions fatty acyl-CoA molecule is modified by four enzymes, acyl-CoA dehydrogenase 

(VLCAD, MCAD or SCAD depending on the chain length), enoyl-CoA hydratase, β-

hydroxyacyl-CoA dehydrogenase (β-HAD) and acyl-CoA acetyltransferase (also thiolase), 

to detach two carbons from the end of the fatty acyl-CoA chain in the form of acetyl-CoA. 

In addition, two pairs of electrons and four hydrogen ions are liberated during these reac-

tions. Newly formed acetyl-CoA can then enter citric acid cycle to be oxidized to carbon 

dioxide and water. Electrons liberated during the reaction of β-oxidation are transferred to 
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electron carriers of the mitochondrial respiratory chain to be used in oxidative phosphory-

lation. The process of β-oxidation is repeated until the whole fatty acid molecule is degrad-

ed, and thus, the number of repetitions and the amount of ATP produced depends on the 

length of the fatty acid. For example, β-oxidation of 16-carbon palmitic acid (palmitoyl-

CoA in the mitochondrial matrix) yields eight acetyl-CoA molecules and 28 ATP mole-

cules. When the formed acetyl-CoA molecules are oxidized in citric acid cycle, additional 

80 ATP molecules are produced. Thus, complete oxidation of palmitoyl-CoA yields 108 

molecules of ATP compared with 30–32 molecules of ATP produced during the oxidation 

of one glucose molecule. (Nelson & Cox 2013, 672–675.)  

3.2 Regulation of lipid metabolism 

Utilization of adipose tissue -derived TAGs to fuel a bout of endurance exercise, for in-

stance, requires delicate coordination in the regulation of adipose tissue lipolysis, blood 

flow, uptake of FFAs by the skeletal muscles and transport into the mitochondria (Horowitz 

2003). The mechanisms of this regulation are reviewed briefly below. 

Hormonal regulation of adipose tissue lipolysis. Catecholamines, i.e. epinephrine and nore-

pinephrine, and insulin are the main hormones regulating lipolysis in humans. Binding of a 

catecholamine to a β-adrenoceptor on the plasma membrane of an adipocyte initiates an 

intracellular signaling cascade that ultimately leads to activation of lipolysis. Each β-

adrenoceptor is coupled with a stimulatory G-protein that activates the enzyme adenylate 

cyclase which then catalyzes a reaction where ATP is converted to cyclic AMP (cAMP). 

cAMP then acts as a second messenger to activate protein kinase A (PKA) which phosphor-

ylates HSL leading to its activation. PKA also phosphorylates perilipins, proteins covering 

the lipid droplet, which gives activated HSL access to TAGs within the droplet. Catechola-

mines may also bind to α2-adrenoceptors located on the surface of adipocytes. Contrary to 

β-adrenoceptors, α2-adrenoceptors are coupled with inhibitory G-proteins casting an inhibi-

tory effect on adenylate cyclase and thus, catecholamine binding to α2-adrenoceptor inhibits 

lipolysis. This is the case at rest when blood catecholamine concentration is low. (Horowitz 
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2003.) However, during exercise rising catecholamine concentration increases β-

adrenergic stimulation, which then causes up-regulation of lipolytic rate (Horowitz & Klein 

2000; Horowitz 2003). The effect of insulin on lipolysis contrasts that of β-adrenergic stim-

ulation: even a small increase in plasma insulin concentration may radically reduce lipoly-

sis. Insulin action results in activation of phosphatidylinositol 3-kinase (PI3K) which phos-

phorylates and activates phosphodiesterase-3. Activated phosphodiesterase-3 then degrades 

cAMP and thus down-regulates the signaling pathway stimulating the initiation of lipolysis. 

(Horowitz 2003.) Insulin also promotes lipid synthesis from glucose through increased glu-

cose uptake and activation of enzymes, such as pyruvate dehydrogenase, fatty acid synthase 

and acetyl-CoA carboxylase, all of which promote lipid synthesis in adipose tissue (Saltiel 

& Kahn 2001). 

Regulation of IMTG lipolysis. Stimulation of β-adrenoceptors has been found to be associat-

ed with increased HSL activity and decrease in muscle IMTG content. Thus, exercise-

induced increase in plasma epinephrine and resulting β-adrenergic stimulation may contrib-

ute also to increase in the lipolysis of IMTGs during exercise. HSL activation might be ac-

complished through phosphorylation of extracellular-regulated kinase (ERK). This is, how-

ever, not the only mechanism of muscle HSL activation, as HSL activation can be induced 

independently of β-adrenergic stimulation, possibly via Ca2+ signaling. (Horowitz 2003.)  

Short-term regulation of fatty acid uptake. Fatty acid oxidation is tightly regulated to mini-

mize the amount of fuel consumed (Nelson & Cox 2013, 678). Fatty acid uptake can be reg-

ulated at the level of muscle fiber and mitochondria. Short-term regulation of fatty acid up-

take into muscle fibers involves translocation of FAT/CD36 from cytosol to plasma mem-

brane (Bonen et al. 2000). Both insulin and muscle contraction have been found to promote 

this translocation analogous to GLUT4 translocation (Bonen et al. 2000; Luiken et al. 2002). 

Malonyl-CoA is a compound produced from acetyl-CoA in cytoplasm by acetyl-CoA car-

boxylase (ACC). It is an intermediate in fatty acid synthesis and inhibitor of CPT1, the rate 

limiting enzyme of LCFA transport into the mitochondria. (Spriet & Watt 2003.) According 

to previous studies, malonyl-CoA concentration can be regulated in two main mechanisms: 
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Firstly, cytosolic citrate is an allosteric activator of ACC, and also substrate for the malo-

nyl-CoA precursor, cytosolic acetyl-CoA (Ruderman et al. 1999). It has been found that 

skeletal muscle malonyl-CoA levels increase during physiological hyperglycemia and hy-

perinsulemia, which is accompanied by inhibition of CPT1 activity and LCFA oxidation in 

humans (Rasmussen et al. 2002). In addition, sustained increase in plasma glucose and/or 

insulin or inactivity caused by denervation has been found to result in increased muscle 

malonyl-CoA content due to increased cytosolic citrate concentration in rat skeletal muscle 

in vivo (Saha et al. 1999). Secondly, AMPK phosphorylates and thus inhibits the action of 

ACC and also its activation by citrate. Inhibition of ACC results in lowered malonyl-CoA 

concentration, which relieves the inhibition of CPT1. (Nelson & Cox 2013, 679; Rasmussen 

& Winder 1997; Ruderman et al. 1999; Winder et al. 1997.) AMPK may also activate malo-

nyl-CoA decarboxylase (MCD) which catalyzes the opposite reaction than ACC thus favor-

ing malonyl-CoA conversion to acetyl-CoA (Saha et al. 2000).  

Short-term regulation of β-oxidation. As with glucose oxidation, accumulation of metabo-

lites that reflect sufficient cellular energy charge may inhibit some of the enzymes of β-

oxidation: high NADH/NAD+ ratio inhibits β-HAD enzyme, whereas accumulation of ace-

tyl-CoA inhibits the action of thiolase (Nelson & Cox 2013, 679.) Also, activation of differ-

ent intracellular signaling cascades, such as AMPK signaling and sirtuins, may modulate the 

uptake of fatty acids and activities of the enzymes involved in β-oxidation (Hardie & Sa-

kamoto 2006; Houtkooper et al. 2012).  

Long-term regulation of fatty acid oxidation. The amount of the enzymes involved in fatty 

acid oxidation can be changed by transcriptional regulation of the genes encoding these en-

zymes. The family of peroxisome proliferator-activated receptors (PPARs) plays a key role 

in the regulation of the expression of genes involved in fatty acid oxidation. For example 

PPARα, that acts in skeletal muscle, liver and adipose tissue is capable of inducing the ex-

pression of genes related to fatty acid transport and those encoding for enzymes of β-

oxidation. (Nelson & Cox 2013, 679, 682.) Also both PPARα and peroxisome proliferator-

activated receptor γ coactivator-1α (PGC-1α) have been found to induce the expression of 
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pyruvate dehydrogenase kinase 4 (PDK4), which inhibits the action of PDH and thus in-

hibits glucose oxidation and promotes that of fatty acids (Araki & Motojima 2006; Ferré 

2004; Wende et al. 2005).   
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4 REGULATION OF ENERGY METABOLISM DURING EX-

ERCISE 

4.1 Interplay between fat and carbohydrate utilization during exercise 

Carbohydrates and fatty acids are the main sources of energy during exercise, and their rela-

tive contribution to fuel utilization is largely dependent on exercise intensity, duration and 

substrate availability. Carbohydrates are the predominant energy substrate when exercise 

intensity is high and duration relatively short, while fatty acids provide most of the fuel for 

more prolonged exercise of lower intensity. In addition, increase in CHO availability in-

creases the utilization of CHOs for energy production and reduces that of FFAs while the 

opposite is true for increased FFA availability. (Horowitz & Klein 2000; Roepstorff et al. 

2005a; Romijn et al. 1993; Spriet & Watt 2003.) The regulatory mechanisms will be dis-

cussed later below the heading “4.2 Regulation of fuel selection during exercise”. 

The effects of exercise intensity and duration have been studied by Romijn et al. in endur-

ance trained men (1993) and women (2000). They found that with increasing exercise inten-

sity, greater reliance on CHOs, especially on muscle glycogen, is apparent, while fat oxida-

tion contributes less to total substrate utilization. The absolute contribution of plasma-

derived substrates remains relatively constant over a wide range of exercise intensities, as 

decreased plasma FFA turnover with increasing exercise intensity is counterbalanced by 

increased plasma glucose turnover. They found also, that at least in endurance trained sub-

jects, lipolysis in peripheral adipose tissue seems to be already maximally stimulated during 

low intensity exercise with relatively low catecholamine concentrations, as it is not further 

stimulated when exercise intensity is increased. However, IMTG lipolysis is stimulated only 

at higher exercise intensities, suggesting a potentially higher threshold for catecholamine 

stimulation. (Romijn et al. 1993; Romijn et al. 2000.) 
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During prolonged exercise at low intensity, i.e. 25% VO2max, availability and oxidation of 

different substrates don’t change much from 30 to 120 minutes of exercise. However, dur-

ing exercise at moderate intensity, i.e. 65% VO2max, the relative contribution of plasma-

derived substrates progressively increases with increasing duration while the contribution of 

intramuscular substrates decreases. Thus, it seems that at the onset of exercise at moderate 

intensity, IMTGs are needed to compensate for a slow response in FFA release in plasma. 

(Romijn et al. 1993.)        

4.2 Regulation of fuel selection during exercise 

Fatty acids are released from endogenous triacylglycerol stores by lipolysis, that is, hydroly-

sis of triacylglycerol by the enzyme hormone-sensitive lipase. As previously discussed, this 

is mainly regulated by hormones that either stimulate or inhibit hormone-sensitive lipase. 

For example, catecholamines promote and insulin inhibits lipolysis and thus release of fatty 

acids. Exercise of mild or moderate intensity (25–65 % of VO2max) increases fat oxidation 

5–10-fold compared to resting state because of increased energy requirements and fatty acid 

availability. This results from enhanced adipose tissue lipolysis mediated by β-adrenergic 

stimulation and increased adipose tissue and skeletal muscle blood flow which facilitates the 

delivery of fatty acids from adipose tissue to skeletal muscle. The increased fatty acid oxi-

dation during endurance exercise delays glycogen depletion and hypoglycemia and thus 

permits sustained physical activity. (Horowitz & Klein 2000.) 

Exercise intensity has an effect on the rate of fat oxidation and the contribution of different 

sources of fatty acids to the oxidation. During low-intensity exercise, fatty acids derived 

mainly from plasma are oxidized. With increasing intensity, the rate of fatty acid oxidation 

increases along with increasing relative contribution of intramuscular triacylglycerols to 

fatty acid oxidation. However, during high-intensity exercise (>70 % of VO2max), fatty acid 

oxidation is suppressed because of reduced release of fatty acids from adipose tissue. This 

does not result from decreased lipolysis but from reduced adipose tissue blood flow that 
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impedes the delivery of fatty acids from adipose tissue to skeletal muscle to be oxidized. 

(Horowitz & Klein 2000.) 

There is a bunch of theories concerning the interplay between carbohydrate and fat oxida-

tion during exercise, some of which are more likely to happen during exercise than the oth-

ers (Spriet & Watt 2003). Some of these theories are briefly described below. 

Effect of increased FFA availability. Increased availability of FFAs might decrease CHO 

oxidation via multiple mechanisms: As early as in the early 1960’s Randle and coworkers 

suggested the existence of so called glucose-fatty acid cycle (also known as “Randle cy-

cle”). The theory suggests that increasing FFA availability increases cellular concentrations 

of acetyl-CoA, citrate and glucose 6-phosphate (G6-P) (via reduced glycolytic flux). The 

accumulation of these compounds then leads to inhibition on enzymes pyruvate dehydro-

genase (PDH), phosphofructokinase (PFK) and hexokinase (HK), respectively, leading to 

decreased CHO oxidation and ultimately reduced glucose uptake into the cell. These studies 

were conducted using contracting cardiac muscle, but as skeletal muscle relies much more 

on intracellular glycogen stores, the situation in contracting skeletal muscle is obviously 

different. Indeed, studies examining skeletal muscle tissue during exercise suggest that the 

inhibition of CHO oxidation happens rather at the level of glycogen phosphorylase and 

PDH. One hypothesis to explain the mechanisms is that high FFA availability inhibits the 

decrease in cellular energy charge. First of all, inorganic phosphate acts as a substrate and 

ADP and AMP as allosteric regulators for phosphorylase and thus, decreased availability of 

these regulators could explain decreased glycogenolysis by phosphorylase. In addition, high 

ATP/ADP ratio activates the enzyme PDH kinase (PDK), which phosphorylates and thus 

inactivates PDH. One possible explanation for increased energy charge with high FFA 

availability, is increased mitochondrial NADH content. However, this needs more profound 

investigation to be proven. The results from different studies are somewhat controversial 

and so, for example during prolonged exercise it is possible that simply the depletion of 

substrates for phosphorylase (glycogen depletion) and PDH (decreased pyruvate produc-

tion) account for the decreased activity of these enzymes. Decrease in the CHO availability 
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and increased reliance on fat oxidation has been shown to induce the expression of PDK4 

isoform. As PDK4 inhibits PDH, fatty acid oxidation is favored instead of CHOs. Also, 

greater IMTG content increases the reliance on fat and decreases that on CHOs to fuel exer-

cise. (Spriet & Watt 2003.) 

Effects of increased CHO availability. Increased CHO availability seems to decrease fat 

oxidation via at least two possible mechanisms: either via inhibition of long-chain fatty acid 

(LCFA) transport into the mitochondria or secondarily via increased insulin signaling. Car-

nitine palmitoyltransferase 1 (CPT1) is an enzyme located on the outer mitochondrial mem-

brane that plays an important role in the transport of LCFAs into the mitochondria. This step 

is believed to be the rate-limiting step in fatty acid oxidation. In addition to CHO ingestion 

prior to or during exercise, increasing exercise intensity (above 75% VO2max) also attenuates 

fat oxidation via increased glycolytic flux. At higher intensities, blood glucose concentra-

tion increases and cellular CHO metabolism and breakdown are accelerated via glycogenol-

ysis, glycolysis, PDH activation and CHO oxidation. Also, muscle pH tends to drop along 

with increased flux through glycolysis at high exercise intensity. This slight acidification 

has been shown to inhibit CPT1 activity which could explain the reduction in fatty acid oxi-

dation. Besides the drop in pH, another mechanism has also been suggested. (Spriet & Watt 

2003.) 

Malonyl-CoA concentration has also been suggested to rise with increased CHO oxidation 

and excess of CHO availability. This might cause inhibition of CPT1 and thus decrease in 

fatty acid oxidation. (Nelson & Cox 2013, 679; Spriet & Watt 2003.) However, this doesn’t 

seem to happen in human skeletal muscle during exercise (Spriet & Watt 2003). For exam-

ple in the study of Odland et al. (1998) muscle malonyl-CoA content did not increase during 

high intensity exercise despite significant increase in PDH activation and accumulation of 

acetyl-CoA and acetylcarnitine all of which result from increased CHO catabolism. Instead, 

as malonyl-CoA levels have been found to decrease during muscle contractions in rodents 

and during exercise in humans, it could indicate that malonyl-CoA inhibits CPT1 and thus 

limits transport of FFAs into the mitochondria at rest and that this inhibition is relieved in 
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the beginning of exercise to allow greater energy production from fatty acids (Odland et 

al. 1996; Roepstorff et al. 2005; Spriet & Watt 2003). Indeed, decreased malonyl-CoA lev-

els have been associated with greater fatty acid oxidation during exercise (Roepstorff et al. 

2005). However, not all studies have found decreased malonyl-CoA levels after or during 

exercise at moderate intensity in humans (Dean et al. 2000; Odland et al. 1996; Odland et al. 

1998). Also the data concerning different exercise intensities is somewhat controversial 

(Dean et al. 2000; Odland et al. 1998; Roepstorff et al. 2005). Roepstorff et al. (2005) found 

a significant decrease in muscle malonyl-CoA concentration after 30 and 60 minutes of ex-

ercise at 65% VO2max in subjects with either high or low pre-exercise glycogen content. The 

malonyl-CoA content tended to decrease more in subjects with low pre-exercise glycogen 

content. In the study of Dean et al. (2000) subjects exercised for 45 min at 60% VO2max, 10 

min at 85% VO2max, and until exhaustion (100% VO2max) with 10 minutes of rest between 

each exercise bout. Contrary to Roepstorff et al. (2005) they found decreased muscle malo-

nyl-CoA levels only after exercise bouts at high intensities (85 and 100% VO2max). This 

somewhat contrasts the assumption that decrease in malonyl-CoA content is associated with 

increased fat oxidation, as CHO utilization increases at higher intensities. Odland et al. 

(1998) studied changes in muscle malonyl-CoA concentration one and 10 minutes after the 

onset of exercise at intensities of 35%, 65% and 90% VO2max. The only condition where 

significant decrease in muscle malonyl-CoA content was found, was 1 minute after the on-

set of exercise at 35% VO2max. The malonyl-CoA content seemed to have decreased also 

after one and 10 minutes after the onset of exercise at 90% VO2max, but, even if this result 

would be consistent with the results of Dean et al. (2000), this decrease wasn’t statistically 

significant. However, in the study of Odland et al. (1998) the subjects had consumed a meal 

high in CHOs 2–4 hours before the trials which may have had influence on the results as 

glucose and insulin might have inhibited the decrease in malonyl-CoA (Dean et al. 2000; 

Odland et al. 1998).  

During exercise, cellular AMP levels increase and those of PCr decrease which induces 

AMPK activation. It has been suggested that this might result in the decrease of malonyl-

CoA during exerise. (Rasmussen & Winder 1997; Ruderman et al. 1999; Spriet & Watt 
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2003.) The fact that increasing AMPK activation with increasing exercise intensity is 

accompanied by increase in ACC inactivation also supports this theory (Rasmussen & 

Winder 1997).  Roepstorff et al. (2005) studied intracellular mechanisms to regulate fat oxi-

dation in response to altered muscle glycogen content (CHO availability) in human skeletal 

muscle during submaximal, moderate intensity exercise. They tested two possible mecha-

nism that might play a role in regulating the contributions of fat and carbohydrates to energy 

production: 1) High glucose levels result in increased malonyl-CoA concentration whereas 

AMPK activity decreases it, both by regulating acetyl-CoA carboxylase (ACC) activity. 

Decrease in malonyl-CoA levels relieves the inhibition laid upon CPT1 and fat oxidation is 

favoured. 2) Carnitine is needed for the transport of fatty acids into the mitochondria. How-

ever, carnitine also buffers accumulated acetyl-CoA, e.g. during high intensity exercise, 

which might result in limited availability of carnitine for fatty acid transport and thus shift 

energy production towards glucose utilization. They found that during a 60-minute bicycle 

ergometer test at 65% VO2max both fat and carbohydrate oxidation rates increased in both 

conditions, high and low pre-exercise glycogen levels, but fat oxidation was significantly 

higher in subjects with low glycogen levels whereas carbohydrate oxidation was higher in 

those with high glycogen levels. AMPK phosphorylation and activity increased more when 

pre-exercise glycogen levels were low, whereas ACC phosphorylation increased similarly in 

both conditions. Consistent with ACC phosphorylation, malonyl-CoA concentration de-

creased similarly in both conditions, even if it had a slight tendency to decrease more with 

low glycogen levels. Acetyl-CoA concentration did not differ at rest between conditions but 

it decreased during exercise with low glycogen levels and increased with high glycogen 

levels. After the exercise bout, acetylcarnitine concentration was higher in subjects with 

high pre-exercise glycogen levels, whereas subjects with low pre-exercise glycogen levels 

had higher free carnitine concentration. PDH activity was lower with low glycogen levels at 

rest and after exercise, but the activity increased during exercise irrespective of condition. 

As ACC activity and malonyl-CoA concentration were not dependent on glycogen availa-

bility, this study suggests that greater fatty acid oxidation with low pre-glycogen levels is 

probably explained by some other mechanism than AMPK mediated ACC inhibition and 

decrease in malonyl-CoA concentration. Instead, availability of free carnitine had probably 
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a more pronounced effect on fat oxidation, as the skeletal muscle free carnitine concentra-

tion as well as the fat oxidation rate were higher during exercise with low glycogen levels. 

Thus, increased production of acetyl-CoA by PDH might have resulted in the decreased free 

carnitine availability with high glycogen availability resulting in impaired capability to fatty 

acid transport. These results indicate that PDH, acetyl-CoA and acetylcarnitine are potential 

factors linking the regulation of fat oxidation to carbohydrate availability and glycolytic 

flux. (Roepstorff et al. 2005.) These results are in line with previous results of Odland et al. 

(1998), who found that increased reliance on CHOs (based on RER data) at higher exercise 

intensities was accompanied by increased PDH activity and accumulation of acetyl-CoA 

and acetylcarnitine without significant alteration in malonyl-CoA concentration. 

In the case of glucose ingestion before exercise, fat oxidation might be secondarily inhibited 

via insulin action and resulting increased availability of CHOs. Decreased transport of 

LCFAs may lead to accumulation of LCFA-CoA in the cytoplasm and subsequent inhibition 

of HSL action leading to diminished IMTG hydrolysis. Decreased fatty acid oxidation may 

also result from decreased availability of FFAs due to insulin’s effect on adipose tissue to 

inhibit lipolysis. (Spriet & Watt 2003.)  

4.3 Intracellular regulatory pathways 

In addition to hormonal regulation, numerous metabolic, biochemical and mechanical 

stimuli induced by e.g. exercise or disease have influence on the responses, such as sub-

strate use, of individual cells (Mooren & Völker 2005, 64). Thus, it is also important to look 

at the intracellular regulators and signaling pathways when trying to clarify molecular 

mechanisms behind differences in energy metabolism induced by exercise or a disease, such 

as diabetes.  

AMPK signaling. AMPK is a protein kinase that acts as a sensor for cellular energy state: it 

is allosterically activated by 5’-AMP. Thus high AMP/ATP ratio, resulting from decreased 

ATP synthesis or increased ATP consumption, stimulates AMPK phosphorylation by up-
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stream kinases (e.g. LKB1) and subsequent activation. AMPK has been identified to have 

a glycogen-binding domain, and it has been proposed that AMPK might be also regulated 

by muscle glycogen levels. Also, it has been suggested that leptin and adiponectin liberated 

from adipose tissue activate AMPK in muscle and consequently increase fatty acid oxida-

tion. AMPK activation leads to both phosphorylation of its down-stream targets (acute ef-

fects) and changes in gene expression (chronic effects). (Hardie & Sakamoto 2006.) These 

actions result in expression of genes related to mitochondrial and oxidative metabolism and 

increased plasma glucose and fatty acid uptake via promotion of glucose and fatty acid 

transporter translocation and oxidation by the muscle (Canto & Auwerx 2010; Hardie & 

Sakamoto 2006).  

MAPK signaling. The family of mitogen activated protein kinases consists of four members:  

extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 MAPK, c-Jun NH2-terminal 

kinases (JNK) and ERK5. MAPKs are stimulated by cytokines, growth factors and cellular 

stress, such as exercise. MAPK mediate cellular responses by phosphorylating their down-

stream targets and thus having influence on substrate metabolism, cell proliferation, differ-

entiation, hypertrophy, apoptosis, inflammation and gene expression via phosphorylation of 

transcription factors and coactivators. It seems that ERK1/2 participates in regulation of 

fatty acid uptake and oxidation during exercise, while p38 MAPK potentially regulates gene 

expression of GLUT4 and PGC-1α in response to exercise to enhance cellular glucose up-

take and oxidative capacity. (Kramer & Goodyear 2007.)  

AMPK and MAPK signaling during exercise. According to previous studies, exercise in-

creases the activation of AMPK and p38 MAPK via phosphorylation (Akimoto et al. 2005; 

Gibala et al. 2009; Little et al. 2010; Terada et al. 2002). The activation of these proteins has 

been shown to up-regulate PGC-1α expression and also its activation via phosphorylation 

(Akimoto et al. 2005; Arany 2008; Jäger et al. 2007; Pogozelski et al. 2009; Puigserver et al. 

2001; Terada et al. 2002; Terada & Tabata 2004). It has also been suggested that exercise-

induced AMPK and p38 MAPK activation might promote nuclear translocation of PGC-1α, 

thus promoting its action as a transcriptional regulator (Little et al. 2010). In addition, there 
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is evidence that AMPK induced PGC-1α phosphorylation mediates the expression of 

multiple genes related to oxidative metabolism including the expression of PGC-1α itself 

(Jäger et al. 2007). 

Sirtuins. Sirtuins are a family of NAD+-dependent protein deacetylases that act as important 

regulators of metabolism and healthspan. As the enzymatic reaction catalyzed by sirtuins is 

dependent on NAD+, the sirtuins are responsive to nutritional state of the cell and mediate 

the responses to energy stress. For example during exercise, NAD+ levels rise in skeletal 

muscle, which is accompanied by sirtuin activation. According to current knowledge, the 

sirtuin family consists of seven members (Sirt1–7), which differ from one another in tissue 

specificity, subcellular localization, enzymatic activity and targets. Here the focus will be on 

the sirtuins 1, 3 and 6. Sirt1 is the best described and the most profoundly studied sirtuin. It 

is localized mainly in the nucleus but it can be exported to cytosol in response to specific 

signals. This happens for example when insulin signaling is inhibited. Sirt1 is able to acti-

vate PGC-1α and FOXO proteins via deacetylation and thus it plays an important role in the 

regulation of mitochondrial gene expression and substrate metabolism. (Houtkooper et al. 

2012.) Sirt1 knockdown has been shown to result in decreased fatty acid oxidation, in-

creased PGC-1α acetylation and down-regulation of mitochondrial and fatty acid oxidation 

gene expression in cultured cells (Gerhart-Hines et al. 2007). Sirt3 is localized mainly to 

mitochondria where it deacetylates multiple target enzymes related to aerobic energy me-

tabolism and protection of the cell from oxidative stress. It has been found to promote fatty 

acid oxidation by deacetylating the enzyme LCAD in response to prolonged fasting. 

(Houtkooper et al. 2012.) It has also been suggested that, in response to exercise, Sirt3 

might induce the expression of PGC-1α via activation of AMPK and/or CREB in skeletal 

muscle (Palacios et al. 2009). On the other hand, PGC-1α has been shown to potentially 

control the expression of Sirt3 in an ERRα dependent manner (Giralt et al. 2011). Sirt6 is a 

nuclear protein deacetylase, showing also ADP-ribosylation activity. Its main functions are 

related to DNA-stability and repair, but also inhibition of glycolysis via inhibition of HIF1α. 

It may also stimulate the expression of genes involved in fatty acid oxidation. So, altogether 
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the current knowledge suggest that these three sirtuins act as boosters of fatty acid oxida-

tion during conditions of energy stress. (Houtkooper et al. 2012.)  

PGC-1α. Common to all of these signaling pathways is protein PGC-1α, which has been 

called a master regulator of mitochondrial biogenesis and aerobic energy metabolism (figure 

3). During exercise, cellular energy charge decreases which is demonstrated by increased 

AMP/ATP ratio. This activates AMPK which in turn phosphorylates and activates PGC-1α. 

AMPK also activates Sirt1 indirectly via increased NAD+ levels. The action of Sirt1 locks 

PGC-1α to its active state. Sirt1 also activates PPARα and this together with PGC-1α activa-

tion leads to suppression of glycolysis and up-regulation of genes related to fatty acid up-

take, β-oxidation and mitochondrial biogenesis. (Canto et al. 2009; Houtkooper et al. 2012; 

Lomb et al. 2010.) In addition, Sirt1 may also activate AMPK via deacetylation of its up-

stream activator LKB1 (Lan et al. 2008).  

   

FIGURE 3. Transcriptional regulation of gene expression by PGC-1α (Arany 2008).  

Regulation of substrate utilization by PGC-1α. PGC-1α induces transcription of genes fa-

voring the switch from glucose to fatty acid oxidation: It induces the expression of PDK4 

which inhibits the rate limiting reaction of glucose oxidation, conversion of pyruvate to ace-
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tyl-CoA, by phosphorylating and thus inactivating the enzyme PDH (Araki & Motojima 

2006; Wende et al. 2005). Consistently PGC-1α overexpression has been shown to result in 

reduction in glucose oxidation in cultured myoblasts (Wende et al. 2005). Also, increased 

Sirt1 activation and PGC-1α deacetylation have been associated to induction of the expres-

sion of mitochondrial and fatty acid utilization genes and increased fatty acid oxidation 

(Gerhart-Hines et al. 2007). PGC-1α transgenic mice are also able to exercise at higher in-

tensity without a shift towards CHO utilization compared with wild type mice, which indi-

cates higher capacity for fatty acid oxidation (Calvo et al. 2008). There is also evidence that 

PGC-1α plays a role in the expression of genes involved in citric acid cycle, oxidative phos-

phorylation (e.g. Cyt c) and fatty acid uptake (FAT/DC36), transport (FABP3, FATP1, 

CPT1B) and oxidation (MCAD, LCAD, VLCAD) in skeletal muscle (Calvo et al. 2008; 

Geng et al. 2010; Leick et al. 2008).  

  

FIGURE 4. Regulation of PDK4 expression by PGC-1α (Wende et al. 2005).  

4.4 Long-term adaptations in energy metabolism during exercise  

Regular endurance training results in improvement of aerobic capacity which is demonstrat-

ed by increased VO2max. This improvement is due to multiple adaptations in cardio-vascular 

system and skeletal muscle tissue induced by training. (Holloszy & Coyle 1984.) The cen-

tral cardio-vascular adaptations are out of the scope of this literature review, and thus, adap-

tations taking place in the peripheral tissues, especially skeletal muscle, are in the focus 

here. 
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It has been established that fat oxidation during submaximal exercise increases after en-

durance training (Carter et al. 2001; Friedlander et al. 1998a; Holloszy & Coyle 1984; Hor-

owitz & Klein 2000; Phillips et al. 1996). This effect is due to many adaptations taking 

place in skeletal muscle tissue: the delivery of fatty acids to muscle fibers is enhanced by 

increased capillarization in skeletal muscle tissue, the capacity to transport fatty acids into 

muscle fibers and mitochondria is increased when the expression of transport proteins in-

creases and finally, the capacity to oxidize fatty acids is improved by increasing mitochon-

drial density and enzyme activities in muscle fibers. (Holloszy & Coyle 1984; Horowitz & 

Klein 2000; Kiens et al. 1993; Kiens et al. 1997; Talanian et al. 2007.) 

The data obtained from previous research shows, that the increased fat oxidation isn’t relat-

ed to increased lipolysis in adipose tissue. Endurance trained subjects have been found to 

have similar adipose tissue and whole-body lipolytic responses to epinephrine and to exer-

cise at same absolute intensity, respectively, as untrained subjects. (Horowitz & Klein 2000; 

Stallknecht et al. 1995.) However, trained subjects seemed to have enhanced epinephrine-

stimulated adipose tissue blood flow (Stallknecht et al. 1995). During exercise at same rela-

tive intensity, endurance trained subjects have higher whole-body lipolytic rates, which 

might result from increased delivery of epinephrine to adipose tissue by enhanced adipose 

tissue blood flow (Horowitz & Klein 2000). In addition, trained individuals may rely more 

on IMTGs as substrates, as previously untrained subjects have been found to have decreased 

plasma FFA turnover and oxidation after a 12-week endurance training period despite in-

creased total fat oxidation during prolonged exercise (Horowitz & Klein 2000; Martin et al. 

1993).  

Contradictory findings exist, however. Friedlander et al. (1999) found that whole-body li-

polysis and total fat oxidation were unaffected after 10-week endurance training but FFA 

rate of appearance (Ra) as well as rate of disappearance (Rd) were increased after training 

during exercise at both same absolute and same relative intensity in young men. In young 

women, 12-week but otherwise similar endurance training resulted in increased FFA rate of 

appearance, rate of disappearance and oxidation measured during exercise at same absolute 
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and relative intensities, whereas no change was found in whole-body lipolysis. The in-

creased fat oxidation in women after training was mainly due to increased plasma FFA oxi-

dation. (Friedlander et al. 1998a) These results suggest that women may rely more on fat 

oxidation after endurance training than men (Friedlander et al. 1998a; Friedlander et al. 

1999). It has been suggested that women rely more on fat oxidation than men during pro-

longed moderate intensity exercise also before endurance training (Carter et al. 2001). 

Consistent findings have been established for adaptations in CHO metabolism by the same 

group. Glucose flux (Ra, Rd and metabolic clearance rate, MCR) was decreased after endur-

ance training period in both men and women during exercise at same absolute intensity, but 

not at same relative intensity. This suggests that glucose flux is related to relative exercise 

intensity. When it comes to glucose oxidation, it decreased during exercise at both same 

absolute and relative intensity in men, and only at same absolute intensity in women. In 

women, also the relative contribution of CHOs to total energy expenditure was decreased 

after training during exercise at both same absolute and relative intensity, whereas no signif-

icant changes were found in men. These values were significantly different between gen-

ders. (Friedlander et al. 1997; Friedlander et al. 1998b.) However, in all of these studies by 

Friedlander et al. (1997; 1998a; 1998b; 1999) the relative improvement in aerobic capacity 

(VO2peak) was approximately twice as great in women as in men, which might have had 

something to do with demonstrated gender differences in CHO and lipid metabolism.  

In another study, as a consequence of seven weeks of endurance training the proportion of 

fat oxidized increased during exercise at same absolute intensity but not same relative inten-

sity. This was also seen as lower RER values at same absolute but not at same relative in-

tensity. Consistently, the relative contribution of CHOs to substrate oxidation decreased at 

same absolute but not at same relative intensity after training. However, glucose flux (Ra, Rd 

and MCR) was diminished during exercise at same absolute and same relative intensity, but 

glucose Ra and Rd were higher during exercise at same relative intensity than at same abso-

lute intensity. Glucose uptake was diminished after training at both same absolute and same 

relative intensity. Glycerol Ra and Rd weren’t altered by training period. Plasma norepineph-
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rine concentration was lower after training during exercise at same absolute intensity but 

not at same relative intensity. For men, plasma epinephrine concentration was lower after 

training during prolonged exercise at both same absolute and same relative intensity, while 

women showed lowered concentration only at same absolute intensity. Both men and wom-

en improved their VO2peak similarly. (Carter et al. 2001.)  

Already a short period of endurance training may induce changes in substrate utilization. 

Phillips et al. (1996) found a 10% increase in fat oxidation due to increased IMTG and de-

creased glycogen oxidation during exercise at same absolute intensity after only five days of 

endurance training. After 31 days of training fat oxidation during exercise was increased 

further with concomitant decrease in CHO oxidation. Total fat oxidation was increased by 

~70% mainly due to increased oxidation of IMTGs, while the reduced CHO oxidation was 

predominantly due to decrease in the rate of glycogen oxidation. Catecholamine response to 

exercise at same absolute intensity was attenuated in trained state. VO2peak was improved 

after 30 days of training (10%) but wasn’t significantly changed after only eight days of 

training. (Phillips et al. 1996.)   

Contrary to the previously presented results, it has been also suggested that increased fat 

oxidation during exercise at same absolute intensity after training would result from in-

creased uptake of FFAs into muscle cells due to enhanced transport capacity rather than 

from increased oxidation of IMTGs. This enhanced capacity for FFA uptake was suggested 

to be due to either increased capillarization or metabolic changes in trained skeletal muscle 

that improve the capacity to oxidize FFAs, demonstrated by increased activities of enzymes 

β-HAD and citrate synthase. It was also concluded that hormones, such as insulin and cate-

cholamines, are not likely to play as important role in the shift of substrate use as the adap-

tations at the level of trained muscle. (Kiens et al. 1993.) 

Also two weeks of high-intensity interval training (HIIT) has been found to increase VO2peak 

and whole-body fat oxidation and to decrease reliance on muscle glycogen during exercise 

at 60% of pre-training VO2peak in women. Similarly to more conventional endurance train-



 

 

36

ing, HIIT resulted in increased maximal activities of β-HAD and citrate synthase and in 

increased protein content of total muscle plasma membrane fatty acid-binding protein 

(FABPpm). No changes were found in fatty acid translocase (FAT)/CD36 or cytosolic HSL 

content. These results suggest increased capacity to transport and oxidize FFAs during exer-

cise after HIIT. (Talanian et al. 2007.) Increase in skeletal muscle FABPpm after more con-

ventional endurance training has also been reported earlier (Kiens et al. 1997). 

Contrary to previously presented results, Tunstall et al. (2002) demonstrated that nine days 

of endurance training increased the expression of FAT/CD36 both at mRNA and protein 

levels, without any changes in FABPpm expression. Also CPT1 mRNA expression was in-

creased as a consequence of training suggesting, that the expression of genes related to FFA 

transport across plasma and mitochondrial membranes could play a role in increased fat 

oxidation in trained state. However, the mRNA expression of PPARγ was decreased after 

training, whereas no changes were found in the expression of PPARα, PGC-1α or SREBP-

1c, all of which are transcriptional regulators of genes related to fatty acid uptake and oxida-

tion. The expression of none of these factors was changed acutely in response to a single 

exercise bout. (Tunstall et al. 2002.) These gene expression results are somewhat contradic-

tory to other studies as for example skeletal muscle PPARα protein expression has been 

found to increase substantially after 12 weeks of endurance training and it has even been 

suggested to play a regulatory role in increased fat oxidation after training (Horowitz et al. 

2000). The interpretation of the results of Tunstall et al. (2002) is limited by the lack of pro-

tein expression data, small number of subjects and relatively short training period.    

Some discrepancies exist between the results of different studies concerning for example the 

mechanism and the source of increased fat oxidation, or substrate kinetics during exercise at 

same absolute and same relative intensity. In some studies increased oxidation of IMTGs 

has been suggested to be the reason for increased fat oxidation while others suggest that it is 

due to increased plasma FFA oxidation. Similarly, some results suggest increased FFA 

transport capacity while others rather increased capacity to metabolize FFAs. The reasons 

for these differences are not known, but some of them may be at least partially explained by 
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slightly different exercise intensities used in trials, different exercise training modes or 

some other differences in the experimental protocols or methods that were used. (Carter et 

al. 2001; Friedlander et al. 1998a; Horowitz et al. 2000; Kiens et al. 1993; Phillips et al. 

1996; Tunstall et al. 2002.) 
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5 DIABETES MELLITUS AND EXERCISE 

5.1 Diabetes mellitus 

Diabetes mellitus can be defined as a group of metabolic diseases that are characterized by a 

rise in blood glucose concentration to abnormal level, i.e. hyperglycemia (figure 4). Diabe-

tes can be caused by defects in either insulin secretion, its action on target tissues, or both. 

Acute symptoms of the resulting hyperglycemia include polyuria leading to dehydration, 

polydipsia, weight loss and blurred vision. Uncontrolled diabetes also leads to acute poten-

tially fatal conditions of hyperglycemia with ketoacidosis resulting from excessive utiliza-

tion of fats, or nonketotic hyperosmolar syndrome. In addition, high blood glucose concen-

tration causes other dysfunctions including abnormal function of blood vessels and nerve 

cells which then may trigger a number of other disorders and injuries cause severe harm to 

multiple tissues, highlighting the importance of strict control of glucose balance. Indeed, 

chronic hyperglycemia is associated with many of the long-term complications of diabetes, 

including damage, dysfunction and failure of e.g. eyes, nerves, kidneys, heart and blood 

vessels. Diabetes-induced complications include retinopathy, nephropathy and peripheral 

and autonomic neuropathies, just to mention a few. Also, patients with diabetes have an 

increased incidence of atherosclerotic cardiovascular, peripheral arterial and cerebrovascu-

lar disease: insulin deficiency increases lipolysis and release of fatty acids into the blood 

stream which eventually causes rise in plasma lipoprotein, cholesterol and phospholipid 

levels. This can ultimately lead to development of atherosclerosis. (American Diabetes As-

sociation 2013; Guyton & Hall 2000, 888–889, 894–895.) 

An individual is considered to have prediabetes, i.e. increased risk for development of dia-

betes in the future, if their fasting plasma glucose (FPG) ranges from 100 mg/dl (5.6 

mmol/l) to 125 mg/dl (6.9 mmol/l) (called impaired fasting glucose (IFG)), 2-hour plasma 

glucose in the 75-g oral glucose tolerance test (OGTT) falls between 140 mg/dl (7.8 

mmol/l) and 199 mg/dl (11.0 mmol/l) (called impaired glucose tolerance (IGT)) or A1C is 



 

 

39

5.7–6.4 % (test for glycated hemoglobin that provides information on the average plasma 

glucose concentrations over the past three months). When the individual meets at least one 

of the following criteria, they are diagnosed to have diabetes: A1C ≥6.5% or FPG ≥126 

mg/dl (7.0 mmol/l) or 2-h plasma glucose ≥200 mg/dl (11.1mmol/l) during an OGTT or (in 

a patient with classic symptoms of hyperglycemia or hyperglycemic crisis) a random plasma 

glucose of ≥200 mg/dl (11.1 mmol/l). (American Diabetes Association 2013.) 

 

FIGURE 4. Types and stages of glycemic disorders. The degree of hypeglycemia may change over 

time and is a continuum between normoglycemia and severe hyperglycemia and a state of insulin 

defiency where insulin is required for survival. (American Diabetes Association 2013.)  

The different types of diabetes can be classified according to the etiology (i.e. the cause of 

the disorder), the pathogenic processes and the symptoms of the disease. Two main eti-

opathogenic categories can be distinguished: In the first category, named type 1 diabetes 

(also insulin-dependent diabetes or juvenile-onset diabetes), there is an absolute deficiency 

of insulin secretion, usually because of cellular-mediated autoimmune destruction of pan-

creatic (insulin-secreting) β-cells. This type of diabetes accounts for 5–10 % of all the cases 

of diabetes. On the contrary, diabetes of the other category, type 2 diabetes (also non-

insulin-dependent diabetes) results from the combination of resistance to insulin action in 
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the target tissues and an inadequate compensatory response of insulin secretion (relative 

insulin deficiency). This type of diabetes accounts for 90–95 % of all the cases of diabetes. 

In addition to these two categories there are also other types of diabetes that may either fall 

into one or the other of these categories or be separate of them. Examples of these are gesta-

tional diabetes, genetic defects of β-cells or insulin action, diseases of the exocrine pancre-

as, endocrinopathies, drug- or chemical-induced diabetes and infections, just to mention a 

few. (American Diabetes Association 2013.)  

5.2 Insulin deficiency, diabetes and energy metabolism 

Bearing in mind insulin’s key role in whole metabolism, it is not surprising that loss of insu-

lin action or insulin deficiency results in multiple changes in cellular function. These chang-

es include alterations in glucose and lipid metabolism and changes in gene expression and 

protein phosphorylation. Gene expression analysis of the skeletal muscles of insulin defi-

cient and healthy mice revealed that the largest functional group of genes, whose expression 

was altered in insulin deficient mice, comprised genes related to energy and substrate me-

tabolism. Also groups of genes related to transcriptional regulation and transport were al-

tered in insulin deficiency. As glucose and ketone bodies contribute less to energy metabo-

lism in diabetic skeletal muscle there is an increased need for fatty acid oxidation to meet 

the energy demands. Consequently the expression of many genes related to fatty acid oxida-

tion were up-regulated in insulin deficient mice. These genes include all the enzymes of β-

oxidation of fatty acids, HSL and proteins transporting LCFAs into and inside the cell. Con-

sistently, the genes involved in fatty acid synthesis and ketone body metabolism were down-

regulated in diabetic skeletal muscle. Although PPARα has been shown to up-regulate the 

enzymes of fatty acid oxidation, its expression was down-regulated in diabetic skeletal mus-

cle. This was supposed to result from of a tissue-specific change induced by diabetes or 

from opposing effects of hyperglycemia and loss of insulin signaling. (Yechoor et al. 2002.) 

Consistent with these results type 1 diabetic patients have been shown to have higher myo-

cardial fatty acid utilization, myocardial fatty acid oxidation (both absolute and relative) and 

lower myocardial glucose oxidation despite similar myocardial blood flow and plasma lac-
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tate and insulin levels. Plasma glucose (only slightly) and free fatty acid levels as well as 

myocardial oxygen consumption were higher in type 1 diabetic patients. (Herrero et al. 

2006.) In addition, muscle CPT activity has been found to be higher in type 1 diabetic sub-

jects compared with healthy subjects at rest, although in vitro 14C-palmityl CoA oxidation 

rates were similar at rest (Costill et al. 1979). 

Glucose disposal is impaired in diabetic skeletal muscle and this was seen also in the chang-

es in the expression of genes involved in glucose transport, uptake and metabolism. For ex-

ample GLUT4 expression and its translocation to plasma membrane may be impaired in 

diabetes. In addition, the expression of the rate limiting enzymes of glycolysis and the de-

hydrogenase component of PDH converting pyruvate to acetyl-CoA were down-regulated in 

insulin deficiency. (Silvennoinen 2004; Yechoor et al. 2002.) In diabetic skeletal muscle 

PDH activity would be inhibited even more due to accumulation of acetyl-CoA resulting 

from fatty acid oxidation and decreased functioning of citric acid cycle causing substantial 

decrease in glucose oxidation. Furthermore, the expression of α-1,4- to 1,6-glucan-

branching enzyme needed to normal glycogen formation was also decreased in insulin defi-

cient mice. (Yechoor et al. 2002.) 

As insulin promotes glucose transport into cells and its storage as glycogen by activating 

glycogen synthase, it can be assumed that skeletal muscle glycogen content would be de-

creased in diabetic compared to healthy muscle (Guyton & Hall 2000, 887; Saltiel & Kahn 

2001). Indeed, impaired glycogen synthase activity and capacity for glycogen synthesis and 

storage have been found in diabetic individuals (Bak et al. 1989; Shulman et al. 1990).  

In addition to previously reviewed changes in gene expression related to lipid and glucose 

metabolism, also gene expression related to the machinery for oxidative phosphorylation 

was altered in diabetes: the mRNA expression of the enzymes of electron transport chain 

were down-regulated in insulin deficient mice. These changes are likely to result in de-

creased capacity of the mitochondria to produce ATP and increased formation of reactive 

oxygen species. Some of all the above mentioned changes were responsive to insulin treat-
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ment. (Yechoor et al. 2002.) According to the previous findings of our laboratory, some 

of these adverse effects of diabetes on gene expression, e.g. involved in glucose transport, 

citric acid cycle and electron transport chain, may be reversed or at least ameliorated by 

endurance training (Silvennoinen 2004).  

5.3 Effects of diabetes and insulin deficiency on aerobic capacity 

Type 1 diabetes mellitus has been shown to be associated with impaired aerobic capacity (el 

Midaoui et al. 1996; Gusso et al. 2008; Ianuzzo et al. 1974; Komatsu et al. 2005). The data 

from former studies suggests that both central and peripheral alterations may contribute to 

impairment of aerobic capacity in diabetes.  

There are a number of studies suggesting that individuals diagnosed with T1DM have lower 

aerobic capacity in terms of maximal oxygen consumption and other cardio-respiratory pa-

rameters compared with healthy counterparts (Gusso et al. 2008; Komatsu et al. 2005; Ko-

matsu et al. 2010; Niranjan et al. 1997). For example, Komatsu et al. (2005) studied 118 

children and adolescents (both male and female) of which 72 had T1DM and the rest were 

healthy. They found that during an incremental treadmill test for maximal aerobic capacity, 

the diabetic subjects reached significantly lower values for all the parameters assessed, i.e. 

peak oxygen consumption (ml/kg/min), peak ventilation (btps), peak heart rate (beats/min) 

and time to exhaustion, compared to healthy controls. The groups studied did not differ sig-

nificantly from each other for any of the assessed demographic or clinical parameters (e.g. 

age, weight, height, BMI and gender distribution), except for HbA1c (%) (glycated hemo-

globin), that was obviously higher in diabetic subjects. (Komatsu et al. 2005.) In another 

study, maximal aerobic capacity and cardio-vascular responses to submaximal exercise 

were investigated in type 1 (n=12) and type 2 (n=8) diabetic female adolescents and com-

pared with obese (n=10) and non-obese (n=10) controls. Diabetic subjects were found to 

have lower VO2max (relative to body weight and fat free mass) and maximal heart rate in the 

maximal cycle ergometer test than non-diabetic controls despite similar reached maximal 

powers. In addition, during rest and submaximal exercise at fixed heart rate (100 and 120 
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bpm) type 1 diabetic subjects had lower cardiac output and stroke volume compared to 

non-diabetic controls. When indexed to fat free mass, the cardiac output and stroke volume 

responses of both type 1 and type 2 diabetic subjects to submaximal exercise were 30–40% 

lower than in the non-diabetic groups. (Gusso et al. 2008.) It has also been found that many 

of the impairments in aerobic capacity are less severe in normoglycemic than hyperglyce-

mic diabetic subjects (Niranjan et al. 1997).  

However, there are some studies that haven’t found any difference in aerobic capacity be-

tween diabetic and healthy subjects. For example, in a study by Fintini et al. (2012) cardio-

vascular capacity was similar between type 1 diabetic and healthy children even if the dia-

betic children were less active than their healthy counterparts. However, HbA1c negatively 

correlated with VO2 in multivariate analysis which might indicate a connection between 

glycemic control and cardiovascular performance. (Fintini et al. 2012.) Similarly, Veves et 

al. (1997) reported similar maximal oxygen uptake values for type 1 diabetic and healthy 

exercising individuals and for type 1 diabetic and healthy sedentary individuals. However, 

the exercising type 1 diabetic individuals with cardiac autonomic neuropathy had lower 

maximal oxygen uptake than the other exercised groups but similar to the sedentary groups. 

They concluded that diabetes in itself doesn’t affect the aerobic capacity in physically active 

individuals, and that the reduction in aerobic capacity could be due to neuropathy. As levels 

of physical activity or the presence of autonomic neuropathy weren’t reported in the studies 

reviewed above, the causes behind the impaired aerobic capacity can only be speculated. 

But, as was discussed by Gusso et al. (2008), the lower peak heart rate of the diabetic sub-

jects might be due to impaired autonomic response to exercise, or cardiac autonomic neu-

ropathy that lowers the normal exercise-induced heart rate response (Veves et al. 1997). 

This is also supported by the study of Costill et al. (1979) in which diabetic, not showing 

any symptoms of neuropathy, and non-diabetic subjects had similar pre-training values for 

VO2max and maximal heart rate in a maximal treadmill test. However, the possibility that the 

diabetic subjects just had lower physical activity levels prior to the studies cannot be fully 

excluded. 
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Diabetic skeletal muscle has been reported in numerous studies to have lowered oxidative 

capacity. For example, diabetes has been shown to result in impaired capacity to oxidize 

palmitate-1-[14C] and pyruvate, decreased activity of oxidative marker enzymes (e.g. citrate 

synthase, succinate dehydrogenase, and 3-hydroxyacyl-CoA dehydrogenase), lower myo-

globin content of skeletal muscle and slower production of ATP by mitochondria relative to 

the mitochondrial protein content. (el Midaoui et al. 1996; Ianuzzo et al. 1974; Kivelä et al. 

2006; Noble & Ianuzzo 1985.) Also, greater reliance on anaerobic glycolysis has been re-

ported in type 1 diabetic individuals at rest and during an isometric muscle contraction exer-

cise. In that study, the oxidative capacity of the muscles was evaluated by measuring the 

recovery rate of phosphocreatine (PCr) after a 30-s isometric contraction of ankle dorsiflex-

ors. Diabetic subjects had significantly lower rates of PCr replenishment indicating lower 

oxidative capacity of the muscles. (Crowther et al. 2003.) However, insulin deficiency has 

been shown to result in decreased expression of creatine kinase homologs, which could also 

account for impaired PCr replenishment (Silvennoinen 2004; Yechoor et al. 2002). 

A study comparing healthy and diabetic athletes and healthy and diabetic non-athlete con-

trols found that diabetic athletes had similar VO2max as healthy athletes but lower anaerobic 

thresholds. The authors speculated that this could be due to both metabolic issues, such as 

hyperglycemia and low lactic acid clearance during and after exercise, and respiratory prob-

lems. (Komatsu et al. 2010.) This is somewhat in accordance with the results of Crowther et 

al. (2003) who found greater reliance in anaerobic glycolysis, although the exercise mode 

was very different from the study of Komatsu et al. (2010).  

5.4 Effects of diabetes and insulin deficiency on responses to exercise 

Crowhter et al. (2003) reported greater reliance on anaerobic glycolysis during both rest and 

exercise in men with well-controlled type 1 diabetes compared with healthy counterparts. 

This was manifested by lower muscle pH at rest and during 120-s sustained isometric con-

traction of ankle dorsiflexors at 70–75 % of maximal voluntary contraction (MVC). In addi-

tion, during exercise, the pH dropped more quickly and the onset of glycolytic flux, meas-
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ured as the accumulation of glycolytic hydrogen ions, happened earlier in the diabetic 

subjects. The peak glycolytic flux rate was also found to be higher in diabetic subjects. 

(Crowther et al. 2003.) Type 1 diabetic athletes have been reported to have lower anaerobic 

thresholds than non-diabetic athletes despite similar VO2max values (Komatsu et al. 2010). 

This suggests that diabetic individuals might rely more on anaerobic glycolysis also during 

aerobic exercise of relatively high intensity.  

As already stated, diabetic individuals have been suggested to have impaired glycogen syn-

thase activity and capacity for glycogen synthesis and storage (Bak et al. 1989; Shulman et 

al. 1990).  In addition, low glycogen levels have been shown to result in increased fat oxida-

tion during exercise (Roepstorff et al. 2005). So, it could be assumed, that insulin deficiency 

would result in increased reliance on fat oxidation during exercise. This is supported by the 

fact, that capacity to use fatty acids seems to be higher in type 1 diabetes, measured at the 

levels of both gene expression and enzymatic activity (Costill et al. 1979; Yechoor et al. 

2002). 

According to the knowledge of the author, there are no studies available at present compar-

ing the acute responses to exercise at the level of intracellular signaling between healthy and 

type 1 diabetic individuals or animals. 

5.5 Training adaptations and beneficial effects of exercise  

Exercise has been shown to reverse many of the impairments in aerobic capacity, such as 

lowered VO2max and capacity of skeletal muscle to produce ATP aerobically, related to dia-

betes or insulin deficiency (Costill et al. 1979; el Midaoui et al. 1996; Ianuzzo et al. 1974; 

Kivelä et al. 2006a; Laaksonen et al. 2000; Noble & Ianuzzo 1985). In addition, exercise 

has been shown to have many other positive, health-related effects, such as improved gly-

cemic control, lipid profile and vascular function, in patients with type 1 diabetes. Thus, 

regular exercise has been recommended to individuals with diabetes. (Costill et al. 1979; 
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Fuchsjager-Mayrl et al. 2002; Laaksonen et al. 2000.) Training adaptations and some 

health benefits of exercise training for the diabetic patients will be discussed briefly below. 

Training adaptations. Endurance training has been proved to improve the aerobic capacity 

of type 1 diabetic individuals (Costill et al. 1979; Laaksonen et al. 2000). Costill et al. 

(1979) found that diabetic subjects not exhibiting any symptoms of neuropathy showed sim-

ilar adaptations to 10 weeks of endurance training (30 min on 5 days per week) as the 

healthy controls: Firstly, the VO2max of the diabetic subjects increased 11.0% while the in-

crease for the healthy controls was 12.9%. Secondly, the activities of enzymes lipoprotein 

lipase (LPL, hydrolysis of plasma TAGs), carnitine palmityltransferase (CPT, fatty acid 

transport to mitochondria), succinate dehydrogenase (SDH, citric acid cycle)) and hexoki-

nase (glycolysis) in skeletal muscle increased markedly during the training period and this 

increase was similar to both diabetics and healthy controls. Malate dehydrogenase (MDH, 

citric acid cycle) activity increased also with training but this increase was significant only 

for the non-diabetic subjects. Before training, both groups had similar capacities for 14C-

palmityl-CoA oxidation in skeletal muscle (measured in vitro) and the rate of oxidation in-

creased significantly with training for both groups indicating an increase in the capacity of 

muscles to oxidize lipids. However, after the training period the maximal rate of 14C-

palmityl CoA oxidation averaged 41% higher in diabetic subjects compared with healthy 

controls. (Costill et al. 1979.)  

Glycemic control. VO2max has been found to correlate inversely with HbAl and required 

insulin dose (Austin et al. 1993). In the study of Costill et al. (1979) the diabetic subjects 

were able to reduce their insulin dose 23% on average during the first two to three weeks of 

endurance training. Despite this reduction, the serum glucose concentration was significant-

ly lower after the 10 weeks of training. Also, serum concentration of triglycerides was sig-

nificantly reduced after the training period. Exercise training has also been found to restore 

the reported impaired glycogen synthase activity in diabetic individuals (Bak et al. 1989). 

When athletes and sedentary individuals with type 1 diabetes mellitus were compared, it 

was found that diabetic athletes had higher basal glycogen synthase activity compared with 
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sedentary diabetics. Glycogen synthase activity also correlated with VO2max. However, 

there were no differences in muscle glycogen content between athletes and sedentary sub-

jects and the difference in glycogen synthase activity disappeared during insulin infusion. 

Athletes had smaller insulin doses, potentially to avoid hypoglycemia, and it was suggested 

that the relative insulin deficiency increased the use of FFAs as a fuel, worsened hypergly-

cemia and possibly prevented improvement in insulin sensitivity. (Ebeling et al. 1995.)  

Lipid profile. Physical fitness and daily energy expenditure on aerobic activity have been 

found to be associated with better plasma lipid profile in type 1 diabetic individuals (Austin 

et al. 1993; Laaksonen et al. 2000). In a study investigating the relationship between physi-

cal fitness and lipid profile in type 1 diabetic adolescents, VO2max correlated inversely with 

blood cholesterol, LDL, triglycerides and lipoprotein(a) (Austin et al. 1993). In another 

study, daily energy expenditure on aerobic activity was found to correlate positively with 

serum apo A-I/apo B ratio and negatively with triglyceride levels. It also tended to correlate 

with HDL/total cholesterol ratio. In the same study, endurance training of 12–16 weeks re-

sulted in decrease in serum levels of total and LDL cholesterol and apolipoprotein B (apo 

B). This was accompanied by a concomitant increase in HDL and apo A-1 levels as well as 

in HDL/LDL, HDL/apo A-I and apo A-I/apo B ratios. When relative changes in different 

lipid parameters were compared, favorable changes in HDL/LDL and apo A-I/apo B ratios 

and apo B and triglyceride levels were significantly greater in the endurance trained group 

compared with control group. In addition, it seemed that the training-induced relative 

changes in the HDL/LDL and apo A-I/apo B ratios were greater in the individuals with low 

HDL/LDL levels at baseline. Also, apo B levels decreased more in individuals that were 

less physically active before the training period. (Laaksonen et al. 2000.) Even though, 

Laaksonen et al. (2000) did not find significant decrease in serum triglyceride levels after 

endurance training in type 1 diabetic subjects, this kind of result has been reported else-

where (Costill et al. 1979). These results suggest a positive effect of exercise on blood lipid 

profile, which might be especially beneficial for type 1 diabetic individuals already at higher 

risk for cardiovascular complications. 
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6 RESEARH QUESTIONS AND HYPOTHESES 

6.1 Research questions 

1. Are the key genes related to regulation of aerobic energy metabolism differently ex-

pressed (mRNA and protein level) or signaling pathways differently activated in gas-

trocnemius muscles of insulin deficient mice compared to healthy mice? 

2. What kind of acute effects does a single exercise bout have on the expression of the 

key genes (mRNA and protein level) and on the activation of signaling pathways re-

lated to regulation of aerobic energy metabolism in healthy and insulin deficient 

mice? Is the response different in insulin deficient mice compared to healthy mice? 

6.2 Hypotheses 

1. The expression of genes (PGC-1α, PDK4, CPT1 and sirtuins) and the activation of 

signaling pathways (AMPK) favoring fatty acid oxidation, are up-regulated or at 

similar level in the gastrocnemius muscles of insulin deficient mice compared to 

healthy mice.  

2. A single exercise bout acutely increases the expression of the genes favoring fatty 

acid oxidation in the gastrocnemius muscles of both healthy and insulin deficient 

mice but the response is more pronounced in insulin deficient mice. Consistently, the 

activation of the signaling pathways favoring fatty acid oxidation is more visible in 

the gastrocnemius muscles of the insulin deficient mice in comparison to healthy 

mice. 
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- AMPK and ACC phosphorylation increase in response to exercise and insulin 

deficiency. 

- p38 MAPK phosphorylation increases in response to exercise, but decreases in 

response to insulin deficiency alone. 

- mRNA and protein expression of PGC-1α, PDK4, CPT1B increase in response 

to exercise. 

- Sirtuin protein expression increases (Sirt1) or stays the same (Sirt3) in response 

to exercise.  

- The genes related to aerobic capacity (Cs and Cyt c) are down-regulated in insu-

lin deficiency but up-regulated in response to exercise. 
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7 MATERIALS AND METHODS  

7.1 Animals and experimental design 

All the experimental procedures were approved by the Animal Care and Use Committee of 

the University of Jyväskylä. Male NMRI mice (n = 64, Harlan, The Netherlands) aged 10–

15 weeks were used in this study. The mice were housed in standard conditions (tempera-

ture 22°C, humidity 60 ± 10 %, light from 8.00 am to 8.00 pm) and they were fed ad libi-

tum. The mice were randomly assigned into healthy or diabetic groups (figure 5). Experi-

mental type 1 diabetes was induced by a single intraperitoneal injection of streptozotocin 

(STZ, Sigma-Aldrich, France, 180 mg/kg), a compound that destroys pancreatic β-cells, 

dissolved in sodium citrate buffer solution (0.1 mol/l, pH 4.5). An injection of an equal vol-

ume, containing only citrate buffer, was administered to the healthy mice. The development 

of diabetes was confirmed with blood glucose test (HemoCue B-Glucose analyzer, Ängle-

holm, Sweden) three days after injection. The mice were considered diabetic when their 

blood glucose concentration exceeded 15 mmol/l. The mice were not treated with insulin 

during the experiment. 

  

FIGURE 5. Grouping of the mice for the experiment.  
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Ten days after injection both healthy and diabetic mice were further assigned into three 

groups. One healthy and one diabetic group (H and D) served as sedentary controls while 

the other groups performed 1 hour running exercise on a treadmill (speed 21 m/min with an 

incline of 2.5°). Of the exercise groups, one healthy and one diabetic group were sacrificed 

3 h (HE3 and DE3), and the other two groups 6 h post exercise (HE6 and DE6). The mice 

were familiarized with treadmill running prior to the experiment and only the mice capable 

of running on a treadmill were included in this study. Grouping was performed after the 

elimination of the mice not capable of running on a treadmill. 

7.2 Data collection and tissue preparation 

The mice were weighed and their plasma glucose concentration was measured (HemoCue 

B-Glucose analyzer, Ängleholm, Sweden) prior to and after the experiment. After the exper-

iment, the mice were killed by cervical dislocation. Gastrocnemius muscles were collected, 

snap frozen in liquid nitrogen and then stored at -80oC before further RT-PCR and Western 

blotting analyses. For RNA extraction, whole cross sections were taken from the distal part 

of the muscle in order to take the heterogeneity of the muscle sample into account. Whole 

gastrocnemius muscle was used for Western blot analyses. 

  

7.3 RNA extraction and reverse-transcription to cDNA 

Total RNA was extracted from the gastrocnemius muscles with TRIzol reagent (Invitrogen-

Life Technologies). Muscle samples were homogenized in TRIzol, which stabilizes RNA 

molecules and lyses cells and cell components. FastPrep® instrument (MP Biomedicals, 

California, USA) and compatible tubes were utilized for homogenization. Chloroform was 

added to the homogenate to separate it into two phases, organic and water phases, during 

centrifugation. Water phase containing the RNA molecules was collected and RNA was 

precipitated with isopropanol. RNA pellet was then dissolved in small amount of RNase 

free water (DEPC-water). The total RNA concentration as well as the purity of the samples 

were determined spectrophotometrically by measuring the absorbance of the samples at 
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wavelengths of 260 and 280 nm with NanoDrop spectrophotometer (Thermo Scientific, 

USA). Concentration was calculated with the formula A260nm * 40 µg/ml and the purity was 

determined from the ratio A260nm/A280nm. The purity was considered adequate when the ratio 

was 1.8–2.0. The integrity of RNA was confirmed with agarose-formaldehyde (1.2%) gel 

electrophoresis. The gel was imaged in UV light to visualize RNA stained with ethidium 

bromide. RNA was considered intact when two bands were visible on the gel: the upper 

band for 28S and the lower for 18S ribosomal RNA. Samples were stored at –80 ºC.  

After RNA extraction, RNA was reverse-transcribed to complementary DNA (cDNA) with 

a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, USA). This reaction 

requires an enzyme, reverse transcriptase, which produces single stranded DNA using RNA 

molecules as templates. In addition to the enzyme, the kit contains also random primers, 

nucleotides (A, T, C, G) and RT buffer to yield optimal chemical conditions for the reac-

tion. 

7.4 Quantitative real-time PCR 

TaqMan® Gene Expression Assay (Applied Biosystems) -based quantitative real-time PCR 

was used to analyze expression of the genes of interest using the ABI Prism Sequence De-

tection System 7300 (Applied Biosystems). TaqMan® primer and probe sets for Cs 

(Mm00466043_m1), CPT1B (Mm00487200_m1), PGC-1α (Mm00447183_m1), PDK4 

(Mm00443325_m1) and GAPDH (Mm99999915_g1) were designed and synthesized by 

Applied Biosystems. Primer pairs were designed so that they overlapped an exon–exon 

boundary to avoid interference from possible genomic DNA contamination. Each reaction 

contained 4 µl (containing 8 ng RNA equivalents, 2 ng RNAeq/µl) of sample, 1 µl of Taq-

Man® Gene Expression Assay (containing primers and probes), 10 µl of TaqMan® Mas-

termix (containing the enzyme, nucleotides and buffers, Applied Biosystems) and 5 µl of 

RNase free water, the total reaction volume being thus 20 µl.  The following thermal profile 

was applied to carry out the PCR reactions: +50 oC for 2 min for activation of the reaction, 

+95 oC for 10 min for denaturation, and then 40 cycles at +95 oC for 15 s, and +60 oC for 1 

min, for annealing and extension respectively. The expressions of target genes were quanti-
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fied according to the corresponding gene-specific standard curve. All samples were ana-

lyzed in triplicate.  

GAPDH was used as an endogenous control gene and the raw data of each gene was nor-

malized to the raw data of GAPDH to correct for potential variation in total RNA loading. 

GAPDH was chosen because its expression has been shown in microarray analysis to be 

stable in a study with similar experimental diabetes and exercise protocol (Kivelä et al. 

2006). In addition, the mRNA expression of GAPDH was in line with the picogreen results 

for total RNA content. GAPDH raw data was normalized to picogreen data and statistical 

analyses were carried out to evaluate the stability of GAPDH mRNA expression among the 

groups. Kruskall-Wallis P-value was 0.987 and the mean values and standard deviations 

were similar between the groups. So it can be concluded that the mRNA expression of 

GAPDH wasn’t affected by the experimental protocols.  

7.5 Muscle sample homogenization, protein extraction and total protein 

analysis 

For protein extraction, the gastrocnemius muscles were pulverized in liquid nitrogen. Ap-

proximately 50 mg of muscle powder was then weighed and 15-fold volume of Hepes ho-

mogenization buffer (20mM Hepes pH 7.4, 1mM EDTA, 5mM EGTA pH 7.4, 0,2% sodium 

deoxy cholate, 10mM MgCl2, 2mM DTT, 1% NP-40, 3% protease-phosphatase inhibitor 

(Halt Protease and Phosphatase Inhibitor Single-Use Cocktail #78443, Pierce Protein Biolo-

gy Products, Thermo Scientific), 1mM Na3VO4, 100mM β-glycerophosphate, ddH2O) was 

added for homogenization and protein extraction. The samples were rotated for 30 min at 

+4oC and then centrifuged at +4oC for 10 min at 10 000 g in order to separate the insoluble 

material to the bottom of the tube. Supernatants were collected and stored at -80oC for fur-

ther analysis. Total protein concentrations of the samples were determined with protein 

BCA kit (Pierce™ BCA Protein Assay Kit, #23227) using automated Konelab 20 XTi de-

vice (Thermo Scientific, Vantaa, Finland). 
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7.6 Western blotting protein analysis 

SDS-PAGE. Changes in expression and activities of key proteins in regulation of fatty acid 

oxidation were analyzed with western blotting. The samples were diluted so that 15 µl con-

tained 40 µg of total protein. Then 3 µl of 6x sample buffer (1.5 ml glycerol, 750 µl β-

mercaptoethanol, 1.0 g SDS, 940 µl 1 M Tris (pH 6.8), 0.6 mg bromophenol blue, ddH2O to 

attain end volume of 5 ml) or 15 µl of 2x Laemmli sample buffer (Bio-Rad #161-0737) with 

5% β-mercaptoethanol was added and the samples were centrifuged briefly and then heated 

for 10 min at 95oC. 6x sample buffer was used for the analysis of proteins p-ACC, ACC, p-

AMPK, AMPK, Cyt c and Sirt1, 3 and 6, and 2x Laemmli sample buffer for the analysis of 

PGC-1α, PDK4, CPT1B, p-p38 MAPK and p38 MAPK. After heating, the samples were 

centrifuged again briefly and put back on ice for 5 minutes. Samples were loaded to the gel 

(4–20% CriterionTM TGXTM Precast Gels, Bio-Rad #567-1094), so that each well contained 

approximately 40 µg total protein. First well of each gel was also loaded with molecular 

weight marker (OdysseyTM Protein Molecular Weight Marker (10–250 kDa) P/N 928-40000 

or Precision Plus ProteinTM Dual Color Standards, Bio-Rad #161-0374). Electrophoresis 

chamber was filled with EF running buffer (2.5 mM Tris Base, 19.2 mM glycine, 0.01% 

SDS, ddH2O) an electrophoresis was run with voltage of 250 V, for approximately 45 

minutes, at +4oC on ice. SDS-PAGE is based on the negative charge of SDS and the migra-

tion of proteins in the gel when voltage gradient is applied: SDS binds to proteins and in 

consequence, proteins get a negative charge that is proportional to their size and molecular 

weight. In gel electrophoresis, proteins are exposed to voltage gradient in which proteins 

start to migrate towards the anode. Smaller proteins migrate more quickly through the gel 

and consequently, proteins become separated according to their size/molecular weight.  

Blotting. After SDS-PAGE proteins were transferred from gel to an absorbent membrane in 

a process called blotting. Nitrocellulose membrane (Hybond ECL, GE Healthcare Life Sci-

ences, RPN303D) was used for proteins Sirt1, 3 and 6, AMPK (total and phospho), ACC 

(total and phospho) and Cyt c and PVDF (Hybond-P, GE Healthcare Life Sciences, 

RPN303F) for p38 MAPK (total and phospho), PGC-1α, PDK4 and CPT1B. Gel was bal-
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anced in transfer buffer (2.5 mM Tris Base, 19.0 mM glycine, (pH adjusted to 8.3 with 

HCl), 10% methanol, ddH2O) for 15–30 minutes. Membrane sheets were activated either 

with distilled water for 10 minutes (nitrocellulose) or methanol for 10 seconds (PVDF). Af-

ter activation, membrane sheets were also balanced in transfer buffer for ~15 minutes. Then 

the blotting sandwich was built: a scotch-brite pad and a sheet of blotting paper were im-

mersed in transfer buffer. The gel was then placed onto the blotting paper and membrane 

sheet onto the gel. All the air bubbles were carefully removed. Then another sheet of pre-

soaked blotting paper and a pad were placed onto the membrane and blotting cassette was 

closed. Cassettes were immersed in transfer buffer in the blotting chamber so that the side of 

the membrane was against the anode of the chamber. An ice brick was placed into the 

chamber to avoid excessive heating during blotting. Blotting was performed with electric 

current of 300 mA, for approximately 2.5 hours, at +4oC on ice. Magnetic mixing was used 

to stir the transfer buffer during blotting.  

Blocking, antibodies and detection. After blotting, membranes were stained with Ponceau S 

to confirm successful transfer and to enable later quantitation of relative total protein con-

tent of each lane. Membranes were imaged with Molecular Imager ChemiDoc XRS System 

(Bio-Rad) and Quantity One 4.6.3 -software (Bio-Rad). Then membranes were cut into 

strips at appropriate sites so that each strips contained only one, or in certain cases two, pro-

teins of interest. The strips were blocked for 1–2 hours at room temperature in gentle rock-

ing with either Odyssey™ Blocking Buffer (Li-Cor, P/N 927-40000) (p-AMPK, AMPK, 

Cyt c, Sirt3), TBS containing 5% non-fat dry milk (p-ACC, ACC, Sirt1, Sirt6) or TBS-

Tween (TBS + 0.1% Tween20) containing 5% non-fat dry milk (CPT1B, p-p38 MAPK, p38 

MAPK, PDK4, PGC1α). After blocking, strips were incubated with primary antibodies 

overnight at +4oC in gentle rocking. See appendix 1. for more detailed information on the 

antibodies. 

The next day, strips were rinsed and washed 4 x 5 minutes with TBS-Tween and then incu-

bated with secondary antibodies for 1 hour at room temperature in gentle rocking. Either 

fluorescently labelled IRDye® secondary antibodies or HRP-conjugated secondary antibod-
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ies (see appendix 1) were used. When fluorescently labelled IRDye-antibodies were used, 

strips were protected from light from this point on. After secondary antibody incubation, 

strips were again rinsed and washed 5 x 5 minutes with TBS-Tween. When fluorescently 

labelled IRDye-antibodies were used, strips were then scanned with Odyssey® CLx Imager. 

When HRP-conjugated secondary antibodies were used, strips were incubated for 5 minutes 

with detection kit (SuperSignal West Femto Maximum Sensitivity Substrate, Pierce Protein 

Biology Products, Thermo Scientific #34096). The strips were then imaged with Molecular 

Imager ChemiDoc XRS System (Bio-Rad) and Quantity One 4.6.3 -software (Bio-Rad) 

with varying exposure times/lengths of exposure. 

Stripping. In certain cases blots needed to be stripped to remove the bound antibodies and to 

enable the detection of another protein from the same strip. Two different protocols were 

used: In the first protocol, right after scanning the blots were washed for 10 minutes with 

TBS. Then, the blots were stripped with Restore™ Western Blot Stripping Buffer (Thermo 

Scientific, #21059) for 10 minutes at room temperature in moderate rocking. After strip-

ping, the blots were washed for another 10 minutes. This protocol was used to strip p-

AMPK and to detect total AMPK. In the other protocol, blots were incubated with Re-

store™ Western Blot Stripping Buffer (Thermo Scientific, #21059) for ~20 minutes at room 

temperature in moderate rocking. Then, blots were rinsed five times with distilled water and 

subsequently washed 3 x 5 minutes with TBS-Tween. This protocol was applied to strip p-

p38 MAPK and to detect total p38 MAPK. After these stripping procedures, all the steps 

starting from blocking were repeated with new antibodies.   

Quantitation and data analysis. To determine the relative quantities of each protein in each 

sample, protein bands were quantified with Quantity One 4.6.3 -software (Bio-Rad) for pro-

teins detected with ECL and with Image Studio Software (Li-Cor) for proteins detected with 

infrared fluorescence (Odyssey®). Quantitation is based on the relationship between the in-

tensity and area of the light signal and the amount of protein. The larger the quantity of pro-

tein, the more antibody will bind which results in bigger and the more intensive the band. 

The bands were defined as accurately as possible, and the software then determined a value 
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for each band based on the intensity and area of the band. In case there were some non-

specific background bands, the correct band for quantitation was chosen according to the 

molecular weight marker and the knowledge on the size of the protein based on literature 

(appendix 1). In addition, actin band (42 kDa) was quantified from Ponceau S stained mem-

branes for total protein normalization purposes (figure 6). 

                     

FIGURE 6. Example of Ponceau S staining. 

The raw data for each protein was normalized with Ponceau S staining of the same mem-

brane to exclude the effect of potential differences in total protein loading. Ponceau S stain-

ing was chosen for normalization because it represents the total protein loading and, in addi-

tion, the mean values did not differ between groups. Then the values obtained for each sam-

ple were divided by the mean value of the control samples of the same gel to minimize the 

effect of gel to gel variation.  

7.7 Statistical analysis 

For repeated measurements (plasma glucose and body weight) both absolute and relative 

changes were calculated. For mRNA and protein expression measurements, relative differ-

ences between sedentary and exercised groups of same health status were calculated to 

evaluate differences in responses to exercise between healthy and insulin deficient mice. 

Statistical analyses were carried out using IBM SPSS Statistics 20.0 for Windows (SPSS, 

Chigago, IL, USA). The Shapiro-Wilk test was used to test whether the variables were nor-

mally distributed and the Levene's test was used to analyze the homogeneity of variances. 

Due to small group size and random violations in the normal distribution assumption, non-

parametric tests were chosen. Kruskall-Wallis test with Mann-Whitney U-test was used to 

analyze differences between the groups. For repeated measurements, the significances of the 

42 kDa → 
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PRE–POST changes were analyzed with Wilcoxon Matched-Pairs Signed-Ranks test. 

Significance level was set to p < 0.05. All the results are expressed as mean ± standard de-

viation (SD) unless otherwise stated. 
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8 RESULTS 

8.1 Body weight and plasma glucose concentration 

In the beginning of the experiment there were no significant differences in the body weight 

between the groups. The body weight of the insulin deficient mice decreased significantly (p 

< 0.05, p < 0.01 and p < 0.01 in groups D, DE3 and DE6 respectively) during the experi-

ment regardless of the group. The reductions in body weight were 9.5 ± 9.8%, 7.7 ± 5.9% 

and 11.2 ± 6.0% for the groups D, DE3 and DE6 respectively. In healthy mice the body 

weight either did not change (groups C and HE3) or increased slightly (2.8 ± 4.7%) but sig-

nificantly (group HE6, p < 0.05) during the experiment. After the experiment the insulin 

deficient mice were significantly (p < 0.01 when compared with healthy controls and p < 

0.05 when compared to healthy exercised counterparts of the same time point) lighter than 

the healthy counterparts regardless of the exercise status. The body weights of the mice with 

same health status weren’t significantly different after the experiment. 

In the beginning of the experiment plasma glucose concentrations were similar among the 

healthy groups. The same was true for the insulin deficient groups. However, the insulin 

deficient mice had significantly (p < 0.001) higher plasma glucose concentrations than the 

healthy mice both in the beginning and at the end of the experiment. The plasma glucose 

concentration of the control group and one of the healthy exercised groups (HE3) increased 

significantly (p < 0.01) during the experiment. In the group HE6, plasma glucose concentra-

tion tended to increase during the experiment but the change was not significant (p < 0.1). 

The post-experiment values for plasma glucose weren’t significantly different between the 

healthy groups. Contrary to the healthy mice, the plasma glucose concentration of the insu-

lin deficient mice decreased significantly (p < 0.01) during the experiment in all groups 

(~28% on average). The post-experiment values for plasma glucose were similar among the 

insulin deficient groups. Plasma glucose concentrations are presented in the figure 7. 
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FIGURE 7. The changes in the plasma glucose concentration during the experiment (n = 64). ** 

indicates significant difference between PRE- and POST-values, p < 0.01. 

8.2 Gene expression at mRNA level 

PGC-1α. Three hours after acute exercise PGC-1α mRNA expression was significantly (p < 

0.001) higher, almost three-fold, in healthy exercised group compared to control mice 

(figure 8). Six hours after exercise the expression was still significantly (p < 0.001) higher 

compared to control mice but the expression was significantly lower than three hours after 

exercise (p < 0.05) being only two-fold compared to control mice. The expression of PGC-

1α wasn’t different between healthy and insulin deficient sedentary mice. In insulin 

deficient mice the expression of PGC-1α was also significantly (p < 0.001) higher three 

hours after acute exercise compared to both healthy and insulin deficient sedentary 

counterparts, but contrary to healthy mice, the elevated expression was sustained until six 

hours after exercise (p < 0.001)  being almost four-fold compared to healthy and insulin 

deficient sedentary controls (p < 0.001 for both time points). The expression of PGC-1α was 

significantly higher both three (p < 0.05) and six hours (p < 0.01) after exercise in insulin 

deficient mice compared to healthy exercised counterparts. Also, when relative differences 

between sedentary and exercised groups of same health status were compared, insulin 

**            ** 

 **            **           ** 
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deficient mice had significantly more pronounced responses to exercise at both time 

points observed (p < 0.05 three hours after exercise and p < 0.01 six hours after exercise).  

 

FIGURE 8. PGC-1α mRNA expression in healthy and insulin deficient mice three and six hours 

after acute exercise compared with sedentary controls (n = 64). *** = significantly different from 

control group (p < 0.001). ††† = significantly different from sedentary insulin deficient group (p < 

0.001).  

PDK4. There were no significant differences in PDK4 mRNA expression between healthy 

and insulin decifient sedentary mice (figure 9). In healthy mice, exercise did not cause any 

changes to PDK4 mRNA expression at the time points observed. In insulin deficient mice, 

however, the expression of PDK4 was significantly higher both three (p < 0.01 compared 

with control mice and p < 0.05 compared with diabetic controls) and six hours (p < 0.001 

compared with control mice and p < 0.01 compared with diabetic controls) after exercise 

compared with healthy and insulin deficient sedentary counterparts. There was no 

significant difference between the time points. In addition, when relative differences 

between sedentary and exercised groups of same health status were compared, insulin 

deficient mice tended (p < 0.1) to have greater response to exercise in PDK4 expression 

compared to healthy mice both three and six hours after exercise (p = 0.056 and p = 0.059 

respectively).  
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FIGURE 9. PDK4 mRNA expression in healthy and insulin deficient mice three and six hours after 

acute exercise compared with sedentary controls (n = 64). ** and *** = significantly different from 

control group (p < 0.01 and p < 0.001). † and †† = significantly different from sedentary insulin 

deficient group (p < 0.05 and p < 0.01). 

CPT1B. There were no significant differences between the groups in CPT1B mRNA ex-

pression at the time points observed (figure 10). However, the insulin deficient mice had 

signifiantly (p < 0.05) more pronounced response to exercise in CPT1B expression than the 

healthy mice. This was visible six hours after the cessation of exercise. 

 

FIGURE 10. CPT1B mRNA expression in healthy and insulin deficient mice three and six hours 

after acute exercise compared with sedentary controls (n = 64).  
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Citrate synthase. The mRNA expression of citrate synthase was significantly lower (p < 

0.05) in insulin deficient sedentary mice compared to healthy controls (figure 11). Three 

hours after exercise, insulin deficient mice still tended to have lower expression of Cs com-

pared with healthy controls but this difference did not reach statistical significance (p < 0.1).  

The exercised groups did not differ significantly from sedentary counterparts regardless of 

the health status in terms of citrate synthase mRNA expression at the time points observed. 

The same was true, when only exercised groups were compared to one another. However, 

six hours after exercise bout, insulin deficient mice tended to have lower Cs expression 

compared to healthy exercised mice (p < 0.1).   

 

FIGURE 11. Citrate synthase mRNA expression in healthy and insulin deficient mice three and six 

hours after acute exercise compared with sedentary controls (n = 64). * = significantly different from 

control group (p < 0.05). 

8.3 Protein expression and phosphorylation 

In healthy mice, AMPK phosphorylation level was significantly decreased (p < 0.05) six 

hours after exercise compared to healthy controls. Insulin deficient sedentary mice did not 

differ significantly from healthy controls. However, the decrease in AMPK phosphorylation 

after exercise wasn’t seen in insulin deficient mice. The ratio of phosphorylated AMPK and 

total AMPK followed the same pattern but without any statistical significances. Neither 
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insulin deficiency nor acute exercise seemed to induce any significant changes in AMPK 

protein expression.  

 

FIGURE 12. AMPK protein phosphorylation (left) and expression (right) in healthy and insulin 

deficient mice three and six hours after acute exercise compared with sedentary controls (n = 60). * 

= significantly different from control group (p < 0.05).  

 

FIGURE 13. ACC protein phosphorylation (left) and expression (right) in healthy and insulin defi-

cient mice three and six hours after acute exercise compared with sedentary controls (n = 59). 

Despite the significant decrease in AMPK phosphorylation there weren’t any significant 

changes in ACC phosphorylation in response to exercise (figure 13). Neither did insulin 

deficiency have any significant effect on ACC phosphorylation. However, insulin deficient 

mice tended to maintain ACC phosphorylation level higher after exercise than healthy 

counterparts, but exercise did not change ACC phosphorylation in insulin deficient mice 
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either. Neither acute exercise nor insulin deficiency elicited any changes in ACC protein 

level.  

In healthy mice, acute exercise bout did not induce any significant changes to p38 

phosphorylation or expression (figure 14). In addition, sedentary insulin deficient mice did 

not differ from the healthy controls in terms of p38 phosphorylation or expression. 

However, in insulin deficient mice p38 phosphorylation level was significantly lower in 

exercised mice three hours after exercise compared with both healthy and insulin deficient 

controls. The phosphorylation status tended to be lower also when compared with healthy 

exercised mice at the same time point (p < 0.1). The same tendency to lower 

phosphorylation status in insulin deficient exercised mice compared with healthy controls 

extended to the time point six hours after exercise but the difference did not reach statistical 

significance (p < 0.1). The expression of p38 seemed to follow the same pattern as the 

phosphorylation status but without significant differences. Total p38 tended to be lower in 

insulin deficient mice six hours after exercise compared with healthy sedentary controls (p < 

0.1).    

 

FIGURE 14. p38 MAPK protein phosphorylation (left) and expression (right) in healthy and insulin 

deficient mice three and six hours after acute exercise compared with sedentary controls (n = 60). * 

= significantly different from control group (p < 0.05). † = significantly different from sedentary 

insulin deficient group (p < 0.05). 
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The protein expression of PGC-1α stayed the same across the healthy groups in spite of 

acute exercise bout (figure 15). Neither did insulin deficiency in itself induce any change in  

PGC-1α expression. However in exercised insulin deficient mice the expression on PGC-1α 

was significantly lower (p < 0.05) three hours after exercises compared with healthy 

exercised counterparts of the same time point and tended to be lower compared with healhy 

controls (p < 0.1). Similarly, the expression of PGC-1α was significantly lower in insulin 

deficient mice six hours after exercise compared to healthy control group but it only tended 

to be lower compared with healthy exercised counterparts of the same time point (p < 0.1). 

However, the expression of PGC-1α did not differ significantly between sedentary and 

exercised insulin deficient mice. 

 

FIGURE 15. PGC-1α protein expression in healthy and insulin deficient mice three and six hours 

after acute exercise compared with sedentary controls (n = 60). * = significantly different from 

control group, p < 0.05; ‡ = significantly different from healthy exercised group of the same time 

point, p < 0.05. 

The protein expressions of PDK4 (figure 16), CPT1B (figure 17) or Cyt c (figure 18) 

weren’t significantly affected by neither exercise protocol nor insulin deficiency in this 

experimental design.  
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FIGURE 16. PDK4 protein expression in healthy and insulin deficient mice three and six hours after 

acute exercise compared with sedentary controls (n = 60).  

 

FIGURE 16. CPT1B protein expression in healthy and insulin deficient mice three and six hours 

after acute exercise compared with sedentary controls (n = 60).  
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FIGURE 18. Cyt c protein expression in healthy and insulin deficient mice three and six hours after 

acute exercise compared with sedentary controls (n = 60). 

Neither exercise nor insulin deficiency seemed to have any significant effect on the expres-

sion of the studied sirtuin proteins (figures 19 and 20). 

 

FIGURE 19. Sirt1 protein expression in healthy and insulin deficient mice three and six hours after 

acute exercise compared with sedentary controls (n = 60). 
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FIGURE 20. Protein expression of Sirt3 and Sirt6 in healthy and insulin deficient mice three and six 

hours after acute exercise compared with sedentary controls (n = 60). 
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9 DISCUSSION 

The purpose on the present study was to examine the acute effects of a single exercise bout 

on the expression of genes and on the activation intracellular signaling pathways involved in 

fatty acid oxidation in gastrocnemius muscles of healthy and insulin deficient mice. The 

main finding of the study was that insulin deficient mice have more pronounced exercise-

induced responses in mRNA expression of genes related to increased fatty acid oxidation 

(PGC-1α, PDK4 and CPT1B). However, the changes in mRNA expression did not reflect to 

protein level.  

Gene expression is a process that is strictly regulated at multiple steps. First of all, gene 

transcription in nucleus is in itself under tight regulation, e.g. by chromatin structure and 

transcription factors. After transcription, formed transcript needs to be processed and then 

transported to cytoplasm for translation. So, transcription and translation are separated from 

one another in space and time. Even after having been transported to cytosol, immediate 

initiation of translation is not guaranteed: translation is regulated by many proteins that may 

either promote or repress the initiation of translation. In addition, small RNAs called mi-

croRNAs may interact with mRNAs and either degrade them or prevent their translation. 

After translation, the newly formed polypeptide needs still to be folded and processed be-

fore it takes its functional form. Moreover, some proteins require also some post-

translational modifications, such as phosphorylation, to be fully activated. (Nelson & Cox 

2013, 1136, 1155, 1175–1180, 1184–1185.)  This explains why it is possible that not all 

stimuli that induce changes in mRNA expression result in immediate changes in protein 

expression and why even changes in protein expression don’t always induce physiological 

or metabolic responses.  

The whole signaling network studied in this thesis is overviewed in figure 21. The following 

parts of discussion will focus on each branch of it one at the time. 
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FIGURE 21. Overview of the studied signaling network.  

9.1 Effects of insulin deficiency on signaling and oxidative capacity 

Insulin deficient mice lost weight significantly during the experiment and were significantly 

lighter after the experiment compared with healthy mice. This is in line with previous stud-

ies using the same experimental model of type 1 diabetes (Hulmi et al. 2012; Kivelä et al. 

2006). Insulin deficient mice had also dramatically higher plasma glucose concentrations 

than healthy mice both in the beginning and at the end of the experiment. This result was 

expected as the insulin deficient mice with too low glucose concentration were excluded 

from the study. However, it is interesting that blood glucose concentration of the insulin 

deficient mice decreased significantly during the experiment while that of healthy mice even 

increased. The mechanisms underlying this response can be only speculated. It is possible 

that the glucose concentration increased to high values acutely after destruction of pancreat-

ic β-cells and the consequent cessation of insulin secretion, but some compensatory mecha-

nisms were activated after the acute phase of insulin deficiency. The decrease was of similar 

magnitude in all the insulin deficient groups so it is not probable that the decrease was due 
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to the exercise bout. In humans this kind of effect is known as “honeymoon remission”, 

i.e. partial remission phase, which is characterized by improved glycemic control and re-

duced insulin requirement, due to a boost in the residual β-cell function in order to compen-

sate for the already destroyed β-cells (Abdul-Rasoul et al. 2006). In the case of untreated 

experimental type 1 diabetes in mice this may be also due to some other, yet unknown com-

pensatory mechanisms that are launched after the destruction of β-cells, but none of these 

possible explanations can be confirmed. 

Consistently with the previous microarray results of our laboratory, insulin deficient mice 

had lower basal citrate synthase expression compared with healthy mice (Silvennoinen 

2004). This could indicate impaired functioning of citric acid cycle and thus impaired ca-

pacity to produce ATP aerobically in insulin deficient mice, as also decreased citrate syn-

thase activity has been reported in insulin deficient mice with the same experimental model 

of type 1 diabetes. In these studies, endurance training was shown to restore citrate synthase 

mRNA expression and activity. (Kivelä et al. 2006b; Silvennoinen 2004.) In this study, 

however, a single bout of exercise did not elicit any significant increase in citrate synthase 

mRNA expression in insulin deficient mice. However, after exercise, citrate synthase 

mRNA expression did not differ significantly from healthy controls either, suggesting po-

tentially a partial restoration in citrate synthase mRNA expression. It is thus suggested, that 

a single bout of endurance exercise isn’t probably enough to elicit substantial increases in 

citrate synthase expression in insulin deficient mice, at least in the six-hour time frame used 

in this study, and repeated exercise bouts are potentially required to induce significant in-

crease in citrate synthase mRNA expression. The responses to exercise were of similar 

magnitude and also non-significant in healthy mice.  

Partially contrary to the hypotheses, there weren’t any significant differences in the basal 

protein levels or protein phosphorylation between healthy and insulin deficient mice. The 

hypothesis was that insulin deficient mice would have increased AMPK phosphorylation 

because of cellular energy stress, and decreased p38 MAPK phosphorylation as this kind of 

an effect has been shown in another experiment using the same experimental model of type 
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1 diabetes. In that other study, however, the mice had higher blood glucose concentra-

tions despite similar duration of insulin deficiency. (Hulmi et al. 2012.) If diabetes was 

more severe in the other study, it might also explain the differences in the activation of sig-

naling pathways. 

Gene expression analyses have revealed that genes related to electron transport chain and 

oxidative phosphorylation, such as Cyt c, are down-regulated in streptozotocin-induced ex-

perimental type 1 diabetes, indicating impaired capacity for aerobic ATP production 

(Yechoor et al. 2002). Contrary to these results, the present study did not find any decrease 

in Cyt c protein expression in insulin deficient mice. This is contradictory to the assumption 

that insulin deficiency results in impaired capacity to oxidative phosphorylation. However, 

PGC-1α and AMPK seem to play a role in Cyt c expression (Bergeron et al. 2001; Calvo et 

al. 2008; Geng et al. 2010; Leick et al. 2008). In this study, insulin deficiency did not cause 

any baseline changes to PGC-1α expression or AMPK expression or phosphorylation, 

which is in line with Cyt c expression. This may indicate that the capacity to electron 

transport and oxidative phosphorylation wasn’t impaired in these mice. However, this 

doesn’t exclude the possibility that the expression of some other proteins involved in these 

processes, but not analyzed in this study, might have changed.      

9.2 Effects of exercise and insulin deficiency on mRNA and protein ex-

pression 

PGC-1α plays a crucial role in regulation of aerobic metabolism in skeletal muscle. Exer-

cise, both endurance and high-intensity interval exercise, has been shown to increase PGC-

1α expression at mRNA and protein level (Akimoto et al. 2005; De Filippis et al. 2008; 

Gibala et al. 2009; Terada et al. 2002; Terada & Tabata 2004; Terada et al. 2005). Con-

sistent with previous studies, this study showed a substantial increase in PGC-1α mRNA 

expression elicited by exercise in both healthy and insulin deficient mice. The effect was 

even more pronounced and sustained in insulin deficient mice. However, contrary to our 

hypotheses and existing research evidence, exercise did not have any significant effect on 



 

 

74

PGC-1α protein expression in healthy mice and it almost decreased in insulin deficient 

mice. Previously, prolonged running exercise has been shown to increase PGC-1α protein 

content in rat soleus, plantaris and red gastrocnemius muscles but not in white gastrocnemi-

us. This effect was observed six hours after exercise. (Terada & Tabata 2004.) In another 

study, aerobic interval exercise resulted in increased PGC-1α mRNA and protein expression 

already 30 minutes after exercise with a more pronounced increase observed five hours after 

exercise. This effect was delayed and blunted in insulin resistant, non-diabetic subjects for 

mRNA expression and increase in protein content was totally prevented. (De Filippis et al. 

2008.) As the time frames used in these experiments are similar to the present study, the 

differences in the results may be explained by the differences in the exercise protocol and 

studied muscles. In the present study, the mice ran on a treadmill for one hour at relatively 

high speed (21 m/min with an incline of 2.5°) while in the study of Terada and Tabata 

(2004) the exercise protocol consisted of two subsequent bouts of three hours of running at 

low intensity (13 m/min, no incline) separated by 45 minutes of rest (a total of six hours of 

running). It could be speculated that either more prolonged and lower intensity exercise is 

more optimal to induce PGC-1α protein expression and the present protocol was insufficient 

to induce translation from mRNA to protein, or that there was just more time for translation 

as PGC-1α mRNA expression increases already during prolonged exercise (Akimoto et al. 

2005). However, this explanation is not in line with the results of De Filippis et al. (2008), 

who had rather intensive 48-minute exercise protocol. In the present study, only gas-

trocnemius muscle (including both red and white parts) was analyzed for mRNA and pro-

tein expression. Hence, another possibility is that there actually was an increase in PGC-1α 

protein content in the red part of gastrocnemius but the effect was diluted by “non-

responsive” white part of gastrocnemius. Again, this assumption somewhat contrasts the 

results of De Filippis et al. (2008) who took biopsies from vastus lateralis that can be as-

sumed to be also a muscle consisting of different types of muscle fibers. In addition PGC-1α 

mRNA has been found to increase also in white gastrocnemius, but the response being 

somewhat blunted compared with soleus (Leick et al. 2008). All in all, it is possible that the 

exercise intensity in the study by Terada and Tabata (2004) was so low, that white gas-

trocnemius wasn’t sufficiently recruited to elicit any responses in gene expression, and thus, 
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fiber type composition is probably not the explanation for not seeing exercise-induced 

increase in PGC-1α.   

To support further the previous assumption, this latter speculation of muscle fiber types 

doesn’t explain the discrepancy between mRNA and protein level results. Besides, this is 

not the only study not reporting changes in skeletal muscle PGC-1α protein content despite 

increase in mRNA expression: for example Gibala et al. (2009) did not find any increase in 

PGC-1α protein despite substantial increase in PGC-1α mRNA in human vastus lateralis 

muscle three hours after high-intensity interval exercise on a cycle ergometer. Another 

study reported similar results after 180 minutes of moderate intensity cycling exercise. 

However, in this latter study, muscle biopsies were taken immediately after exercise and 

PGC-1α protein content tended to increase although the change wasn’t statistically signifi-

cant. (Watt et al. 2004.)   

One possible explanation to discrepancy between PGC-1α mRNA and protein level results 

may lie behind the different regulation of different PGC-1α isoforms, i.e. splice variants. 

The antibody used to detect PGC-1α protein recognized the PGC-1α1 splice variant while 

the primer probes used to detect PGC-1α mRNA recognized splice variants PGC-1α1 and 

PGC-1α4. PGC-1α1 originates from the proximal promoter of PGC-1α whereas PGC-1α4 

originates from alternative promoter both of which are activated during exercise. The prox-

imal promoter is more dependent on AMPK activation while the alternative promoter is also 

influenced by β-adrenergic stimulation. (Norrbom et al. 2011; Ruas et al. 2012; Ydfors et al. 

2013.) Catecholamine levels were not analyzed in this experiment, but it could be speculat-

ed that as there were no differences in PGC-1α protein content, the induction of PGC-1α4 

from the alternative promoter might account for the increase in PGC-1α mRNA level. Simi-

larly to the other suggested explanations, this assumption can be discussed but not con-

firmed without additional studies. Type 1 diabetics have been found to have increased plas-

ma catecholamine responses to exercise compared with healthy controls (Tamborlane et al. 

1979). So if the insulin deficient mice had higher catecholamine response to exercise in this 
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study, it could explain the higher response in PGC-1α mRNA and support the assumption 

that this response was due to induction of the alternative promoter.      

PDK4 is an enzyme that phosphorylates and thus inhibits the rate-limiting enzyme, PDH, in 

glucose oxidation and thus switches substrate use from CHO to fat oxidation (Nelson & 

Cox 2013, 654). It has been established that PGC-1α directly induces PDK4 gene expres-

sion in an ERRα dependent manner and that this effect is independent of PPARα (Araki & 

Motojima 2006; Wende et al. 2005). Two bouts of exercise, performed on two consecutive 

days, have been shown to induce both PGC-1α and PDK4 mRNA expression 12 hours after 

the last bout in mouse gastrocnemius muscles. A single bout of acute exercise has been 

found to increase the mRNA expression of PGC-1α already one hour after exercise followed 

by increased PDK4 mRNA three hours after exercise. PGC-1α mRNA expression was still 

elevated three hours after exercise compared with sedentary state, but it had reduced from 

over 12-fold two three-fold elevation. (Wende et al. 2005.) In humans, PDK4 mRNA ex-

pression has been found to increase after acute bouts of both endurance and resistance exer-

cise (Yang et al. 2005). In this study, exercise-induced increase in PDK4 mRNA was seen 

only in insulin deficient mice.  

The acute increase in PGC-1α mRNA expression observed in this study is in line with the 

study by Wende et al. (2005): The magnitude of the increase in PGC-1α mRNA is similar 

three hours after exercise in healthy mice and higher in insulin deficient mice. However, the 

results of Wende et al. (2005) suggest that in the present study, we might have missed the 

peak PGC-1α mRNA expression as substantially higher expression was observed already 

one hour after exercise. In this study, the expression also dropped slightly in healthy mice 

from three to six hours after exercise, although the expression remained significantly higher 

compared with sedentary controls. Even though we did not observe any significant changes 

in PDK4 mRNA expression in healthy mice in response to exercise, insulin deficient mice 

showed an increase in PDK4 mRNA three hours after exercise and the increment was even 

more substantial six hours after exercise. Despite the changes at mRNA level, there were no 

changes in PDK4 protein expression. These results suggest, that in response to acute exer-
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cise, at least the PGC-1α–PDK4 axis of intracellular signaling favoring the switch from 

glucose to fatty acid oxidation is up-regulated in insulin deficient mice compared with 

healthy counterparts. As PGC-1α protein expression did not increase in insulin deficient 

mice after exercise, it is possible that the increase in PDK4 expression was due to increased 

activation and/or nuclear translocation of already existing PGC-1α protein. Nuclear PGC-1α 

content has been shown to be increased in rat skeletal muscle immediately after two hours 

of swimming (Wright et al. 2007). 

In the present study, healthy mice had significantly lower AMPK phosphorylation six hours 

after exercise compared with control group. This seemed to be the case already three hours 

after exercise, but without statistical significance. This observed decrease in AMPK phos-

phorylation after exercise below the value of the control group may be due to excessive 

down-regulation of the phosphorylation after the acute exercise-induced increase in phos-

phorylation. This explanation is only speculation and cannot be fully confirmed because of 

the lack of samples from the time period immediately after exercise. This assumption is at 

least partially supported by the results of some previous studies: It has been reported that 

phosphorylation and activation of AMPK increase immediately after exercise but that this 

effect starts to fade or totally disappears during the first two to four hours after exercise 

(Dreyer et al. 2006; Gibala et al. 2009; Sriwijitkamol et al. 2007; Terada et al. 2002). How-

ever, some differences in the results exist between different exercise intensities, AMPK 

isoforms and populations studied (Sriwijitkamol et al. 2007). In insulin deficient mice, 

AMPK phosphorylation level stayed the same despite exercise. This might reflect more 

pronounced and sustained energy stress in insulin deficient mice after exercise which then 

could have prevented the fall in AMPK phosphorylation.  

As AMPK has been suggested to regulate the expression of PGC-1α, the increased PGC-1α 

mRNA expression could potentially reflect AMPK activation during and/or immediately 

after exercise (Jäger et al. 2007; Terada et al. 2002; Terada & Tabata 2004). In addition, 

insulin deficient mice had higher and more sustained PGC-1α mRNA response and concom-
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itantly, no decrease in AMPK phosphorylation after exercise compared with sedentary 

counterparts.  

Although the results obtained from AMPK phosphorylation were unexpected, they were in 

line with observed ACC phosphorylation, which behaved the same way as AMPK. This was 

expected since ACC is a down-stream phosphorylation target of AMPK. However, the hy-

pothesis was that both of these would be phosphorylated after exercise especially in insulin 

deficient mice. As no changes were observed in ACC phosphorylation and malonyl-CoA 

and/or acetyl-CoA levels were not measured, nothing can be said about whether insulin de-

ficient mice had lower level of CPT1B inhibition compared with healthy mice. However, 

protein phosphorylation changes in response to acute exercise are transient, and it is thus 

possible that there were changes in AMPK and ACC phosphorylation, which had already 

faded before the first time point. Leick et al. (2008) found significantly increased AMPK 

and ACC phosphorylation immediately after exercise but this effect was lost already two 

hours after exercise. In addition, insulin deficient mice tended to maintain ACC phosphory-

lation higher after exercise, which might indicate higher phosphorylation level during and/or 

immediately after exercise. Unfortunately, this speculation cannot be confirmed with exist-

ing data.  

Phosphorylation of p38 MAPK did not change in response to exercise in healthy mice in 

this study. This was contrary to what was expected, but as with AMPK, this can be ex-

plained by the time points of observation: previously, exercise-induced phosphorylation of 

p38 MAPK has been observed immediately after exercise but not anymore three hours after 

exercise (Gibala et al. 2009). All in all, these results suggest that the optimal window to 

observe exercise-induced acute changes in protein phosphorylation was already closed be-

fore the first time point of this study. In insulin deficient mice, p38 went through 

dephosphorylation after exercise as the p38 phosphorylation level was significantly lower in 

insulin deficient mice three hours after exercise compared with healthy and insulin deficient 

sedentary mice. It cannot be confirmed whether this effect was due to excessive down-
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regulation of p38 phosphorylation after exercise-induced increase in phosphorylation, as 

speculated with AMPK, or an actual response to exercise bout. 

Sirtuins have mainly been studied in conditions of fasting and caloric restriction, but there is 

only a limited number of studies investigating the effects of exercise on sirtuin expression. 

Consequently, it is difficult to put up hypothesis concerning the behavior of sirtuin expres-

sion in response to acute exercise. As cellular NAD+/NADH increases during exercise, it 

can be assumed that sirtuin activity increases during exercise (Houtkooper et al. 2012). At 

least exercise training has been found to increase Sirt1 activation in rat skeletal muscle. This 

resulted from the exercise-induced activation of nicotinamide phosphoribosyltransferase 

(NAMPT) and consecutive production of NAD+. (Koltai et al. 2010.) However, in this study 

the activities of sirtuins of interest weren’t measured, and so, it is possible to only assess 

their activity based on the expression and/or activity of their down-stream targets, such as 

PGC-1α.   

Sirt1 has been found to be indispensable for the induction of mitochondrial fatty acid oxida-

tion in response to nutrient deprivation. It has been suggested that this effect is mediated by 

PGC-1α with following arguments: Sirt1 was able to deacetylate PGC-1α. Also, the expres-

sion of PGC-1α target genes was inhibited in skeletal muscle cells with Sirt1 knock-down. 

In addition, decrease in glucose concentration increased fatty acid oxidation and concentra-

tion of Sirt1 activator NAD+ in C2C12 myotubes. It also decreased PGC-1α acetylation and 

induced the expression PGC-1α target genes involved in mitochondrial and fatty acid utili-

zation genes. However, Sirt1 knock-out and knock-down prevented these effects. So, it was 

concluded that low glucose availability increases cellular NAD+, which activates Sirt1. Sirt1 

then deactylates PGC-1α which ultimately results in expression of mitochondrial and fatty 

acid oxidation genes and increased fatty acid oxidation to maintain the bioenergetic state of 

the cell and to spare glucose for neuronal and red blood cells in the case of food deprivation. 

(Gerhart-Hines et al. 2007.) Given these results, it would be tempting to hypothesize that as 

insulin deficiency presumably results in low intracellular glucose availability, this same 

mechanism would apply to insulin deficient skeletal muscle. In the case of this study, the 
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contribution of Sirt1 to probable PGC-1α activation and resulting induction of the expres-

sion of PGC-1α responsive genes (PDK4, Cyt c, CPT1B) can be only speculated as Sirt1 

activity is not known and there are a number of other factors capable of activating PGC-1α.  

In line with the results of this study, Hokari et al. (2010) did not find any significant change 

in Sirt1 protein expression eight hours after acute exercise bout, nor after four weeks of 

training. However, Sirt1 mRNA expression was induced in rat soleus muscle by acute exer-

cise. However, in another study, Sirt1 protein expression was found to be increased two 

hours after acute exercise in rat soleus. Sirt1 protein level was also increased after two 

weeks of low-intensity and high-intensity training in rat soleus and after high-intensity train-

ing in plantaris muscle. (Suwa et al. 2008.) Interestingly, Sirt1 protein expression was in-

creased two hours after acute brief high intensity sprint exercise (30-s Wingate test) in hu-

man vastus lateralis muscle (Guerra et al. 2010). 

In skeletal muscle Sirt3 expression has been found to be induced by exercise training, calor-

ic restriction and fasting (Hokari et al. 2010; Jing et al. 2011; Palacios et al. 2009). Contrary 

to Palacios et al. (2009), Jing et al. (2011) found that Sirt3 mRNA and protein were down-

regulated during 24-hour fasting but that this effect was reversed by refeeding. In addition, 

high-fat feeding and streptozotocin-induced experimental type 1 diabetes have been report-

ed to result in decreased expression of Sirt3 mRNA and protein in skeletal muscle (Jing et 

al. 2011; Palacios et al. 2009). However, this study did not find any differences in Sirt3 ex-

pression between healthy and insulin deficient mice. Exercise training has been shown to 

increase Sirt3 protein, but not mRNA, expression in skeletal muscle, this effect being more 

profound in female than male rats (Hokari et al. 2010; Palacios et al. 2009). However, the 

increase in Sirt3 expression has not been seen after acute exercise bout, which is in line with 

the results of this study (Hokari et al. 2010). Also, while Sirt3 is more highly expressed in 

slow oxidative type muscles, there seem to be differential responses in different muscles to 

different modes of training (Hokari et al. 2010; Palacios et al. 2009). 
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Sirt3 knock-out (KO) has been shown ex vivo to reduce fatty acid oxidation in various 

oxidizing tissues, e.g. liver, cardiac muscle, mixed skeletal muscle and brown adipose tis-

sue, with high lipid availability. It has been suggested that, at least in liver, Sirt3 increases 

fatty acid oxidation by deacetylating and thus activating the enzyme long-chain acyl coen-

zyme A dehydrogenase (LCAD), which is involved in LCFA oxidation. (Hirschey et al. 

2010.) Whether this happens in skeletal muscle, is still unknown. In skeletal muscle, exer-

cise training has been shown to increase not only Sirt3 but also phosphorylation of CREB 

(activator of PGC-1α transcription) and expression of PGC-1α. In the same study, caloric 

restriction was found to induce AMPK phosphorylation in addition to Sirt3 protein expres-

sion. Additionally, Sirt3 knock-out resulted in decreased AMPK and CREB phosphoryla-

tion, i.e. activation, and decreased PGC-1α expression.  Thus it was suggested that the in-

duction of Sirt3 may cause increase in PGC-1α via phosphorylation and subsequent activa-

tion of AMPK and/or CREB. (Palacios et al. 2009.) According to present knowledge, this 

would lead to switch from glucose to FFA oxidation (Lomb et al. 2010; Wende et al. 2005).  

However, opposite function has also been suggested to Sirt3: It has recently been shown 

that Sirt3 knock-out and knock-down result in impaired insulin signaling and insulin re-

sistance possibly via increased JNK phosphorylation and subsequent serine phosphorylation 

of IRS-1 by JNK (Jing et al. 2011). Also, Sirt3 deletion has been found to result in impaired 

glucose oxidation and inhibition of insulin-mediated suppression of fatty acid oxidation 

with concomitant accumulation of pyruvate and lactate metabolites in skeletal muscle. This 

effect was suggested to be due to hyperacetylation of E1α subunit of PDH, resulting from 

absence of Sirt3 action, which leads to alteration in PDH phosphorylation. This results then 

in suppressed PDH activity and consequently in decreased CHO oxidation and increased 

lactate production and fatty acid oxidation even in fed state. (Jing et al. 2013.) These results 

are in line with the finding of Jing et al. (2011) that Sirt3 content is reduced after fasting 

(increased fatty acid oxidation and sparing of glucose) and that refeeding increases Sirt3 (in 

fed state fatty acid synthesis and glucose utilization are favored). In other words, these re-

sults suggest, that in fasted state, Sirt3 protein content decreases leading to hyperacetylation 

and subsequent inactivation of PDH resulting in conservation of pyruvate, lactate and ala-
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nine for gluconeogenesis and greater reliance on fatty acids in ATP production, whereas 

in fed state increased Sirt3 deacetylates PDH enabling its activation and thus production of 

acetyl-CoA from glucose derived pyruvate for citric acid cycle and subsequent ATP produc-

tion and fatty acid synthesis (Jing et al. 2011; Jing et al. 2013; Kwon & Harris 2004).  

In short, Sirt3 has been suggested to have an important role in regulation of oxidative me-

tabolism, substrate use and metabolic homeostasis in various tissues and conditions. How-

ever, these functions may be different, even opposite, in different tissues and in response to 

different metabolic, physiologic or pathologic stimuli, e.g. fasting, diabetes, insulin and ex-

ercise (Jing et al. 2011). Consequently, more studies are needed to elucidate the exact func-

tions and mechanisms of Sirt3 that take action in skeletal muscle in response to exercise in 

diabetes.  

Contrary to the results presented above, this study found no association between Sirt3 ex-

pression and AMPK phosphorylation or PGC-1α mRNA expression in response to exercise. 

However, the pattern of p38 phosphorylation was similar to PGC-1α and Sirt3 protein ex-

pression (decrease after exercise in insulin deficient mice and no change in healthy mice), 

despite the fact that the Sirt3 content did not differ significantly between the groups. PGC-

1α expression and/or activity have been shown to be regulated at least partially by p38 

(Akimoto et al. 2005; Arany 2008; Pogozelski et al. 2009). As for Sirt3, besides having 

been suggested to be an up-stream activator of PGC-1α expression, it has also been shown 

to be a down-stream target of PGC-1α (Kong et al. 2010). So, these results might suggest 

that the regulatory pathway consisting of these proteins is down-regulated in the skeletal 

muscle of insulin deficient mice after exercise. Given the previously discussed discrepancy 

and possible dual activity of Sirt3 in regulation of substrate use, the meaning of this possible 

down-regulation is unclear. As Sirt3 increases fatty acid oxidation at least in liver, via en-

zyme deacetylation, this response would indicate down-regulation of fatty acid oxidation in 

insulin deficient mice in response to an acute exercise bout (Hirschey et al. 2010). However, 

as Sirt3 has been also shown to deacetylate and activate the enzyme PDH, this down-
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regulation might also mean decreased activity of PDH and thus switch towards fatty acid 

oxidation (Jing et al. 2013). 

To add still a little complexity to the interpretation of these results, increased rather than 

decreased, p38 phosphorylation has been found in Sirt3 knock-down myoblasts (Jing et al. 

2011). However, the changes in Sirt3 in response to exercise were not significant and these 

results don’t provide any information on p38 phosphorylation immediately after exercise. 

Moreover, PGC-1α activity wasn’t analyzed and no explanation was found to the question, 

why PGC-1α mRNA and protein responded differently in insulin deficient mice. Conse-

quently, no solid conclusions of what is happening in diabetic skeletal muscle in response to 

exercise can be drawn from these results.  

Acute exercise has been shown to increase the expression of Cyt c mRNA in rodent skeletal 

muscles, without changes in Cyt c protein expression two or six hours after exercise (Leick 

et al. 2008; Wright et al. 2007). This is in line with the results of the present study, as no 

changes were observed in Cyt c protein expression three or six hours after exercise. Howev-

er, four to five weeks of exercise training has been shown to increase both Cyt c mRNA and 

protein levels in mouse skeletal muscle (Geng et al. 2010; Leick et al. 2008).  

Transgenic overexpression of PGC-1α and chronic AMPK activation have been shown to 

result in increased Cyt c mRNA and protein expression, respectively (Bergeron et al. 2001; 

Calvo et al. 2008). PGC-1α knock out mice seem to have lower skeletal muscle Cyt c 

mRNA and protein levels. In addition the exercise-induced changes in Cyt c mRNA expres-

sion are inhibited in PGC-1α knock-out mice. However, exercise training seems to increase 

the expression of Cyt c mRNA and protein in both wild type and PGC-1α knock out mice 

despite lower expression level in knock out mice in both trained and sedentary state. These 

results show, that PGC-1α is an important regulator of Cyt c expression, but not mandatory 

for the training-induced adaptations. (Leick et al. 2008.) On the contrary, in another study 

PGC-1α knock out resulted in significantly attenuated training-induced response in Cyt c 
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protein expression supporting the importance of PGC-1α in the regulation of Cyt c ex-

pression (Geng et al. 2010).   

In many of the previous human and animal studies, acute exercise or exercise training have 

had little or no effect at all on the expression of CPT1 mRNA in skeletal muscle (Huang et 

al. 2006; Narkar et al. 2008; Yang et al. 2005; Zhou et al. 2000). However, in one study six 

weeks of endurance training resulted in increased CPT1B mRNA in mouse skeletal muscle, 

while no change was seen four hours after acute exercise (Burch et al. 2010). In addition, 

inactivity has been shown to significantly decrease the mRNA expression of CPT1B in hu-

man skeletal muscle and there is a linear relationship between CPT1B and PGC-1α expres-

sion in this condition (Timmons et al. 2006). In liver, however, exercise training and dietary 

restriction have been found to induce increase in CPT1 mRNA in a model of type 2 diabetes 

(Huang et al. 2006). In this study, there were no significant differences between the groups 

in CPT1B mRNA or protein expression. This is in line with previous studies. However, in-

sulin deficient mice had significantly more pronounced increase in CPT1B mRNA expres-

sion in response to exercise compared with healthy mice. This is consistent with the hypoth-

esis apart from the fact that there were no differences in CPT1B protein expression.     

Fasting and transgenic expression of AMPK γ3 subunit have been found to increase CPT1 

mRNA expression in mouse skeletal muscle, while knock-out of AMPK γ3 subunit expres-

sion attenuates the effect of fasting (Long et al. 2005). CPT1B expression has been found to 

increase in response to transgenic PGC-1α expression and pharmacological PPARδ activa-

tion in mouse skeletal muscle (Calvo et al. 2008; Narkar et al. 2008). The regulation of 

muscle CPT1 by PPARβ/δ has also been shown to be dependent on PGC-1α (Dressel et al. 

2003). Thus, it is possible, that the higher response in CPT1B mRNA expression in insulin 

deficient mice results from higher AMPK and PGC-1α activities during exercise. This spec-

ulation cannot be confirmed, because PGC-1α activity or subcellular localization wasn’t 

analyzed and the time points weren’t optimal to observe acute changes in protein phosphor-

ylation.  
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The lack of hypothesized changes at protein level can be explained at least partially by 

the time points of sample collection: The experiment was designed to study changes in gene 

expression at mRNA level and the time points three and six hours after exercise are perhaps 

not optimal to study protein expression. For some proteins that time frame is not long 

enough to reveal the changes in translation and thus protein expression: For example in one 

study, increased PGC-1α protein expression wasn’t observed until 18 hours after an acute 

bout of exercise (Suwa et al. 2008). In another study, PGC-1α protein expression was ele-

vated already three and 12 hours after exercise but the increase was more pronounced 18 

hours after exercise (Wright et al. 2007). In addition, protein phosphorylation in response to 

an acute stimulus is immediate and transient. Thus, to detect acute changes in protein phos-

phorylation status, the samples should have been collected immediately after the exercise. 

For example, increase in phosphorylation of p38, AMPK and ACC has been observed im-

mediately after exercise, but not anymore three hours after exercise (Gibala et al. 2009). So, 

in the present case, the phosphorylation responses were probably already returned to base-

line levels three hours after the cessation of the exercise. More specific time-course studies 

would be needed to confirm these speculations.  

9.3 Limitations of the study  

One of the limitations of the study was that the time points chosen for sample collection 

were not optimal for all the parameters examined. The addition of time points immediately 

after the exercise and for example 12 and 18 hours after the cessation of exercise could have 

provided more information on the changes in protein phosphorylation and expression. In 

addition, the analysis of respiratory gases during exercise, activities of some oxidative (cit-

rate synthase, β-HAD) and glycolytic (PFK) enzymes and potentially the blood and muscle 

concentrations of energy substrates (FFAs, triacylglycerols, glycogen), could have provided 

more profound information and supported the conclusions drawn from this present data.  

Also, it has to be kept in mind that streptozotocin-induced type 1 diabetes is only an exper-

imental model of diabetes and thus, the results cannot be directly applied to type 1 diabetic 
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patients. It cannot be ruled out that some of the results may not result from the actual in-

sulin deficiency or resulting hyperglycemia, but some other yet unknown effects of strepto-

zotocin. Another problem in comparing the diabetes studies conducted using human sub-

jects and animal models lies in the fact that in humans, diabetes has to be controlled with 

regular insulin injections for survival, whereas in animal experiments diabetes is usually 

uncontrolled. This complicates thus not only the comparison of these results to other stud-

ies, but also the application of these results to practice.  
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10 CONCLUSION AND FUTURE STUDY PROPOSALS 

In this study the acute responses to a single endurance exercise bout were studied at the lev-

el of mRNA and protein expression as well as at the level of activation of certain intracellu-

lar signaling pathways in insulin deficient and healthy mice. In conclusion, these results 

suggest that insulin deficiency may lead to more pronounced exercise-induced responses in 

mRNA expression of certain genes that favor the switch from glucose to fatty acid oxida-

tion. These changes in gene expression may be mediated by increased PGC-1α activation 

and/or nuclear localization as no increases were found in PGC-1α protein expression. The 

basal protein levels were not affected by insulin deficiency and it is possible that also the 

exercise-induced changes in phosphorylation were missed because the time points were not 

optimal. The same might be true for exercise-induced changes in protein expression. Thus, 

the mechanisms underlying the changes in mRNA expression can be only speculated. 

 

The research questions of this study remained partially unanswered for the part of activation 

of intracellular signaling pathways, because the experimental design wasn’t optimal to study 

acute protein phosphorylation or expression responses. Consequently, further studies, with 

an experimental design aiming to protein level analysis, should be conducted to provide 

more reliable information on the effects of insulin deficiency on the acute protein level re-

sponses to a single bout of exercise in skeletal muscle. In addition, measurements of the 

levels of intramuscular lipid and glycogen stores, the activities of key enzymes involved in 

aerobic energy metabolism as well as analysis of substrate use during exercise would pro-

vide more profound information on the metabolism of diabetic skeletal muscle and allow 

more solid conclusions to be drawn. 
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