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ABSTRACT

Nissinen, Tuuli 2014. Effects of insulin deficiency on exercisdtined acute responses in
the regulation of fatty acid oxidation in mousetgasnemius muscles. Department of Biol-
ogy of Physical Activity, University of Jyvaskyl&aster’'s Thesis in Exercise Physiology,
102 p.

Insulin is a hormone that plays an important roléhie regulation of the metabolism of all
the main nutrients. Its main function is to stintalglucose uptake and disposal or utiliza-
tion by the cells and thus to decrease blood gkicoscentration. However, it also inhibits
breakdown of proteins and lipids and promotes ththesis. Type 1 diabetes is a disease
in which insulin secretion is impaired because e$tduction of pancreatip-cells. It is
characterized by hyperglycemia and increased idiam fat oxidation. This is seen also as
altered gene expression patterns. The purposasostiidy was to look into the effects of
insulin deficiency on exercise-induced acute respenn the expression of genes and the
activation of signaling pathways involved in fatigid oxidation. Male NMRI mice (n =
64) were randomly assigned into three streptozotmmuced diabetic and three healthy
groups. Two healthy and two diabetic groups peréatra single one-hour bout of treadmill
running (21 m/min, 25incline) and were sacrificed either three or sixis after exercise.
Gastrocnemius muscles were dissected and mRNA ssipreand protein expression and
phosphorylation were analyzed with RT-PCR and Weadbdotting respectively. PGCal
MRNA expression increased (p < 0.001) after exertisboth healthy and diabetic mice,
but the response was higher in diabetic mice (05)0PDK4 mRNA expression increased
after exercise only in diabetic mice (p < 0.05)almatic mice showed a more pronounced
response in CPT1B mRNA six hours after exercisepared with healthy exercised mice
(p < 0.05). Contrary to mRNA level results, PG&rotein content did not change in re-
sponse to exercise when compared with sedentanyteqarts of the same health status.
The analysis of AMPK and p38 MAPK phosphorylatiod dot suggest activation of these
pathways in response to exercise. Even a decreaSklPK phosphorylation was seen six
hours after exercise in healthy mice (p < 0.05)levpB8 MAPK phosphorylation was de-
creased in diabetic mice three hours after exer@se 0.05). There were no significant
changes in proteins PDK4, CPT1B, sirtuins 1, 3&nACC or Cytc. These results suggest
that diabetic mice have more pronounced exercideeed responses in the expression of
genes related to increased fatty acid oxidatiores€éhchanges may be mediated by in-
creased PGCelactivation as no increases were seen in PG@ritein expression. The
time points were not optimal for protein level ars#ls and thus, further studies are needed
to clarify protein phosphorylation and expressibargges and to find out whether the gene
expression changes are reflected to the levellustsate metabolism.
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1 INTRODUCTION

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

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

dence of type 1 diabetes in children younger tHagehars, with highest recorded incidence
of 64.9 per 100 000 person-years in 2006. (Hadotea al. 2013.) Diabetes mellitus is a

disease in which the metabolism of carbohydratds,dnd proteins is impaired. It is caused
by either lack of insulin secretion (type 1 or ilnswlependent diabetes) or decreased insulin
sensitivity of target tissues (type 2 or non-instdependent diabetes). Both forms are char-
acterized by impaired uptake and utilization ofcgise by most of the cells, which results in

increased blood glucose concentration, decreaskzhtion of glucose and consequently

increased utilization of fats and proteins by thlsc (Guyton & Hall 2000, 894-895.)

In type 1 diabetes insulin secretion is impairechmadly because of autoimmune destruction
of pancreati@-cells. Resulting high blood glucose concentratlen causes other dysfunc-
tions including dehydration and abnormal functidrblmod vessels and nerve cells which
then may trigger a number of other disorders ajdies that cause severe harm to multiple
tissues. (Guyton & Hall 2000, 894-895.) Insuliniciehcy also increases lipolysis and re-
lease of fatty acids into the blood stream whicérgwally causes rise in plasma lipoprotein,
cholesterol and phospholipid levels. This can wtely lead to development of atheroscle-
rosis. In addition, insulin deficiency results xcessive utilization of fat which finally leads
to ketosis and acidosis because of accumulatioketifne bodies. (Guyton & Hall 2000,
888-889, 895.)

At least in animal models, the changes in substreg¢eare seen also in gene expression lev-
el: genes related to fatty acid oxidation are upitated, whereas those involved in glucose
uptake, transport and metabolism are down-reguldteaddition, genes involved in oxida-
tive phosphorylation are down-regulated, which ®sg impaired capacity to produce ATP
aerobically. (Silvennoinen 2004; Yechoor et al. 200ndeed, both in human and animal



studies, diabetes has been related to lowered iaerapacity and this is seen at the level
of whole organism as impaired ¥Qxand at the level of skeletal muscle as lowerenviact

ty of key oxidative enzymes (el Midaoui et al. 1986uzzo et al. 1974; Kivela et al. 2006;
Noble & lanuzzo 1985; Silvennoinen 2004).

Exercise training has been shown to reverse marlgeotinfavorable effect of diabetes or
insulin deficiency on aerobic capacity (Costillaét1979; el Midaoui et al. 1996; lanuzzo et
al. 1974; Kivela et al. 2006; Laaksonen et al. 200@ble & lanuzzo 1985). In addition ex-
ercise has many other beneficial effects on healtiipe 1 diabetics, such as improvements
in glycemic control, lipid profile and vascular fttion. Thus, regular exercise has been rec-
ommended to type 1 diabetics. (Costill et al. 1FA8hsjager-Mayrl et al. 2002; Laaksonen
et al. 2000.)

The purpose of this study was to elucidate thecedfef an acute exercise bout on the ex-
pression of genes and on the activation intracellaignaling pathways involved in fatty
acid oxidation and oxidative metabolism in gen@rajastrocnemius muscles of healthy and
insulin deficient mice. The main research quest@s, whether insulin deficient mice had
different acute responses to an endurance exdsoisecompared with healthy mice. The
gene expression was studied at the level of bothNARNd protein using quantitative real-
time PCR and Western blotting, respectively. Initiold, phosphorylation status of certain
proteins was studied to evaluate the activatiathefkey signaling pathways in regulation of

oxidative energy metabolism.



2 SKELETAL MUSCLE GLUCOSE METABOLISM

Carbohydrates (CHOSs) readily available for energydpction are present in blood plasma
as glucose and in liver and skeletal muscles astétmge form glycogen, from which glu-
cose can be released when energy demands incidalser{ & Cox 2013, 543, 612-613,
956). In addition to lipids, carbohydrates are mpartant source of energy during exercise,
especially during exercise at high intensity. BpdilHOs stores are not even nearly as
abundant as those of fat, as they are depleted @it to two hours of intense exercise.
However, the advantage of CHO utilization is, tAaP (the form of chemical energy that
can be utilized by the cells) can be produced nooiiekly and both with (aerobically) or
without (anaerobically) oxygen. (Horowitz & KleirDQ0; Spriet & Watt 2003) The aerobic
pathway of glucose catabolism to provide ATP cdesid three stages: glycolysis, citric
acid cycle and oxidative phosphorylation, the ta&i of which are common with fatty acid
oxidation (Nelson & Cox 2013, 633, 667, 731). Timstabolic pathway is described briefly
below.

2.1 Energy production from glucose

Glycolysis. The first step of ATP production from glucoseagigcolysis. It is a series of 10
enzymatic reactions during which one glucose maéesudegraded to form two molecules
of pyruvate. This step is common for both aerolid anaerobic energy production path-
ways. Glycolysis can be divided into two phasese Tibst, preparatory phase consists of
five enzymatic reactions during which glucose isgpghorylated and converted to glycer-
aldehyde 3-phosphate. This first phase requiresggm@ovided by breakdown of two mol-
ecules of ATP. During the second, payoff phaseagbidehyde 3-phosphate is converted to
pyruvate. A total of four molecules of ATP are faunduring the payoff phase, giving gly-
colysis a net ATP production of two molecules pee glucose molecule. (Nelson & Cox
2013, 544-546.) Glycogen breakdown can also prosubesstrates for glycolysis: the con-

secutive reactions catalyzed by glycogen phospaseyland phosphoglucomutase detach
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glucose 1-phosphate from glycogen and convert glicose 6-phosphate which enters
glycolysis. This saves one molecule of ATP and thiie net production of ATP is three
molecules instead of two. (Nelson & Cox 2013, 5@%}p Glycolysis liberates also hydro-
gen ions and electrons that are bound to NADform NADH. Two NADH molecules are
formed per one glucose molecule. At this point,eaobic pathway separates from the aero-
bic. In aerobic conditions, pyruvate is oxidizedlahe electrons provided by NADH are
transferred to oxygen in electron transport chaovigding energy for ATP synthesis. In
anaerobic glycolysis the next step is formatiortagtate in a reaction catalyzed by the en-
zyme lactate dehydrogenase. In the reaction pyeuaetepts electrons from NADH and is
reduced to lactate with concomitant regeneratiohlAD*. This regeneration of NADal-
lows glycolysis to continue. (Nelson & Cox 2013555846, 555.)

Citric acid cycle. In aerobic pathway the next step is the transpbthe formed pyruvate
molecules into mitochondria. In mitochondria, pyaitesis oxidized to acetyl coenzyme A
(acetyl-CoA) and carbon dioxide by the pyruvateydietbgenase (PDH) complex. This reac-
tion also liberates electrons that are acceptetiAR®. Acetyl-CoA then enters the citric
acid cycle (also Krebs cycle or tricarboxylic a€idCA) cycle), where it is oxidized to car-
bon dioxide. During the first of the eight enzyrsateactions of citric acid cycle acetyl
group is attached to four-carbon oxaloacetate. fidastion is catalyzed by citrate synthase
and it produces one molecule of 6-carbon citratkld@rates coenzyme A. During the next
seven reactions, two molecules of carbon dioxid® @me molecule of ATP are liberated
and oxaloacetate is reformed enabling the contimmaif the cycle. In addition, hydrogen
ions and electrons liberated during citric acidleyare bound to NAD+ and FAD to form
NADH and FADH respectively. (Nelson & Cox 2013, 633—634, 638-H49

Electron transport chain and oxidative phosphorylation. The hydrogen ions and electrons
liberated during glycolysis and citric acid cycles alirected forward to electron transport
chain and oxidative phosphorylation that take placthe inner mitochondrial membrane.
In the electron transport chain, electrons derifredch glycolysis and citric acid cycle and
transported by electron carriers NADH and FADdte transferred from complex to another
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down the electron transport chain. Finally the etets are passed by Complex IV to ox-
ygen which is reduced to water. This liberates gynehat is harnessed to bump hydrogen
ions from mitochondrial matrix to the intermembrapaceagainst their concentration gra-
dient. This produces a proton gradient. Finallydrdegen ions flow back to the mitochondri-
al matrix through the enzyme ATP synthase downetbetrochemical gradient. This liber-
ates energy that is used by ATP synthase to forrR &&m ADP and P The whole oxida-
tive breakdown of glucose yields a total of 30 Bor8olecules of ATP per one molecule of
glucose. So, remarkable amount of ATP can be pextlaerobically compared with anaer-
obic energy production, but the cost is a signifta@duction 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 concaiin steady and
within a narrow range (4—7 mmol/l in normal indivals) as disturbances in glucose bal-
ance and its regulation may result in severe caraptins. The glucose balance is main-
tained by controlling glucose absorption from th&estine, production by the liver and up-
take and metabolism by peripheral tissues. In #mer of this regulation is a hormone
called insulin. (Saltiel & Kahn 2001.) Insulin ipaptide hormone synthesized and secreted
by pancreati@-cells. It contributes to the regulation of the aielism of all the main nutri-
ents (glucose, lipids and protein). Insulin pronsaiptake of glucose and its storage as gly-
cogen or usage for energy production in most ofcles except brain cells. Thus, insulin
tends to decrease blood glucose concentration.igIpiobably the most visible and widely
known effect of insulin. However, insulin has ajs@found effects on the metabolism of
the other two main nutrients: fat and protein. Whilcreasing the utilization of glucose by
most of the tissues, insulin decreases utilizabifat and promotes fatty acid synthesis and
fat storage. It also increases protein synthegisirmbits the catabolism of proteins. (Guy-
ton & Hall 2000, 884, 886—889.) Consequently, imsugsistance or deficiency causes pro-
found dysfunctions in the metabolism of all the mautrients and results in elevated glu-
cose and lipid levels in both fasted and fed sté®adtiel & Kahn 2001). Many hormones
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act to increase plasma glucose concentrationskedastate or during exercise, but insulin

is the only hormone promoting the decrease in pdaghacose concentration. Glucagon is
considered the main hormone opposing the actiomssafin: It is secreted by pancreadic
cells in response to lowered blood glucose. It gkates glycogenolysis and glucose synthe-
sis by gluconeogenesis and inhibits glycolysisverl This allows liver to liberate glucose
to circulation increasing blood glucose concemratio normal level. Epinephrine exerts
similar effects to liver as glucagon, but in aduhti it stimulates glycolysis in skeletal mus-
cle. The stress hormone cortisol acts to restavedoflucose levels and to increase glyco-
gen stores by increasing liberation of fatty aads glycerol (precursor for gluconeogene-
sis) from adipose tissue and export of amino afiois skeletal muscle to liver and by

stimulating gluconeogenesis in liver. (Nelson & G8X1.3, 955-959.)

Insulin signaling. Skeletal muscle is insulin sensitive tissue aratcounts for up to 75% of
all insulin-dependent glucose disposal. The medmariy which insulin increases glucose
uptake by skeletal muscle involves translocatiosbfJT4 glucose transporter from cyto-
plasmic storage sites to plasma membrane. The ievenf the signaling pathway behind
this and the other effects of insulin are showffignre 1. Briefly, insulin receptor belongs
to the family of receptor tyrosine kinases and @ien®f twoa- and twop-subunits. The:-
subunit acts as an inhibitory subunit preventirgtyrosine kinase activity of thiesubunit
when insulin is not bound to the receptor. Bindafignsulin removes this inhibition allow-
ing activation of the receptor by transphosphormgtabf thep-subunit. Inside the cell, the
receptor then tyrosine phosphorylates insulin remegubstrate (IRS) which starts the intra-
cellular signaling cascades through phosphorylatibtarget proteins. Probably the most
important of these targets is phosphatidylinosBetinase (PI3K) which mediates most
metabolic actions of insulin. Ultimately the actiem of insulin receptor and its signal
transduction pathways increases GLUT4 translocdbatie surface of the cell and subse-
qguent glucose uptake, promotes glycogen synthasatyaand thus glycogen synthesis and
blocks hepatic gluconeogenesis and glycogenoligsis inhibiting glucose release from the
liver. Also, insulin promotes lipid synthesis amthibits degradation of lipids in lipolysis.
The effects of insulin of lipid metabolism are dissed more profoundly later in this re-
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view. In addition to substrate metabolism, inswction promotes cell growth and dif-
ferentiation and expression of multiple genes vidR¥ signaling (briefly reviewed later in

this literature review). (Saltiel & Kahn 2001.)
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FIGURE 1. Overview of insulin signaling (Saltiell€&ahn 2001).

Intracellular factors in short-term regulation of glucose metabolism. The glycolytic flux is
regulated tightly in order to maintain constant AleRels. Basically, the activity of key en-
zymes is allosterically regulated by the balanceveen ATP synthesis and consumption,
the ratio between NADH and NAD+ and fluctuationghe concentrations of key metabo-
lites. (Nelson & Cox 2013, 555, 589, 762.) For epanhigh concentration of ATP indi-
cates that ATP is being produced more than is aorduand this inhibits many of the key
enzymes involved in glycolysis and citric acid &aDn the contrary, when cellular energy
consumption increases, accumulation of ADP and Addivates these enzymes to boost
the rate of ATP production. (Nelson & Cox 2013, £684—-655.) When oxidative phos-
phorylation slows down with decreasing energy deiaghigh ATP and low ADP concen-
tration) NADH starts to accumulate. This inhibitgic acid cycle which then causes accu-

mulation of acetyl-CoA which further inhibits PDHbroplex. This promotes the switch
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from glucose breakdown in glycolysis to gluconeagn (Nelson & Cox 2013, 608.)
PDH complex may also be inactivated via covaleotgn modification. This modification
is performed by pyruvate dehydrogenase kinase (Ri0¥gh phosphorylates and thus inac-
tivates PDH complex. PDK is allosterically activétey high ATP levels, but decline in
ATP concentration induces phosphatase activity wineactivates PDH complex. (Nelson
& Cox 2013, 654.) The changes in the concentratadriey metabolites reflect the balance
between ATP production and consumption. Thus, actation of metabolites casts inhibi-
tion on the up-stream enzymes to prevent unnegegsagression of glucose catabolism
and further accumulation of these products. (Ne&@@ox 2013, 555, 604.) Moreover, cer-
tain conditions in addition to increased insuligreling, such as muscle contraction and
subsequent activation of intracellular signalinghpays, promote GLUT4 translocation
from intracellular storage sites to plasma membiame thus regulate cellular glucose me-
tabolism via changes in glucose uptake (Hardie KaS®to 2006).

Intracellular factors in long-term regulation of glucose metabolism. In addition to regula-
tion of enzyme activity, some enzymes are regul#tesugh the balance between enzyme
synthesis and degradation. Enzyme synthesis ic@ttlvia transcription of the gene encod-
ing the enzyme. The regulation of gene expressadnduced by a certain signal, such as
insulin or muscle contraction, and it is mediatgdiianscription factors. This regulation is
complex, as these transcription factors act in dimation with other transcription factors
and they may be activated or inactivated by mutiptotein kinases and phosphatases in
response to different stimuli. (Nelson & Cox 20688-610.) Some of these factors regulat-

ing gene expression are discussed more in detailifathis 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 initehadipose tissue but also, to a lesser
extent in other tissues, such as skeletal musdeblod plasma, are the largest energy re-
serve of the body (Horowitz & Klein 2000; Lass et2011). The amount of energy stored
as endogenous TAG represents remarkably largerttiemamount of energy stored as the
form of glycogen (Horowitz & Klein 2000; Horowitz0B3). TAG consists of one molecule
of glycerol to which three fatty acids are boundwaster bonds (Nelson & Cox 2013, 630).
Fatty acids can be released from endogenous tgigcgrol stores by lipolysis, that is, hy-
drolysis of triacylglycerol by the enzyme hormoreasitive lipase. This is mainly regulated
by hormones that either stimulate or inhibit hormaensitive lipase. (Horowitz & Klein
2000.) Free fatty acids (FFA) liberated to cir¢iaa from adipose tissue are then transport-
ed bound to albumin in blood plasma. From plasni&d-can be transported to tissues,
such as skeletal muscle, to serve as substratésifoproduction(Lass et al. 2011; Nelson
& Cox 2013, 669.)

3.1.1 Lipolysisand mobilization of fatty acids

Lipolysis is a catabolic process where hydrolytieavage of TAG results in liberation of
three non-esterified fatty acids (NEFA) and one enole of glycerol. The hydrolysis of
primary and secondary ester bonds between longrd¢atty acids (LCFAs) and glycerol is
performed by three enzymes (figure 2): First siggnerating diacylglycerol (DAG) and
NEFA from TAG, is performed by adipose triglyceritipase (ATGL). This can also be
performed by hormone sensitive lipase (HSL) butdie is much more prominent in the

second step, which involves a cleavage of anothgy ficid yielding monoacylglycerol
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(MAG) and another NEFA. The third and last steidreak the last ester bond in a re-

action that liberates glycerol and NEFA. This isely to be performed by the enzyme
monoglyceride lipase but other enzymes, such as, iH&ght also have significant role in
MAG hydrolysis. Also, other enzymes than the praslg mentioned might contribute to

lipolysis in tissues other than adipose tissuesglet al. 2011.)

AES‘,CLL HSL MGL
TAG _T’ DAG —T' MAG —T’ G
NEFA NEFA NEFA

FIGURE 2. Lipolysis is an enzymatic three-step psscin which triacylglycerol is degraded into
glycerol and three free fatty acids (Lass et al120

As already stated, adipose tissue isn’t, howeWer,only source of fatty acids for exemple
during exercise. It has been found that intramusduiacylglycerols (IMTG), lipid droplets
stored inside muscle cells, may contribute as mashl0-50 % to total amount of fat
oxidized during exercise. The hydrolysis of IMTGeydes a source of fatty acids that are
more readily available for skeletal muscles to @dad and thus they form an attractive
source of energy during exercise. In addition, eéhee lipid droplets also between muscle
fibers but their contribution to energy productidaring exercise is unknown. Circulating
plasma TAGs are another potential source of fatigsafor oxidation in active skeletal
muscles. Lipoprotein lipase (LPL) is an enzyme fedan the capillary endothelium that is
able to hydrolyze plasma TAGs. Even though TAGshinime hydrolyzed in skeletal muscle
tissue the released FFAs are not necessarily tagesnd used locally at the site of LPL
activity. (Horowitz 2003.)



17

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 transptwtedtochondria where they are finally
oxidized (Horowitz 2003; Nelson & Cox 2013, 670-k7Pransport of FFAs from plasma
into and inside skeletal muscle cells happens thiéhhelp of transport proteins. These in-
clude fatty acid translocase (FAT/CD36), fatty abidding protein (FABP) and fatty acid
transport protein (FATP). (Horowitz 2003.) The spart into mitochondria can happen in
two manners depending on the length of the faty elecain: fatty acids with 12 or fewer
carbons can traverse plasma membrane freely, whéatty acids (majority of the fatty
acids liberated from adipose tissue) with 14 or enoarbons need specific membrane
transport proteins. To get into the mitochondriesth fatty acids have to go through car-
nitine shuttle consisting of three enzymatic reaxti 1) formation of fatty acyl-CoA by
acyl-CoA synthetase in the outer mitochondrial meamb, 2) carnitine is attached to fatty
acid by carnitine acyltransferase | to form fattylacarnitine, which can then move across
mitochondrial membranes through pores and acylioaerfcarnitine transporter. 3) Finally,
in the inner face of the inner membrane, fatty agglp is detached from carnitine which is
replaced by coenzyme A by carnitine acyltransfeiis&hen the formed fatty acyl-CoA
and carnitine are released into the mitochondririg and fatty acid oxidation can begin.
(Nelson & Cox 2013, 670-672.)

[-oxidation of fatty acids. The first step in fatty acid oxidation is callgexidation. It is a
series of four enzymatic reactions that take pladbde mitochondrial matrix. During these
reactions fatty acyl-CoA molecule is modified byfeenzymes, acyl-CoA dehydrogenase
(VLCAD, MCAD or SCAD depending on the chain lengti®noyl-CoA hydratasef3-
hydroxyacyl-CoA dehydrogenasp-KHAD) and acyl-CoA acetyltransferase (also thiojase
to detach two carbons from the end of the fatty-&oA chain in the form of acetyl-CoA.
In addition, two pairs of electrons and four hydrngons are liberated during these reac-
tions. Newly formed acetyl-CoA can then enter citicid cycle to be oxidized to carbon
dioxide and water. Electrons liberated during thaction off-oxidation are transferred to
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electron carriers of the mitochondrial respiratolngin to be used in oxidative phosphory-
lation. The process @¥-oxidation is repeated until the whole fatty acidletule is degrad-
ed, and thus, the number of repetitions and theuamof ATP produced depends on the
length of the fatty acid. For exampl@,oxidation of 16-carbon palmitic acid (palmitoyl-
CoA in the mitochondrial matrix) yields eight adeGoA molecules and 28 ATP mole-
cules. When the formed acetyl-CoA molecules arelip&d in citric acid cycle, additional
80 ATP molecules are produced. Thus, complete tirlaf palmitoyl-CoA yields 108
molecules of ATP compared with 30-32 molecules ®PAroduced during the oxidation
of one glucose molecule. (Nelson & Cox 2013, 675-67

3.2 Regulation of lipid metabolism

Utilization of adipose tissue -derived TAGs to fuebout of endurance exercise, for in-
stance, requires delicate coordination in the &g of adipose tissue lipolysis, blood
flow, uptake of FFAs by the skeletal muscles aadgport into the mitochondria (Horowitz

2003). The mechanisms of this regulation are regeelriefly below.

Hormonal regulation of adipose tissue lipolysis. Catecholamines, i.e. epinephrine and nore-
pinephrine, and insulin are the main hormones egng lipolysis in humans. Binding of a
catecholamine to #-adrenoceptor on the plasma membrane of an adipanittates an
intracellular signaling cascade that ultimatelydeao activation of lipolysis. Eacp-
adrenoceptor is coupled with a stimulatory G-protiétiat activates the enzyme adenylate
cyclase which then catalyzes a reaction where AsTBonverted to cyclic AMP (CAMP).
CcAMP then acts as a second messenger to activatEpkinase A (PKA) which phosphor-
ylates HSL leading to its activation. PKA also pblosrylates perilipins, proteins covering
the lipid droplet, which gives activated HSL acces3 AGs within the droplet. Catechola-
mines may also bind te,-adrenoceptors located on the surface of adipoc@estrary to
B-adrenoceptorsy,-adrenoceptors are coupled with inhibitory G-pnagetasting an inhibi-
tory effect on adenylate cyclase and thus, catachiole binding tar,-adrenoceptor inhibits
lipolysis. This is the case at rest when blood datéamine concentration is low. (Horowitz
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2003.) However, during exercise rising catecholamiconcentration increasel-
adrenergic stimulation, which then causes up-regulaf lipolytic rate(Horowitz & Klein
2000; Horowitz 2003). The effect of insulin on lipsis contrasts that ¢f-adrenergic stim-
ulation: even a small increase in plasma insulinceatration may radically reduce lipoly-
sis. Insulin action results in activation of phoafittylinositol 3-kinase (PI3K) which phos-
phorylates and activates phosphodiesterase-3. atetivohosphodiesterase-3 then degrades
cAMP and thus down-regulates the signaling pathstagulating the initiation of lipolysis.
(Horowitz 2003.) Insulin also promotes lipid syrgisefrom glucose through increased glu-
cose uptake and activation of enzymes, such avatgulehydrogenase, fatty acid synthase
and acetyl-CoA carboxylase, all of which promofedisynthesis in adipose tissue (Saltiel
& Kahn 2001).

Regulation of IMTG lipolysis. Stimulation of-adrenoceptors has been found to be associat-
ed with increased HSL activity and decrease in meudTG content. Thus, exercise-
induced increase in plasma epinephrine and regitaedrenergic stimulation may contrib-
ute also to increase in the lipolysis of IMTGs dagrexercise. HSL activation might be ac-
complished through phosphorylation of extracelltgulated kinase (ERK). This is, how-
ever, not the only mechanism of muscle HSL actirgtas HSL activation can be induced

independently of-adrenergic stimulation, possibly via Caignaling. (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 2@I/®). Fatty acid uptake can be reg-
ulated at the level of muscle fiber and mitochoad8hort-term regulation of fatty acid up-
take into muscle fibers involves translocation &TKCD36 from cytosol to plasma mem-
brane (Bonen et al. 2000). Both insulin and musol&raction have been found to promote
this translocation analogous to GLUT4 transloca{Bonen et al. 2000; Luiken et al. 2002).
Malonyl-CoA is a compound produced from acetyl-CioAcytoplasm by acetyl-CoA car-
boxylase (ACC). It is an intermediate in fatty asighthesis and inhibitor of CPT1, the rate
limiting enzyme of LCFA transport into the mitochia. (Spriet & Watt 2003.) According

to previous studies, malonyl-CoA concentration barregulated in two main mechanisms:
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Firstly, cytosolic citrate is an allosteric activabf ACC, and also substrate for the malo-
nyl-CoA precursor, cytosolic acetyl-CoA (Rudermanae 1999). It has been found that
skeletal muscle malonyl-CoA levels increase duphgsiological hyperglycemia and hy-
perinsulemia, which is accompanied by inhibitionGRT1 activity and LCFA oxidation in
humans (Rasmussen et al. 2002). In addition, swestancrease in plasma glucose and/or
insulin or inactivity caused by denervation hasrbésund to result in increased muscle
malonyl-CoA content due to increased cytosolicatérconcentration in rat skeletal muscle
in vivo (Saha et al. 1999). Secondly, AMPK phosphorylates thus inhibits the action of
ACC and also its activation by citrate. Inhibitioh ACC results in lowered malonyl-CoA
concentration, which relieves the inhibition of CPTNelson & Cox 2013, 679; Rasmussen
& Winder 1997; Ruderman et al. 1999; Winder etl807.) AMPK may also activate malo-
nyl-CoA decarboxylase (MCD) which catalyzes the @pfe reaction than ACC thus favor-
ing malonyl-CoA conversion to acetyl-CoA (Sahale2800).

Short-term regulation of g-oxidation. As with glucose oxidation, accumulation of metabo
lites that reflect sufficient cellular energy charmay inhibit some of the enzymes [bf
oxidation: high NADH/NAD ratio inhibitsp-HAD enzyme, whereas accumulation of ace-
tyl-CoA inhibits the action of thiolase (Nelson &&2013, 679.) Also, activation of differ-
ent intracellular signaling cascades, such as AMIgKaling and sirtuins, may modulate the
uptake of fatty acids and activities of the enzynm®Ived inp-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 transcriptionglilaion of the genes encoding these en-
zymes. The family of peroxisome proliferator-actedreceptors (PPARS) plays a key role
in the regulation of the expression of genes inedlin fatty acid oxidation. For example
PPARy, that acts in skeletal muscle, liver and adipéssie is capable of inducing the ex-
pression of genes related to fatty acid transpod #nose encoding for enzymes [&f
oxidation. (Nelson & Cox 2013, 679, 682.) Also b&tRARx and peroxisome proliferator-
activated receptoy coactivator-& (PGC-In) have been found to induce the expression of
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pyruvate dehydrogenase kinase 4 (PDK4), which itéhitbe action of PDH and thus in-
hibits glucose oxidation and promotes that of faityds (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 exer cise

Carbohydrates and fatty acids are the main sowfoesergy during exercise, and their rela-
tive contribution to fuel utilization is largely gendent on exercise intensity, duration and
substrate availability. Carbohydrates are the predant energy substrate when exercise
intensity is high and duration relatively short,il@Hatty acids provide most of the fuel for
more prolonged exercise of lower intensity. In &ddj increase in CHO availability in-
creases the utilization of CHOs for energy productnd reduces that of FFAs while the
opposite is true for increased FFA availability.o(Bwitz & Klein 2000; Roepstorff et al.
2005a; Romijn et al. 1993; Spriet & Watt 2003.) Tegulatory mechanisms will be dis-

cussed later below the heading “4.2 Regulatioruef $§election during exercise”.

The effects of exercise intensity and duration haeen studied by Romijn et al. in endur-
ance trained men (1993) and women (2000). Theyddhbat with increasing exercise inten-

sity, greater reliance on CHOs, especially on naugbfcogen, is apparent, while fat oxida-
tion contributes less to total substrate utilizatidhe absolute contribution of plasma-
derived substrates remains relatively constant aveide range of exercise intensities, as
decreased plasma FFA turnover with increasing eesriatensity is counterbalanced by
increased plasma glucose turnover. They found #tsb,at least in endurance trained sub-
jects, lipolysis in peripheral adipose tissue setnise already maximally stimulated during
low intensity exercise with relatively low catecaoline concentrations, as it is not further
stimulated when exercise intensity is increasedvéi@r, IMTG lipolysis is stimulated only

at higher exercise intensities, suggesting a piaigntigher threshold for catecholamine

stimulation. (Romijn et al. 1993; Romijn et al. 200
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During prolonged exercise at low intensity, i.e%2¥O.may availability and oxidation of
different substrates don’t change much from 3020 tinutes of exercise. However, dur-
ing exercise at moderate intensity, i.e. 65%.¢4) the relative contribution of plasma-
derived substrates progressively increases witteasing duration while the contribution of
intramuscular substrates decreases. Thus, it sg&nhat the onset of exercise at moderate
intensity, IMTGs are needed to compensate for @ sésponse in FFA release in plasma.
(Romijn et al. 1993.)

4.2 Regulation of fuel selection during exercise

Fatty acids are released from endogenous triaagdghy stores by lipolysis, that is, hydroly-
sis of triacylglycerol by the enzyme hormone-sewsitipase. As previously discussed, this
is mainly regulated by hormones that either stiteutar inhibit hormone-sensitive lipase.
For example, catecholamines promote and insuliibitshlipolysis and thus release of fatty
acids. Exercise of mild or moderate intensity (2596 of VOnmay iNncreases fat oxidation
5-10-fold compared to resting state because oéasad energy requirements and fatty acid
availability. This results from enhanced adipossue lipolysis mediated f}radrenergic
stimulation and increased adipose tissue and sketetscle blood flow which facilitates the
delivery of fatty acids from adipose tissue to skal muscle. The increased fatty acid oxi-
dation during endurance exercise delays glycoggnetien and hypoglycemia and thus
permits sustained physical activity. (Horowitz &gt 2000.)

Exercise intensity has an effect on the rate obkatlation and the contribution of different
sources of fatty acids to the oxidation. During Jmtensity exercise, fatty acids derived
mainly from plasma are oxidized. With increasintgisity, the rate of fatty acid oxidation
increases along with increasing relative contrioutof intramuscular triacylglycerols to
fatty acid oxidation. However, during high-interyséxercise (>70 % of V&, fatty acid

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

does not result from decreased lipolysis but fremuced adipose tissue blood flow that



24

impedes the delivery of fatty acids from adipossue to skeletal muscle to be oxidized.
(Horowitz & Klein 2000.)

There is a bunch of theories concerning the indgrjpletween carbohydrate and fat oxida-
tion during exercise, some of which are more likelyhappen during exercise than the oth-
ers(Spriet & Watt 2003). Some of these theories aiefllgrdescribed below.

Effect of increased FFA availability. Increased availability of FFAs might decrease CHO
oxidation via multiple mechanisms: As early ashe early 1960’s Randle and coworkers
suggested the existence of so called glucose-faity cycle (also known as “Randle cy-
cle”). The theory suggests that increasing FFAlalbdity increases cellular concentrations
of acetyl-CoA, citrate and glucose 6-phosphate Ep@via reduced glycolytic flux). The
accumulation of these compounds then leads to itldnbon enzymes pyruvate dehydro-
genase (PDH), phosphofructokinase (PFK) and heaski(HK), respectively, leading to
decreased CHO oxidation and ultimately reducedogleaptake into the cell. These studies
were conducted using contracting cardiac muscleabiskeletal muscle relies much more
on intracellular glycogen stores, the situationcantracting skeletal muscle is obviously
different. Indeed, studies examining skeletal mai$idsue during exercise suggest that the
inhibition of CHO oxidation happens rather at tledl of glycogen phosphorylase and
PDH. One hypothesis to explain the mechanismsashigh FFA availability inhibits the
decrease in cellular energy charge. First of atiyganic phosphate acts as a substrate and
ADP and AMP as allosteric regulators for phosphesgland thus, decreased availability of
these regulators could explain decreased glycogsisdby phosphorylase. In addition, high
ATP/ADP ratio activates the enzyme PDH kinase (PDK)ich phosphorylates and thus
inactivates PDH. One possible explanation for iasesl energy charge with high FFA
availability, is increased mitochondrial NADH conteHowever, this needs more profound
investigation to be proven. The results from défdrstudies are somewhat controversial
and so, for example during prolonged exercise passible that simply the depletion of
substrates for phosphorylase (glycogen depletio) RDH (decreased pyruvate produc-
tion) account for the decreased activity of theseymes. Decrease in the CHO availability
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and increased reliance on fat oxidation has beewrsiio induce the expression of PDK4
isoform. As PDK4 inhibits PDH, fatty acid oxidatios favored instead of CHOs. Also,
greater IMTG content increases the reliance oaridtdecreases 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 mechanismstegivia inhibition of long-chain fatty acid
(LCFA) transport into the mitochondria or seconlyavia increased insulin signaling. Car-
nitine palmitoyltransferase 1 (CPT1) is an enzyowaled on the outer mitochondrial mem-
brane that plays an important role in the transpbHCFAs into the mitochondria. This step
is believed to be the rate-limiting step in fattydaoxidation. In addition to CHO ingestion
prior to or during exercise, increasing exercigensity (above 75% V&, also attenuates
fat oxidation via increased glycolytic flux. At Higr intensities, blood glucose concentra-
tion increases and cellular CHO metabolism andKo@an are accelerated via glycogenol-
ysis, glycolysis, PDH activation and CHO oxidatidiiso, muscle pH tends to drop along
with increased flux through glycolysis at high eoise intensity. This slight acidification
has been shown to inhibit CPT1 activity which coedgblain the reduction in fatty acid oxi-
dation. Besides the drop in pH, another mechanasnalso been suggested. (Spriet & Watt
2003.)

Malonyl-CoA concentration has also been suggesteté with increased CHO oxidation
and excess of CHO availability. This might caudabnion of CPT1 and thus decrease in
fatty acid oxidation. (Nelson & Cox 2013, 679; $pr& Watt 2003.) Howevethis doesn’t

seem to happen in human skeletal muscle duringcisee(Spriet & Watt 2003). For exam-
ple in the study of Odland et al. (1998) muscleangl-CoA content did not increase during
high intensity exercise despite significant inceeas PDH activation and accumulation of
acetyl-CoA and acetylcarnitine all of which reduttm increased CHO catabolism. Instead,
as malonyl-CoA levels have been found to decreas@g muscle contractions in rodents
and during exercise in humans, it could indicatd thalonyl-CoA inhibits CPT1 and thus
limits transport of FFAs into the mitochondria astr and that this inhibition is relieved in
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the beginning of exercise to allow greater enengydpction from fatty acids (Odland et

al. 1996; Roepstorff et al. 2005; Spriet & Watt 2pdndeed, decreased malonyl-CoA lev-
els have been associated with greater fatty addborn during exercise (Roepstorff et al.
2005). However, not all studies have found decikasalonyl-CoA levels after or during
exercise at moderate intensity in humébsan et al. 2000; Odland et al. 1996; Odland.et al
1998). Also the data concerning different exerdigensities is somewhat controversial
(Dean et al. 2000; Odland et al. 1998; Roepstarél.2005). Roepstorff et al. (2005) found
a significant decrease in muscle malonyl-CoA cotregion after 30 and 60 minutes of ex-
ercise at 65% Véhaxin subjects with either high or low pre-exerci$gcggen content. The
malonyl-CoA content tended to decrease more inestbjwith low pre-exercise glycogen
content. In the study of Dean et al. (2000) subjesiercised for 45 min at 60% VY&, 10
min at 85% VQmax and until exhaustion (100% &y with 10 minutes of rest between
each exercise boutontrary to Roepstorff et al. (2005) they foundréased muscle malo-
nyl-CoA levels only after exercise bouts at higkensities (85 and 100% \s&.y). This
somewhat contrasts the assumption that decreasalonyl-CoA content is associated with
increased fat oxidation, as CHO utilization incesast higher intensities. Odland et al.
(1998) studied changes in muscle malonyl-CoA cotmagan one and 10 minutes after the
onset of exercise at intensities of 35%, 65% arfth 30,max The only condition where
significant decrease in muscle malonyl-CoA conteas found, was 1 minute after the on-
set of exercise at 35% i The malonyl-CoA content seemed to have decrealsed
after one and 10 minutes after the onset of exe@iD0% VGQnax but, even if this result
would be consistent with the results of Dean e{2000), this decrease wasn'’t statistically
significant.However, in the study of Odland et al. (1998) thbjscts had consumed a meal
high in CHOs 2—4 hours before the trials which maye had influence on the results as
glucose and insulin might have inhibited the deseeim malonyl-CoA (Dean et al. 2000;
Odland et al. 1998).

During exercise, cellular AMP levels increase ahdse of PCr decrease which induces
AMPK activation. It has been suggested that thighthresult in the decrease of malonyl-
CoA during exerise. (Rasmussen & Winder 1997; Ruder et al. 1999; Spriet & Watt
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2003.) The fact that increasing AMPK activation lwihcreasing exercise intensity is
accompanied by increase in ACC inactivation alsppsus this theory (Rasmussen &
Winder 1997). Roepstorff et al. (2005) studietlacellular mechanisms to regulate fat oxi-
dation in response to altered muscle glycogen cori@HO availability) in human skeletal
muscle during submaximal, moderate intensity esercihey tested two possible mecha-
nism that might play a role in regulating the cdmitions of fat and carbohydrates to energy
production: 1) High glucose levels result in in@eé malonyl-CoA concentration whereas
AMPK activity decreases it, both by regulating &t€oA carboxylase (ACC) activity.
Decrease in malonyl-CoA levels relieves the inibittaid upon CPT1 and fat oxidation is
favoured. 2) Carnitine is needed for the transpbfatty acids into the mitochondria. How-
ever, carnitine also buffers accumulated acetyl-CeAy. during high intensity exercise,
which might result in limited availability of catme for fatty acid transport and thus shift
energy production towards glucose utilization. Thaynd that during a 60-minute bicycle
ergometer test at 65% i« both fat and carbohydrate oxidation rates incre¢aseboth
conditions, high and low pre-exercise glycogen Igvbut fat oxidation was significantly
higher in subjects with low glycogen levels whereadhohydrate oxidation was higher in
those with high glycogen levels. AMPK phosphorgatiand activity increased more when
pre-exercise glycogen levels were low, whereas AB&sphorylation increased similarly in
both conditions. Consistent with ACC phosphorylationalonyl-CoA concentration de-
creased similarly in both conditions, even if idhaslight tendency to decrease more with
low glycogen levels. Acetyl-CoA concentration diok mliffer at rest between conditions but
it decreased during exercise with low glycogen lewand increased with high glycogen
levels. After the exercise bout, acetylcarnitinex@ntration was higher in subjects with
high pre-exercise glycogen levels, whereas subjeitts low pre-exercise glycogen levels
had higher free carnitine concentration. PDH atstiwias lower with low glycogen levels at
rest and after exercise, but the activity increaseding exercise irrespective of condition.
As ACC activity and malonyl-CoA concentration weret dependent on glycogen availa-
bility, this study suggests that greater fatty amxddation with low pre-glycogen levels is
probably explained by some other mechanism than KMiediated ACC inhibition and

decrease in malonyl-CoA concentration. Insteadilawéity of free carnitine had probably
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a more pronounced effect on fat oxidation, as kieéetal muscle free carnitine concentra-
tion as well as the fat oxidation rate were higth@rng exercise with low glycogen levels.
Thus, increased production of acetyl-CoA by PDHhigave resulted in the decreased free
carnitine availability with high glycogen availaibjl resulting in impaired capability to fatty
acid transport. These results indicate that PDEty&C0A and acetylcarnitine are potential
factors linking the regulation of fat oxidation tarbohydrate availability and glycolytic
flux. (Roepstorff et al. 2005.) These results aréne with previous results of Odland et al.
(1998), who found that increased reliance on CHfas€d on RER data} higher exercise
intensities was accompanied by increased PDH &ctand accumulation of acetyl-CoA

and acetylcarnitine without significant alteratiormalonyl-CoA concentration.

In the case of glucose ingestion before exercaeyXidation might be secondarily inhibited
via insulin action and resulting increased avaligbiof CHOs. Decreased transport of
LCFAs may lead to accumulation of LCFA-CO0A in thgaplasm and subsequent inhibition
of HSL action leading to diminished IMTG hydrolysBecreased fatty acid oxidation may
also result from decreased availability of FFAs tluensulin’s effect on adipose tissue to
inhibit lipolysis. (Spriet & Watt 2003.)

4.3 Intracelular regulatory pathways

In addition to hormonal regulation, numerous meliabdiochemical and mechanical
stimuli induced by e.g. exercise or disease haflaeince on the responses, such as sub-
strate use, of individual cells (Mooren & Vélker@s) 64). Thus, it is also important to look
at the intracellular regulators and signaling patisvwhen trying to clarify molecular
mechanisms behind differences in energy metabaohsiced by exercise or a disease, such
as diabetes.

AMPK signaling. AMPK is a protein kinase that acts as a sensocdtiular energy state: it
is allosterically activated by 5’-AMP. Thus high AMATP ratio, resulting from decreased
ATP synthesis or increased ATP consumption, stiteal & MPK phosphorylation by up-
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stream kinases (e.g. LKB1) and subsequent activaliMPK has been identified to have

a glycogen-binding domain, and it has been proptisedAMPK might be also regulated
by muscle glycogen levels. Also, it has been suggethat leptin and adiponectin liberated
from adipose tissue activate AMPK in muscle andseguently increase fatty acid oxida-
tion. AMPK activation leads to both phosphorylatiohits down-stream targets (acute ef-
fects) and changes in gene expression (chronicteffqHardie & Sakamoto 2006.) These
actions result in expression of genes related toanhondrial and oxidative metabolism and
increased plasma glucose and fatty acid uptakeoroanotion of glucose and fatty acid
transporter translocation and oxidation by the rneug¢€Canto & Auwerx 2010; Hardie &
Sakamoto 2006).

MAPK signaling. The family of mitogen activated protein kinasesgists of four members:
extracellular signal-regulated kinases 1 and 2 (ERK p38 MAPK, c-Jun NH2-terminal
kinases (JNK) and ERK5. MAPKs are stimulated bykites, growth factors and cellular
stress, such as exercise. MAPK mediate cellulgroreses by phosphorylating their down-
stream targets and thus having influence on substnatabolism, cell proliferation, differ-
entiation, hypertrophy, apoptosis, inflammation gede expression via phosphorylation of
transcription factors and coactivators. It seenad HRK1/2 participates in regulation of
fatty acid uptake and oxidation during exerciseilevp38 MAPK potentially regulates gene
expression of GLUT4 and PGGr1n response to exercise to enhance cellular gucps
take and oxidative capacity. (Kramer & Goodyear2p0

AMPK and MAPK signaling during exercise. According to previous studies, exercise in-
creases the activation of AMPK and p38 MAPK via gftworylation (Akimoto et al. 2005;
Gibala et al. 2009; Little et al. 2010; Teradale2@02). The activation of these proteins has
been shown to up-regulate PG&-@xpression and also its activation via phosphtioia
(Akimoto et al. 2005; Arany 2008; Jager et al. 20@d@gozelski et al. 2009; Puigserver et al.
2001; Terada et al. 2002; Terada & Tabata 2004)adtalso been suggested that exercise-
induced AMPK and p38 MAPK activation might promaoiéclear translocation of PGGr1
thus promoting its action as a transcriptional tatu (Little et al. 2010)In addition, there



30

is evidence that AMPK induced PGG-phosphorylation mediates the expression of
multiple genes related to oxidative metabolismudoig the expression of PGG-1tself
(Jager et al. 2007).

Sirtuins. Sirtuins are a family of NADdependent protein deacetylases that act as inmporta
regulators of metabolism and healthspan. As thgreatic reaction catalyzed by sirtuins is
dependent on NAD the sirtuins are responsive to nutritional sttéhe cell and mediate
the responses to energy stress. For example dexeagise, NAD levels rise in skeletal
muscle, which is accompanied by sirtuin activatidocording to current knowledge, the
sirtuin family consists of seven members (Sirtl-+bich differ from one another in tissue
specificity, subcellular localization, enzymatidigity and targets. Here the focus will be on
the sirtuins 1, 3 and 6. Sirtl is the best desdrédoed the most profoundly studied sirtuin. It
is localized mainly in the nucleus but it can b@axed to cytosol in response to specific
signals. This happens for example when insulinaigg is inhibited. Sirtl is able to acti-
vate PGC-& and FOXO proteins via deacetylation and thusayplan important role in the
regulation of mitochondrial gene expression andssate metabolism. (Houtkooper et al.
2012.) Sirtl knockdown has been shown to resullenreased fatty acid oxidation, in-
creased PGCelacetylation and down-regulation of mitochondriatidatty acid oxidation
gene expression in cultured cells (Gerhart-Hineal.eR007). Sirt3 is localized mainly to
mitochondria where it deacetylates multiple targetymes related to aerobic energy me-
tabolism and protection of the cell from oxidatsteess. It has been found to promote fatty
acid oxidation by deacetylating the enzyme LCAD rasponse to prolonged fasting.
(Houtkooper et al. 2012.) It has also been sugdet$tat, in response to exercise, Sirt3
might induce the expression of PG@-lia activation of AMPK and/or CREB in skeletal
muscle (Palacios et al. 2009). On the other ha@C-Bu has been shown to potentially
control the expression of Sirt3 in an EiRBependent manner (Giralt et al. 2011). Sirt6 is a
nuclear protein deacetylase, showing also ADP-yiladi®n activity. Its main functions are
related to DNA-stability and repair, but also inkidn of glycolysis via inhibition of HIFa.

It may also stimulate the expression of genes wreabin fatty acid oxidation. So, altogether
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the current knowledge suggest that these thragrsract as boosters of fatty acid oxida-

tion during conditions of energy stress. (Houtkaaogteal. 2012.)

PGC-1a. Common to all of these signaling pathwayrotein PGC-d, which has been
called a master regulator of mitochondrial biog&nhasd aerobic energy metabolism (figure
3). During exercise, cellular energy charge de@saghich is demonstrated by increased
AMP/ATP ratio. This activates AMPK which in turn ggphorylates and activates PG&-1
AMPK also activates Sirtl indirectly via increagddD” levels. The action of Sirtl locks
PGC-1u to its active state. Sirtl also activates PRRAIRd this together with PGGxhctiva-
tion leads to suppression of glycolysis and up-agn of genes related to fatty acid up-
take,p-oxidation and mitochondrial biogenesis. (CantaleR009; Houtkooper et al. 2012;
Lomb et al. 2010.) In addition, Sirtl may also eatie AMPK via deacetylation of its up-
stream activator LKB1 (Lan et al. 2008).
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FIGURE 3. Transcriptional regulation of gene expi@s by PGC-a (Arany 2008)

Regulation of substrate utilization by PGC-1a. PGC-Li induces transcription of genes fa-
voring the switch from glucose to fatty acid oxidat It induces the expression of PDK4

which inhibits the rate limiting reaction of glu@exidation, conversion of pyruvate to ace-
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tyl-CoA, by phosphorylating and thus inactivatimg tenzyme PDH (Araki & Motojima
2006; Wende et al. 2005). Consistently PGCeterexpression has been shown to result in
reduction in glucose oxidation in cultured myolda@tvende et al. 2005). Also, increased
Sirtl activation and PGCeldeacetylation have been associated to inductiadheoéxpres-
sion of mitochondrial and fatty acid utilizationrges and increased fatty acid oxidation
(Gerhart-Hines et al. 2007). PGG-fransgenic mice are also able to exercise at highe
tensity without a shift towards CHO utilization cpared with wild type mice, which indi-
cates higher capacity for fatty acid oxidation (@aét al. 2008). There is also evidence that
PGC-X plays a role in the expression of genes involveditric acid cycle, oxidative phos-
phorylation (e.g. Cytkt) and fatty acid uptake (FAT/DC36), transport (FABRFATP1,
CPT1B) and oxidation (MCAD, LCAD, VLCAD) in skeldtanuscle (Calvo et al. 2008;
Geng et al. 2010; Leick et al. 2008).
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FIGURE 4. Regulation of PDK4 expression by PGCAWMende et al. 2005).

4.4 Long-term adaptationsin energy metabolism during exercise

Regular endurance training results in improvemémieoobic capacity which is demonstrat-
ed by increased V&Qax This improvement is due to multiple adaptatiansardio-vascular
system and skeletal muscle tissue induced by tgir{Holloszy & Coyle 1984.) Theen-
tral cardio-vascular adaptations are out of thepea this literature review, and thus, adap-
tations taking place in the peripheral tissuesgeisily skeletal muscle, are in the focus

here.
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It has been established that fat oxidation duringnsaximal exercise increases after en-
durance training (Carter et al. 2001; Friedlandeal €1998a; Holloszy & Coyle 1984; Hor-
owitz & Klein 2000; Phillips et al. 1996). This efft is due to many adaptations taking
place in skeletal muscle tissue: the delivery dtfyfacids to muscle fibers is enhanced by
increased capillarization in skeletal muscle tisghe capacity to transport fatty acids into
muscle fibers and mitochondria is increased whenetkpression of transport proteins in-
creases and finally, the capacity to oxidize faityds is improved by increasing mitochon-
drial density and enzyme activities in muscle fdbhgHolloszy & Coyle 1984; Horowitz &
Klein 2000; Kiens et al. 1993; Kiens et al. 199@]ahian et al. 2007.)

The data obtained from previous research showsttibancreased fat oxidation isn’t relat-
ed to increased lipolysis in adipose tissue. Enthedrained subjects have been found to
have similar adipose tissue and whole-body lipolyisponses to epinephrine and to exer-
cise at same absolute intensity, respectivelynamimed subjects. (Horowitz & Klein 2000;
Stallknecht et al. 1995.) However, trained subjeetsmed to have enhanced epinephrine-
stimulated adipose tissue blood flow (Stallknedhdle1995). During exercise at same rela-
tive intensity, endurance trained subjects havddrigvhole-body lipolytic rates, which
might result from increased delivery of epinephriaeadipose tissue by enhanced adipose
tissue blood flow (Horowitz & Klein 2000). In addinh, trained individuals may rely more
on IMTGs as substrates, as previously untrainegestgohave been found to have decreased
plasma FFA turnover and oxidation after a 12-wee#ueance training period despite in-
creased total fat oxidation during prolonged exsr¢Horowitz & Klein 2000; Martin et al.
1993).

Contradictory findings exist, however. Friedlan@éral. (1999) found that whole-body li-
polysis and total fat oxidation were unaffecteceaftO-week endurance training but FFA
rate of appearance {Ras well as rate of disappearancq)(®ere increased after training
during exercise at both same absolute and samigveelatensity in young men. In young
women, 12-week but otherwise similar enduranceitngiresulted in increased FFA rate of
appearance, rate of disappearance and oxidatioaumeghduring exercise at same absolute
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and relative intensities, whereas no change wasdfau whole-body lipolysis. The in-

creased fat oxidation in women after training wasnty due to increased plasma FFA oxi-
dation. (Friedlander et al. 1998a) These resulggest that women may rely more on fat
oxidation after endurance training than men (Ferder et al. 1998a; Friedlander et al.
1999). It has been suggested that women rely moratooxidation than men during pro-

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

Consistent findings have been established for atiaps in CHO metabolism by the same
group. Glucose flux (R Ry and metabolic clearance rate, MCR) was decredsadeadur-
ance training period in both men and women durikey@se at same absolute intensity, but
not at same relative intensity. This suggests ghatose flux is related to relative exercise
intensity. When it comes to glucose oxidation, eciieased during exercise at both same
absolute and relative intensity in men, and onlygane absolute intensity in women. In
women, also the relative contribution of CHOs ttake@nergy expenditure was decreased
after training during exercise at both same absand relative intensity, whereas no signif-
icant changes were found in men. These values sigraficantly different between gen-
ders. (Friedlander et al. 1997; Friedlander ef1888b.) However, in all of these studies by
Friedlander et al. (1997; 1998a; 1998b; 1999) #lative improvement in aerobic capacity
(VOzpeay Was approximately twice as great in women as @n,nwhich might have had

something to do with demonstrated gender differemc&HO and lipid metabolism.

In another study, as a consequence of seven wéekslarance training the proportion of
fat oxidized increased during exercise at samelatesmtensity but not same relative inten-
sity. This was also seen as lower RER values atsarsolute but not at same relative in-
tensity. Consistently, the relative contribution@HfOs to substrate oxidation decreased at
same absolute but not at same relative intendigy &tining. However, glucose flux {RRy

and MCR) was diminished during exercise at samelatesand same relative intensity, but
glucose Rand R were higher during exercise at same relative sitgrthan at same abso-
lute intensity. Glucose uptake was diminished af@ning at both same absolute and same
relative intensity. Glycerol Rand R weren't altered by training period. Plasma norephn
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rine concentration was lower after training durexgrcise at same absolute intensity but

not at same relative intensity. For men, plasmaeggirine concentration was lower after
training during prolonged exercise at both samelabs and same relative intensity, while
women showed lowered concentration only at samelatiesintensity. Both men and wom-

en improved their V@eaksimilarly. (Carter et al. 2001.)

Already a short period of endurance training majuge changes in substrate utilization.
Phillips et al. (1996) found a 10% increase indadation due to increased IMTG and de-
creased glycogen oxidation during exercise at samselute intensity after only five days of
endurance training. After 31 days of training faidation during exercise was increased
further with concomitant decrease in CHO oxidatidatal fat oxidation was increased by
~70% mainly due to increased oxidation of IMTGs, levlthe reduced CHO oxidation was
predominantly due to decrease in the rate of glgnamxidation. Catecholamine response to
exercise at same absolute intensity was attenuatégdined state. Vgeax Was improved
after 30 days of training (10%) but wasn’t sigrafitly changed after only eight days of
training. (Phillips et al. 1996.)

Contrary to the previously presented results, §€ bhaen also suggested that increased fat
oxidation during exercise at same absolute intgrediter training would result from in-
creased uptake of FFAs into muscle cells due tamedd transport capacity rather than
from increased oxidation of IMTGs. This enhanceplacaty for FFA uptake was suggested
to be due to either increased capillarization otatnelic changes in trained skeletal muscle
that improve the capacity to oxidize FFAs, dematstt by increased activities of enzymes
B-HAD and citrate synthase. It was also concluded tftormones, such as insulin and cate-
cholamines, are not likely to play as importaneriol the shift of substrate use as the adap-
tations at the level of trained muscle. (Kiensle1893.)

Also two weeks of high-intensity interval trainifiglT) has been found to increase M«
and whole-body fat oxidation and to decrease reiazn muscle glycogen during exercise

at 60% of pre-training V&eakin women. Similarly to more conventional enduratregn-
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ing, HIT resulted in increased maximal activitiglsp-HAD and citrate synthase and in
increased protein content of total muscle plasmanbmane fatty acid-binding protein
(FABP,m). No changes were found in fatty acid transloq&#€rl)/CD36 or cytosolic HSL
content. These results suggest increased capadigrisport and oxidize FFAs during exer-
cise after HIIT. (Talanian et al. 2007.) Increaseskeletal muscle FABR after more con-

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

Contrary to previously presented results, Tungtll. (2002) demonstrated that nine days
of endurance training increased the expressionAdi/€D36 both at mMRNA and protein
levels, without any changes in FARPexpression. Also CPT1 mRNA expression was in-
creased as a consequence of training suggestatghtihnexpression of genes related to FFA
transport across plasma and mitochondrial membraaekl play a role in increased fat
oxidation in trained state. However, the mRNA exsgren of PPAR was decreased after
training, whereas no changes were found in theesspon of PPAR, PGC-1. or SREBP-
1c, all of which are transcriptional regulatorsggehes related to fatty acid uptake and oxida-
tion. The expression of none of these factors wesged acutely in response to a single
exercise bout. (Tunstall et al. 2002.) These gempeession results are somewhat contradic-
tory to other studies as for example skeletal neugPAR: protein expression has been
found to increase substantially after 12 weeksrmfueance training and it has even been
suggested to play a regulatory role in increasexalation after training (Horowitz et al.
2000). The interpretation of the results of Turstahl. (2002) is limited by the lack of pro-

tein expression data, small number of subjectsreladively short training period.

Some discrepancies exist between the results fef eift studies concerning for example the
mechanism and the source of increased fat oxidadiosubstrate kinetics during exercise at
same absolute and same relative intensity. In ssies increased oxidation of IMTGs

has been suggested to be the reason for increatsexidation while others suggest that it is
due to increased plasma FFA oxidation. Similarlyme results suggest increased FFA
transport capacity while others rather increasezhciéy to metabolize FFAS. The reasons
for these differences are not known, but some @fitimay be at least partially explained by
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slightly different exercise intensities used iralgj different exercise training modes or
some other differences in the experimental promoolmethods that were used. (Carter et
al. 2001; Friedlander et al. 1998a; Horowitz et24l00; Kiens et al. 1993; Phillips et al.
1996; Tunstall et al. 2002.)
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5 DIABETESMELLITUSAND EXERCISE

5.1 Diabetes mdlitus

Diabetes mellitus can be defined as a group of Inoditadiseases that are characterized by a
rise in blood glucose concentration to abnormaglleve. hyperglycemia (figure 4). Diabe-
tescan be caused by defects in either insulin secreti® action on target tissues, or both.
Acute symptoms of the resulting hyperglycemia idelypolyuria leading to dehydration,
polydipsia, weight loss and blurred vision. Uncofted diabetes also leads to acute poten-
tially fatal conditions of hyperglycemia with ketodosis resulting from excessive utiliza-
tion of fats, or nonketotic hyperosmolar syndrommeaddition, high blood glucose concen-
tration causes other dysfunctions including abnérimaction of blood vessels and nerve
cells which then may trigger a number of other iiecs and injuries cause severe harm to
multiple tissues, highlighting the importance aficitcontrol of glucose balance. Indeed,
chronic hyperglycemia is associated with many efltng-term complications of diabetes,
including damage, dysfunction and failure of e.ges nerves, kidneys, heart and blood
vessels. Diabetes-induced complications includmapathy, nephropathy and peripheral
and autonomic neuropathies, just to mention a #so, patients with diabetes have an
increased incidence of atherosclerotic cardiovascperipheral arterial and cerebrovascu-
lar disease: insulin deficiency increases lipolysisl release of fatty acids into the blood
stream which eventually causes rise in plasma tqem, cholesterol and phospholipid
levels. This can ultimately lead to developmenatiferosclerosis. (American Diabetes As-
sociation 2013; Guyton & Hall 2000, 888-889, 894-39

An individual is considered to have prediabetes,increased risk for development of dia-
betes in the future, if their fasting plasma gleedsPG) ranges from 100 mg/dl (5.6
mmol/l) to 125 mg/dl (6.9 mmol/l) (called impairéasting glucose (IFG)), 2-hour plasma
glucose in the 75-g oral glucose tolerance test TOGfalls between 140 mg/dl (7.8

mmol/l) and 199 mg/dl (11.0 mmol/l) (called impalrglucose tolerance (IGT)) or A1C is
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5.7-6.4 % (test for glycated hemoglobin that presithformation on the average plasma
glucose concentrations over the past three monttisgn the individual meets at least one
of the following criteria, they are diagnosed tovéaliabetes: A1G6.5% or FPG>126
mg/dl (7.0 mmol/l) or 2-h plasma glucos200 mg/dl (11.1mmol/l) during an OGTT or (in
a patient with classic symptoms of hyperglycemiayperglycemic crisis) a random plasma
glucose 0200 mg/dl (11.1 mmol/l). (American Diabetes Asstioia2013.)

Stages Normoglycemia Hyperglycemia
Types Normal Glucose Regulation | Impaired Glucose Tolerance : Diabetes Mellitus
or .
Impaired Fasting Glucose { Notinsulin  Insulin requiring  Insulin requiring
(Prediabetes) * requiring for control for survival
Type 1* ; :
Type 2 :
Other Specific Types** B o T E—
. , e ————
Gestational Diabetes**

FIGURE 4. Types and stages of glycemic disordeng. degree of hypeglycemia may change over
time and is a continuum between normoglycemia awere hyperglycemia and a state of insulin

defiency where insulin is required for survivgmerican Diabetes Association 2013.)

The different types of diabetes can be classifismbaling to the etiology (i.e. the cause of
the disorder), the pathogenic processes and th@teyms of the disease. Two main eti-
opathogenic categories can be distinguished: Infitee category, named type 1 diabetes
(also insulin-dependent diabetes or juvenile-odsabetes), there is an absolute deficiency
of insulin secretion, usually because of celluladmted autoimmune destruction of pan-
creatic (insulin-secreting)-cells. This type of diabetes accounts for 5-10f%llahe cases

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

insulin-dependent diabetes) results from the coatlwn of resistance to insulin actiom
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the target tissues and an inadequate compensasppnse of insulin secretion (relative
insulin deficiency). This type of diabetes accouiots90-95 % of all the cases of diabetes.
In addition to these two categories there are alker types of diabetes that may either fall
into one or the other of these categories or baragp of them. Examples of these are gesta-
tional diabetes, genetic defectspatells or insulin action, diseases of the exocpaacre-

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

few. (American Diabetes Association 2013.)

5.2 Insulin deficiency, diabetes and ener gy metabolism

Bearing in mind insulin’s key role in whole metaisat, it is not surprising that loss of insu-
lin action or insulin deficiency results in mul@gpthanges in cellular function. These chang-
es include alterations in glucose and lipid metaboland changes in gene expression and
protein phosphorylation. Gene expression analysihe skeletal muscles of insulin defi-
cient and healthy mice revealed that the largesttianal group of genes, whose expression
was altered in insulin deficient mice, compriset@gerelated to energy and substrate me-
tabolism. Also groups of genes related to trantomal regulation and transport were al-
tered in insulin deficiency. As glucose and ketboéies contribute less to energy metabo-
lism in diabetic skeletal muscle there is an inseglaneed for fatty acid oxidation to meet
the energy demands. Consequently the expressioraioy genes related to fatty acid oxida-
tion were up-regulated in insulin deficient micdaeBe genes include all the enzymeg-of
oxidation of fatty acids, HSL and proteins transgipgy LCFAs into and inside the cell. Con-
sistently, the genes involved in fatty acid synthesd ketone body metabolism were down-
regulated in diabetic skeletal muscle. Although RBAas been shown to up-regulate the
enzymes of fatty acid oxidation, its expression dawn-regulated in diabetic skeletal mus-
cle. This was supposed to result from of a tispesific change induced by diabetes or
from opposing effects of hyperglycemia and losgsiilin signaling. (Yechoor et al. 2002.)
Consistent with these results type 1 diabetic ptgibave been shown to have higher myo-
cardial fatty acid utilization, myocardial fattyidexidation (both absolute and relative) and

lower myocardial glucose oxidation despite simitarocardial blood flow and plasma lac-
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tate and insulin levels. Plasma glucose (only siyyland free fatty acid levels as well as
myocardial oxygen consumption were higher in typdidbetic patients. (Herrero et al.
2006.) In addition, muscle CPT activity has beamfbto be higher in type 1 diabetic sub-
jects compared with healthy subjects at rest, aihon vitro **C-palmityl CoA oxidation

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

Glucose disposal is impaired in diabetic skeletatole and this was seen also in the chang-
es in the expression of genes involved in glucomasport, uptake and metabolism. For ex-
ample GLUT4 expression and its translocation tsmla membrane may be impaired in
diabetes. In addition, the expression of the ratgihg enzymes of glycolysis and the de-
hydrogenase component of PDH converting pyruvaseéyl-CoA were down-regulated in
insulin deficiency. (Silvennoinen 2004; Yechooratt 2002.) In diabetic skeletal muscle
PDH activity would be inhibited even more due t@waaulation of acetyl-CoA resulting
from fatty acid oxidation and decreased functionfigitric acid cycle causing substantial
decrease in glucose oxidation. Furthermore, theresspn ofa-1,4- to 1,6-glucan-
branching enzyme needed to normal glycogen formatias also decreased in insulin defi-
cient mice. (Yechoor et al. 2002.)

As insulin promotes glucose transport into celld &8 storage as glycogen by activating
glycogen synthase, it can be assumed that sketetatle glycogen content would be de-
creased in diabetic compared to healthy muscle t@hu& Hall 2000, 887; Saltiel & Kahn
2001). Indeed, impaired glycogen synthase actauitg capacity for glycogen synthesis and
storage have been found in diabetic individualk(8zal. 1989; Shulman et al. 1990).

In addition to previously reviewed changes in gerpression related to lipid and glucose
metabolism, also gene expression related to thehimary for oxidative phosphorylation

was altered in diabetes: the mRNA expression ofetiieymes of electron transport chain
were down-regulated in insulin deficient mice. Tdnaehanges are likely to result in de-
creased capacity of the mitochondria to produce ARB increased formation of reactive

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

of these adverse effects of diabetes on gene esipres.g. involved in glucose transport,
citric acid cycle and electron transport chain, nb@yreversed or at least ameliorated by
endurance training (Silvennoinen 2004).

5.3 Effectsof diabetesand insulin deficiency on aerobic capacity

Type 1 diabetes mellitus has been shown to be iatedavith impaired aerobic capacity (el
Midaoui et al. 1996; Gusso et al. 2008; lanuzzale1974; Komatsu et al. 2005). The data
from former studies suggests that both central @ergheral alterations may contribute to

impairment of aerobic capacity in diabetes.

There are a number of studies suggesting thatiohegals diagnosed with TI1DM have lower
aerobic capacity in terms of maximal oxygen consiimnpand other cardio-respiratory pa-
rameters compared with healthy counterparts (Gassb 2008; Komatsu et al. 2005; Ko-
matsu et al. 2010; Niranjan et al. 1997). For eXamidomatsu et al. (2005) studied 118
children and adolescents (both male and femalgho¢h 72 had T1DM and the rest were
healthy. They found that during an incrementaldnei#l test for maximal aerobic capacity,
the diabetic subjects reached significantly lowalues for all the parameters assessed, i.e.
peak oxygen consumption (ml/kg/min), peak ventlat{btps), peak heart rate (beats/min)
and time to exhaustion, compared to healthy comntithe groups studied did not differ sig-
nificantly from each other for any of the assesdemhographic or clinical parameters (e.g.
age, weight, height, BMI and gender distributiog¥cept for HbAlc (%) (glycated hemo-
globin), that was obviously higher in diabetic sdig. (Komatsu et al. 2005.) In another
study, maximal aerobic capacity and cardio-vascusponses to submaximal exercise
were investigated in type 1 (n=12) and type 2 (nci@petic female adolescents and com-
pared with obese (n=10) and non-obese (n=10) dsntibabetic subjects were found to
have lower VQnax (relative to body weight and fat free mass) andimal heart rate in the
maximal cycle ergometer test than non-diabetic robtdespite similar reached maximal
powers. In addition, during rest and submaximal@sge at fixed heart rate (100 and 120
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bpm) type 1 diabetic subjects had lower cardiapuuand stroke volume compared to
non-diabetic controls. When indexed to fat free snéise cardiac output and stroke volume
responses of both type 1 and type 2 diabetic stsfjecsubmaximal exercise were 30—-40%
lower than in the non-diabetic groups. (Gusso .€2@08.) It has also been found that many
of the impairments in aerobic capacity are lesei®ein normoglycemic than hyperglyce-

mic diabetic subjects (Niranjan et al. 1997).

However, there are some studies that haven’t famddifference in aerobic capacity be-
tween diabetic and healthy subjects. For exampla, study by Fintini et al. (2012) cardio-
vascular capacity was similar between type 1 diatzetd healthy children even if the dia-
betic children were less active than their heattbynterparts. However, HbAlc negatively
correlated with V@ in multivariate analysis which might indicate anoection between
glycemic control and cardiovascular performar(€ntini et al. 2012.) Similarly, Veves et
al. (1997) reported similar maximal oxygen uptalkdues for type 1 diabetic and healthy
exercising individuals and for type 1 diabetic drahlthy sedentary individuals. However,
the exercising type 1 diabetic individuals with diac autonomic neuropathy had lower
maximal oxygen uptake than the other exercisedpgdwt similar to the sedentary groups.
They concluded that diabetes in itself doesn’tcffee aerobic capacity in physically active
individuals, and that the reduction in aerobic @iyacould be due to neuropathy. As levels
of physical activity or the presence of autononecnopathy weren’t reported in the studies
reviewed above, the causes behind the impairecdbi@ecapacity can only be speculated.
But, as was discussed by Gusso et al. (2008)otlerlpeak heart rate of the diabetic sub-
jects might be due to impaired autonomic respoasexercise, or cardiac autonomic neu-
ropathy that lowers the normal exercise-inducedthede response (Veves et al. 1997).
This is also supported by the study of Costill let(H79) in which diabetic, not showing
any symptoms of neuropathy, and non-diabetic stibjead similar pre-training values for
VO2maxand maximal heart rate in a maximal treadmill tetwever, the possibility that the
diabetic subjects just had lower physical actiWyels prior to the studies cannot be fully
excluded.
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Diabetic skeletal muscle has been reported in nonsestudies to have lowered oxidative
capacity. For example, diabetes has been showastdtrin impaired capacity to oxidize
palmitate-1-}*C] and pyruvate, decreased activity of oxidativekerenzymes (e.g. citrate
synthase, succinate dehydrogenase, and 3-hydrdx@a¢y dehydrogenase), lower myo-
globin content of skeletal muscle and slower préidacof ATP by mitochondria relative to
the mitochondrial protein content. (el Midaoui Et1®96; lanuzzo et al. 1974; Kivela et al.
2006; Noble & lanuzzo 1985.) Also, greater reliamceanaerobic glycolysis has been re-
ported in type 1 diabetic individuals at rest andrm an isometric muscle contraction exer-
cise. In that study, the oxidative capacity of thascles was evaluated by measuring the
recovery rate of phosphocreatine (PCr) after a Bometric contraction of ankle dorsiflex-
ors. Diabetic subjects had significantly lower satd PCr replenishment indicating lower
oxidative capacity of the muscles. (Crowther et2@103.) However, insulin deficiency has
been shown to result in decreased expression aficeekinase homologs, which could also

account for impaired PCr replenishment (Silvennoif@04; Yechoor et al. 2002).

A study comparing healthy and diabetic athletes lag@lthy and diabetic non-athlete con-
trols found that diabetic athletes had similar¥Q as healthy athletes but lower anaerobic
thresholds. The authors speculated that this cbheldue to both metabolic issues, such as
hyperglycemia and low lactic acid clearance duand after exercise, and respiratory prob-
lems. (Komatsu et al. 2010.) This is somewhat soetance with the results of Crowther et
al. (2003) who found greater reliance in anaergbycolysis, although the exercise mode

was very different from the study of Komatsu et(2010).

5.4 Effectsof diabetes and insulin deficiency on responses to exer cise

Crownhter et al. (2003) reported greater reliancamaerobic glycolysis during both rest and
exercise in men with well-controlled type 1 dialset®mpared with healthy counterparts.
This was manifested by lower muscle pH at restadurthg 120-s sustained isometric con-
traction of ankle dorsiflexors at 70—75 % of maximauntary contraction (MVC). In addi-

tion, during exercise, the pH dropped more quickigl the onset of glycolytic flux, meas-
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ured as the accumulation of glycolytic hydrogensiohappened earlier in the diabetic
subjects. The peak glycolytic flux rate was alsanid to be higher in diabetic subjects.
(Crowther et al. 2003.) Type 1 diabetic athletegehaeen reported to have lower anaerobic
thresholds than non-diabetic athletes despite @&nvD,n.x Values (Komatsu et al. 2010).
This suggests that diabetic individuals might nelgre on anaerobic glycolysis also during

aerobic exercise of relatively high intensity.

As already stated, diabetic individuals have begygested to have impaired glycogen syn-
thase activity and capacity for glycogen synthasid storage (Bak et al. 1989; Shulman et
al. 1990). In addition, low glycogen levels haweb shown to result in increased fat oxida-
tion during exercise (Roepstorff et al. 2005). Bopuld be assumed, that insulin deficiency
would result in increased reliance on fat oxidatloming exercise. This is supported by the
fact, that capacity to use fatty acids seems tbigleer in type 1 diabetes, measured at the
levels of both gene expression and enzymatic agt{@ostill et al. 1979; Yechoor et al.
2002).

According to the knowledge of the author, thererarestudies available at present compar-
ing the acute responses to exercise at the levetratellular 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 theinm@ats in aerobic capacity, such as
lowered VQmax and capacity of skeletal muscle to produce ATRlaeally, related to dia-

betes or insulin deficiency (Costill et al. 1979Midaoui et al. 1996; lanuzzo et al. 1974,
Kivela et al. 2006a; Laaksonen et al. 2000; NobléaBuzzo 1985). In addition, exercise
has been shown to have many other positive, healtited effects, such as improved gly-
cemic control, lipid profile and vascular function, patients with type 1 diabetes. Thus,

regular exercise has been recommended to indigdwah diabetes. (Costill et al. 1979;
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Fuchsjager-Mayrl et al. 2002; Laaksonen et al. 200@aining adaptations and some

health benefits of exercise training for the diabpatients will be discussed briefly below.

Training adaptations. Endurance training has been proved to improveadrebic capacity
of type 1 diabetic individuals (Costill et al. 1979aaksonen et al. 2000). Costill et al.
(1979) found that diabetic subjects not exhibitmy symptoms of neuropathy showed sim-
ilar adaptations to 10 weeks of endurance traifB@ min on 5 days per week) as the
healthy controls: Firstly, the VQaxof the diabetic subjects increased 11.0% whileitihe
crease for the healthy controls was 12.9%. Secoridky activities of enzymes lipoprotein
lipase (LPL, hydrolysis of plasma TAGS), carnitipalmityltransferase (CPT, fatty acid
transport to mitochondria), succinate dehydrogeri&&H, citric acid cycle)) and hexoki-
nase (glycolysis) in skeletal muscle increased ewykduring the training period and this
increase was similar to both diabetics and heattintrols. Malate dehydrogenase (MDH,
citric acid cycle) activity increased also withitiag but this increase was significant only
for the non-diabetic subjects. Before training,hbgtoups had similar capacities fic-
palmityl-CoA oxidation in skeletal muscle (measureditro) and the rate of oxidation in-
creased significantly with training for both groupslicating an increase in the capacity of
muscles to oxidize lipids. However, after the tiagnperiod the maximal rate dfC-
palmityl CoA oxidation averaged 41% higher in ditdeubjects compared with healthy
controls. (Costill et al. 1979.)

Glycemic control. VO,max has been found to correlate inversely with HbAl arquired
insulin dose (Austin et al. 1993). In the studyGustill et al. (1979) the diabetic subjects
were able to reduce their insulin dose 23% on @edaring the first two to three weeks of
endurance training. Despite this reduction, therseglucose concentration was significant-
ly lower after the 10 weeks of training. Also, saraoncentration of triglycerides was sig-
nificantly reduced after the training period. Exsectraining has also been found to restore
the reported impaired glycogen synthase activitdiabetic individuals (Bak et al. 1989).
When athletes and sedentary individuals with typdiagbetes mellitus were compared, it
was found that diabetic athletes had higher bagabgen synthase activity compared with
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sedentary diabetics. Glycogen synthase activitg atsrelated with V@nax However,
there were no differences in muscle glycogen cdrtetween athletes and sedentary sub-
jects and the difference in glycogen synthase igtdisappeared during insulin infusion.
Athletes had smaller insulin doses, potentialla¥oid hypoglycemia, and it was suggested
that the relative insulin deficiency increased tise of FFAs as a fuel, worsened hypergly-

cemia and possibly prevented improvement in inssginsitivity. (Ebeling et al. 1995.)

Lipid profile. Physical fitness and daily energy expenditureaerobic activity have been
found to be associated with better plasma lipidileran type 1 diabetic individuals (Austin
et al. 1993; Laaksonen et al. 2000). In a studgstigating the relationship between physi-
cal fitness and lipid profile in type 1 diabeticodescents, V@nax correlated inversely with
blood cholesterol, LDL, triglycerides and lipoproi@) (Austin et al. 1993). In another
study, daily energy expenditure on aerobic actiwgs found to correlate positively with
serum apo A-l/apo B ratio and negatively with tyagride levels. It also tended to correlate
with HDL/total cholesterol ratio. In the same studpdurance training of 12—16 weeks re-
sulted in decrease in serum levels of total and ldbblesterol and apolipoprotein B (apo
B). This was accompanied by a concomitant incrgastDL and apo A-1 levels as well as
in HDL/LDL, HDL/apo A-l and apo A-l/apo B ratios. kén relative changes in different
lipid parameters were compared, favorable changéfDL/LDL and apo A-l/apo B ratios
and apo B and triglyceride levels were significamgteater in the endurance trained group
compared with control group. In addition, it seentbdt the training-induced relative
changes in the HDL/LDL and apo A-l/apo B ratios vgreater in the individuals with low
HDL/LDL levels at baseline. Also, apo B levels dssed more in individuals that were
less physically active before the training perigdaaksonen et al. 2000.) Even though,
Laaksonen et al. (2000) did not find significantm@&ase in serum triglyceride levels after
endurance training in type 1 diabetic subjectss #ind of result has been reported else-
where (Costill et al. 1979). These results suggestsitive effect of exercise on blood lipid
profile, which might be especially beneficial fgpe 1 diabetic individuals already at higher

risk for cardiovascular complications.
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6 RESEARH QUESTIONSAND HYPOTHESES

6.1 Research questions

1. Are the key genes related to regulation of aerebergy metabolism differently ex-
pressed (MRNA and protein level) or signaling payswifferently activated in gas-

trocnemius muscles of insulin deficient mice coneplaio healthy mice?

2. What kind of acute effects does a single exerciaé have on the expression of the
key genes (MRNA and protein level) and on the atibw of signaling pathways re-
lated to regulation of aerobic energy metabolismhaalthy and insulin deficient

mice? Is the response different in insulin defitimce compared to healthy mice?

6.2 Hypotheses

1. The expression of genes (PG&-PDK4, CPT1 and sirtuins) and the activation of
signaling pathways (AMPK) favoring fatty acid oxiae, are up-regulated or at
similar levelin the gastrocnemius muscles of insulin deficiemtencompared to

healthy mice.

2. A single exercise bout acutely increases the egmesf the genes favoring fatty
acid oxidation in the gastrocnemius muscles of bwhlthy and insulin deficient
mice but the response is more pronounced in insigfitient mice. Consistently, the
activation of the signaling pathways favoring fadiyid oxidation is more visible in
the gastrocnemius muscles of the insulin deficrarde in comparison to healthy

mice.
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AMPK and ACC phosphorylation increase in respousexercise and insulin

deficiency.

p38 MAPK phosphorylation increases in responsexgraese, but decreases in

response to insulin deficiency alone.

MRNA and protein expression of PG@; PDK4, CPT1B increase in response

to exercise.

Sirtuin protein expression increases (Sirtl) oystae same (Sirt3) in response

to exercise.

The genes related to aerobic capacity (Cs andt)Cyte down-regulated in insu-

lin deficiency but up-regulated in response to eiser.
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7/ MATERIALSAND METHODS

7.1 Animalsand experimental design

All the experimental procedures were approved leyAhimal Care and Use Committee of
the University of Jyvaskyla. Male NMRI mice (n =,84arlan, The Netherlands) aged 10—
15 weeks were used in this study. The mice weredmbin standard conditions (tempera-
ture 22°C, humidity 60 = 10 %, light from 8.00 am8.00 pm) and they were fed libi-
tum. The mice were randomly assigned into healthyiabetic groups (figure 5). Experi-
mental type 1 diabetes was induced by a singlepetitoneal injection of streptozotocin
(STZ, Sigma-Aldrich, France, 180 mg/kg), a compouinat destroys pancreatfzcells,
dissolved in sodium citrate buffer solution (0.1lfh@H 4.5). An injection of an equal vol-
ume, containing only citrate buffer, was administeto the healthy mice. The development
of diabetes was confirmed with blood glucose teintoCue B-Glucose analyzer, Angle-
holm, Sweden) three days after injection. The mieee considered diabetic when their
blood glucose concentration exceeded 15 mmol/l. miee were not treated with insulin

during the experiment.

Sedentary
(C),n=10

Exercise, 3 h
(HE3),n=11

Healthy,
n=33

Exercise, 6 h
(HE6), n=12

Sedentary
D), n=10

Exercise, 3 h
(DE3),n=11

Diabetic,
n=31

Exercise, 6 h
(DE6),n=10

FIGURE 5. Grouping of the mice for the experiment.
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Ten days after injection both healthy and diabetice were further assigned into three
groups. One healthy and one diabetic group (H anddbved as sedentary controls while
the other groups performed 1 hour running exerarsa treadmill (speed 21 m/min with an
incline of 2.5°). Of the exercise groups, one Headnd one diabetic group were sacrificed
3 h (HE3 and DE3), and the other two groups 6 h prercise (HE6 and DE6). The mice
were familiarized with treadmill running prior thd experiment and only the mice capable
of running on a treadmill were included in thisdstuGrouping was performed after the
elimination of the mice not capable of running ameadmill.

7.2 Data collection and tissue preparation

The mice were weighed and their plasma glucoseesdration was measured (HemoCue
B-Glucose analyzer, Angleholm, Sweden) prior to after the experiment. After the exper-
iment, the mice were killed by cervical dislocati@@astrocnemius muscles were collected,
snap frozen in liquid nitrogen and then storedB&tG before further RT-PCR and Western
blotting analyses. For RNA extraction, whole cresstions were taken from the distal part
of the muscle in order to take the heterogeneitthefmuscle sample into account. Whole

gastrocnemius muscle was used for Western bloysesl

7.3 RNA extraction and reverse-transcription to cONA

Total RNA was extracted from the gastrocnemius messeith TRIzol reagent (Invitrogen-
Life Technologies). Muscle samples were homogenire@RIzol, which stabilizes RNA
molecules and lyses cells and cell components.PEgst instrument (MP Biomedicals,
California, USA) and compatible tubes were utiliZed homogenization. Chloroform was
added to the homogenate to separate it into twegsharganic and water phases, during
centrifugation. Water phase containing the RNA rooles was collected and RNA was
precipitated with isopropanol. RNA pellet was thdiesolved in small amount of RNase
free water (DEPC-water). The total RNA concentra@s well as the purity of the samples

were determined spectrophotometrically by measutiteg absorbance of the samples at



52

wavelengths of 260 and 280 nm with NanoDrop sppbistometer (Thermo Scientific,
USA). Concentration was calculated with the formiitlaonm* 40 pg/ml and the purity was
determined from the ratio28onn/A2gonm The purity was considered adequate when the ratio
was 1.8-2.0. The integrity of RNA was confirmedhwégarose-formaldehyde (1.2%) gel
electrophoresis. The gel was imaged in UV lighvigualize RNA stained with ethidium
bromide. RNA was considered intact when two bandsewisible on the gel: the upper
band for 28S and the lower for 18S ribosomal RNam§les were stored at —80 °C.

After RNA extraction, RNA was reverse-transcribeccomplementary DNA (cDNA) with

a High Capacity cDNA Archive Kit (Applied BiosystamFoster City, USA). This reaction
requires an enzyme, reverse transcriptase, whmthuges single stranded DNA using RNA
molecules as templates. In addition to the enzyime kit contains also random primers,
nucleotides (A, T, C, G) and RT buffer to yield iopdl chemical conditions for the reac-

tion.

7.4 Quantitativereal-time PCR

TagMarf Gene Expression Assay (Applied Biosystems) -bageuhtitative real-time PCR
was used to analyze expression of the genes aotsttasinghe ABI Prism Sequence De-
tection System 7300 (Applied Biosystems). TaqfMaprimer and probe sets for Cs
(Mm00466043_m1), CPT1B (Mm00487200_m1l), PGC-Mm00447183_m1), PDK4
(MmO00443325_m1) and GAPDH (Mm99999915 gl) were giesi and synthesized by
Applied Biosystems. Primer pairs were designedhsd they overlapped an exon—exon
boundary to avoid interference from possible gemoBMNA contamination. Each reaction
contained 4 ul (containing 8 ng RNA equivalentsig?RNAeqg/ul) of sample, 1 ul of Tag-
Man® Gene Expression Assay (containing primers and gsphl0O pl of TagMdh Mas-
termix (containing the enzyme, nucleotides and dysff Applied Biosystems) and 5 ul of
RNasefree water, the total reaction volume being thugtR0The following thermal profile
was applied to carry out the PCR reactios0 °C for 2 min for activation of the reaction,
+95 °C for 10 min for denaturation, and then 40 cyclesb °C for 15 s, and +66C for 1

min, for annealing and extension respectively. &kpressions of target genes were quanti-
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fied according to the corresponding gene-specthadard curve. All samples were ana-

lyzed in triplicate.

GAPDH was used as an endogenous control gene anchdata of each gene was nor-
malized to the raw data of GAPDH to correct forgmtial variation in total RNA loading.
GAPDH was chosen because its expression has besmsh microarray analysis to be
stable in a study with similar experimental diabetend exercise protocol (Kivela et al.
2006). In addition, the mRNA expression of GAPDHsw@ line with the picogreen results
for total RNA content. GAPDH raw data was normalize picogreen data and statistical
analyses were carried out to evaluate the stalmfitgAPDH mRNA expression among the
groups. Kruskall-Wallis P-value was 0.987 and theamvalues and standard deviations
were similar between the groups. So it can be coled 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 musclesevpulverized in liquid nitrogen. Ap-
proximately 50 mg of muscle powder was then weigaed 15-fold volume of Hepes ho-
mogenization buffer (20mM Hepes pH 7.4, 1mM EDTAN EGTA pH 7.4, 0,2% sodium
deoxy cholate, 10mM Mggl 2mM DTT, 1% NP-40, 3% protease-phosphatase itdribi
(Halt Protease and Phosphatase Inhibitor Single@ésxtail #78443, Pierce Protein Biolo-
gy Products, Thermo Scientific), 1ImM N&D,, 100mM B-glycerophosphate, ddl) was
added for homogenization and protein extractiore $amples were rotated for 30 min at
+4°C and then centrifuged at %2 for 10 min at 10 000 g in order to separate tiseluble
material to the bottom of the tube. Supernatant® wsellected and stored at “80for fur-
ther analysis. Total protein concentrations of sianples were determined with protein
BCA kit (Pierce™ BCA Protein Assay Kit, #23227) mgiautomated Konelab 20 XTi de-

vice (Thermo Scientific, Vantaa, Finland).
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7.6 Western blotting protein analysis

SDSPAGE. Changes in expression and activities of key pret@inregulation of fatty acid
oxidation were analyzed with western blotting. Haenples were diluted so that 15 pl con-
tained 40 pg of total protein. Then 3 pl of 6x s&mipuffer (1.5 ml glycerol, 750 p3-
mercaptoethanol, 1.0 g SDS, 940 pl 1 M Tris (pH,88% mg bromophenol blue, dgbi to
attain end volume of 5 ml) or 15 pl of 2x Laemnangple buffer (Bio-Rad #161-0737) with
5% B-mercaptoethanol was added and the samples weirgfoged briefly and then heated
for 10 min at 98C. 6x sample buffer was used for the analysis ofgims p-ACC, ACC, p-
AMPK, AMPK, Cyt c and Sirtl, 3 and 6, and 2x Laemmli sample bufbertlie analysis of
PGC-Xi, PDK4, CPT1B, p-p38 MAPK and p38 MAPK. After hewfj the samples were
centrifuged again briefly and put back on ice fantutes. Samples were loaded to the gel
(4—20% Criterion™ TGX™ Precast Gels, Bio-Rad #567-1094), so that eachowmetained
approximately 40 pg total protein. First well oftkagel was also loaded with molecular
weight marker (Odysséy Protein Molecular Weight Marker (10-250 kDa) P/A8940000

or Precision Plus Protéi Dual Color Standards, Bio-Rad #161-0374). Eledtoopsis
chamber was filled with EF running buffer (2.5 mNisTBase, 19.2 mM glycine, 0.01%
SDS, ddHO) an electrophoresis was run with voltage of 250faf approximately 45
minutes, at +2C on ice. SDS-PAGE is based on the negative char§®S and the migra-
tion of proteins in the gel when voltage gradienapplied: SDS binds to proteins and in
consequence, proteins get a negative charge tpabportional to their size and molecular
weight. In gel electrophoresis, proteins are exgdsevoltage gradient in which proteins
start to migrate towards the anode. Smaller prsteiigrate more quickly through the gel
and consequently, proteins become separated angdaltheir size/molecular weight.

Blotting. After SDS-PAGE proteins were transferred from geah absorbent membrane in
a process called blotting. Nitrocellulose membrétygbond ECL, GE Healthcare Life Sci-
ences, RPN303D) was used for proteins Sirtl, 3GMIMPK (total and phospho), ACC
(total and phospho) and Cyt and PVDF (Hybond-P, GE Healthcare Life Sciences,
RPN303F) for p38 MAPK (total and phospho), PG&-BDK4 and CPT1B. Gel was bal-
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anced in transfer buffer (2.5 mM Tris Base, 19.0 mlytine, (pH adjusted to 8.3 with
HCI), 10% methanol, dd#D) for 15-30 minutes. Membrane sheets were actvaither
with distilled water for 10 minutes (nitrocellulgsar methanol for 10 seconds (PVDF). Af-
ter activation, membrane sheets were also balancednsfer buffer for ~15 minutes. Then
the blotting sandwich was built: a scotch-brite e a sheet of blotting paper were im-
mersed in transfer buffer. The gel was then plametd the blotting paper and membrane
sheet onto the gel. All the air bubbles were cdisefemoved. Then another sheet of pre-
soaked blotting paper and a pad were placed oetongmbrane and blotting cassette was
closed. Cassettes were immersed in transfer baftée blotting chamber so that the side of
the membrane was against the anode of the chamAbeice brick was placed into the
chamber to avoid excessive heating during blottBigiting was performed with electric
current of 300 mA, for approximately 2.5 hours;#+4fC on ice. Magnetic mixing was used

to stir the transfer buffer during blotting.

Blocking, antibodies and detection. After blotting, membranes were stained with Poncga
to confirm successful transfer and to enable lgtemtitation of relative total protein con-
tent of each lane. Membranes were imaged with Midéedmager ChemiDoc XRS System
(Bio-Rad) and Quantity One 4.6.3 -software (Bio-Rathen membranes were cut into
strips at appropriate sites so that each striptagwed only one, or in certain cases two, pro-
teins of interest. The strips were blocked for he2rrs at room temperature in gentle rock-
ing with either Odyssey™ Blocking Buffer (Li-Cor/NP 927-40000) (p-AMPK, AMPK,
Cyt ¢, Sirt3), TBS containing 5% non-fat dry milk (p-AC@CC, Sirtl, Sirt6) or TBS-
Tween (TBS + 0.1% Tween20) containing 5% non-fgtrdilk (CPT1B, p-p38 MAPK, p38
MAPK, PDK4, PGC#hk). After blocking, strips were incubated with prirpaantibodies
overnightat +£C in gentle rocking. See appendix 1. for more tedainformation on the

antibodies.

The next day, strips were rinsed and washed 4 xnbites with TBS-Tween and then incu-
bated with secondary antibodies for 1 hour at rdemperature in gentle rockingither
fluorescently labelled IRDyesecondary antibodies or HRP-conjugated seconddityoal-
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ies (see appendix 1) were used. When fluoresctatiblled IRDye-antibodies were used,
strips were protected from light from this point. gkfter secondary antibody incubation,
strips were again rinsed and washed 5 x 5 minutds TBS-Tween. When fluorescently
labelled IRDye-antibodies were used, strips ween thcanned with OdyssegLx Imager.
When HRP-conjugated secondary antibodies were ss@ols were incubated for 5 minutes
with detection kit (SuperSignal West Femto Maxim8ensitivity Substrate, Pierce Protein
Biology Products, Thermo Scientific #34096). Thepst were then imaged with Molecular
Imager ChemiDoc XRS System (Bio-Rad) and Quantite @.6.3 -software (Bio-Rad)

with varying exposure times/lengths of exposure.

Sripping. In certain cases blots needed to be strippediiove the bound antibodies and to
enable the detection of another protein from thaesatrip. Two different protocols were
used: In the first protocol, right after scannihg blots were washed for 10 minutes with
TBS. Then, the blots were stripped with Restore ™s¥f@ Blot Stripping Buffer (Thermo
Scientific, #21059) for 10 minutes at room tempamatin moderate rocking. After strip-
ping, the blots were washed for another 10 minuiéss protocol was used to strip p-
AMPK and to detect total AMPK. In the other protfcblots were incubated with Re-
store™ Western Blot Stripping Buffer (Thermo Scignit#21059) for ~20 minutes at room
temperature in moderate rocking. Then, blots wiexeed five times with distilled water and
subsequently washed 3 x 5 minutes with TBS-Twedis protocol was applied to strip p-
p38 MAPK and to detect total p38 MAPK. After thestepping procedures, all the steps

starting from blocking were repeated with new awdiles.

Quantitation and data analysis. To determine the relative quantities of each pnote each
sample, protein bands were quantified with Quar@ite 4.6.3 -software (Bio-Rad) for pro-
teins detected with ECL and with Image Studio SafeMLi-Cor) for proteins detected with
infrared fluorescence (Odys$8y Quantitation is based on the relationship betnge in-
tensity and area of the light signal and the amofiprotein. The larger the quantity of pro-
tein, the more antibody will bind which resultshigger and the more intensive the band.

The bands were defined as accurately as possiidethe software then determined a value
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for each band based on the intensity and areaeobdind. In case there were some non-

specific background bands, the correct band fontiiaion was chosen according to the
molecular weight marker and the knowledge on tlze sf the protein based on literature
(appendix 1). In addition, actin band (42 kDa) wasantified from Ponceau S stained mem-

branes for total protein normalization purposegufe 6).

FIGURE 6. Example of Ponceau S staining.

The raw data for each protein was normalized withd@au S staining of the same mem-
brane to exclude the effect of potential differencetotal protein loading. Ponceau S stain-
ing was chosen for normalization because it repitssée total protein loading and, in addi-

tion, the mean values did not differ between grodjpen the values obtained for each sam-
ple were divided by the mean value of the contamhgles of the same gel to minimize the

effect of gel to gel variation.

7.7 Statistical analysis

For repeated measurements (plasma glucose andviedint) both absolute and relative
changes were calculated. For mRNA and protein aspye measurements, relative differ-
ences between sedentary and exercised groups & basaith status were calculated to
evaluate differences in responses to exercise letwealthy and insulin deficient mice.
Statistical analyses were carried out using IBM SFatistics 20.0 for Windows (SPSS,
Chigago, IL, USA). The Shapiro-Wilk test was usedédst whether the variables were nor-
mally distributed and the Levene's test was useahtdyze the homogeneity of variances.
Due to small group size and random violations @ nbrmal distribution assumption, non-
parametric tests were chosen. Kruskall-Wallis wegh Mann-Whitney U-test was used to

analyze differences between the groups. For rep@adasurements, the significances of the
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PRE-POST changes were analyzed with Wilcoxon Malt¢rars Signed-Ranks test.
Significance level was set to p < 0.05. All theulesare 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 goifcant differences in the body weight
between the groups. The body weight of the insidificient mice decreased significantly (p
< 0.05, p <0.01 and p < 0.01 in groups D, DE3 Biath respectively) during the experi-
ment regardless of the group. The reductions iry weeight were 9.5 £ 9.8%, 7.7 £ 5.9%
and 11.2 £ 6.0% for the groups D, DE3 and DE6 retsgdy. In healthy mice the body

weight either did not change (groups C and HE3hareased slightly (2.8 + 4.7%) but sig-
nificantly (group HE6, p < 0.05) during the expeeim. After the experiment the insulin

deficient mice were significantly (p < 0.01 whemmgmared with healthy controls and p <
0.05 when compared to healthy exercised countarpérthe same time point) lighter than
the healthy counterparts regardless of the exestegdas. The body weights of the mice with

same health status weren't significantly differaftér the experiment.

In the beginning of the experiment plasma glucasgcentrations were similar among the
healthy groups. The same was true for the insudificent groups. However, the insulin
deficient mice had significantly (p < 0.001) high®#asma glucose concentrations than the
healthy mice both in the beginning and at the eihth® experiment. The plasma glucose
concentration of the control group and one of thalthy exercised groups (HE3) increased
significantly (p < 0.01) during the experiment.the group HE6, plasma glucose concentra-
tion tended to increase during the experiment betchange was not significant (p < 0.1).
The post-experiment values for plasma glucose \itesegnificantly different between the
healthy groups. Contrary to the healthy mice, tlasmpa glucose concentration of the insu-
lin deficient mice decreased significantly (p <1).@luring the experiment in all groups
(~28% on average). The post-experiment values &snph glucose were similar among the
insulin deficient groups. Plasma glucose conceptratare presented in the figure 7.
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FIGURE 7. The changes in the plasma glucose coratemt during the experiment (n = 64). **

Plasma glucose concentration (mmol/l)
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indicates significant difference between PRE- a@&P-values, p < 0.01.

8.2 Geneexpression at mRNA level

PGC-1a. Three hours after acute exercise PGAO¥IRNA expression was significantly (p <
0.001) higher, almost three-fold, in healthy exszdi group compared to control mice
(figure 8). Six hours after exercise the expressias still significantly (p < 0.001) higher
compared to control mice but the expression wasifsigntly lower than three hours after
exercise (p < 0.05) being only two-fold compareadatrol mice. The expression of PGC-
lo wasn't different between healthy and insulin defit sedentary mice. In insulin
deficient mice the expression of PG@-Wlvas also significantly (p < 0.001) higher three
hours after acute exercise compared to both heaiiy insulin deficient sedentary
counterparts, but contrary to healthy mice, theakd expression was sustained until six
hours after exercise (p < 0.001) being almost-foldt compared to healthy and insulin
deficient sedentary controls (p < 0.001 for bothetipoints). The expression of PG&as
significantly higher both three (p < 0.05) and boburs (p < 0.01) after exercise in insulin
deficient mice compared to healthy exercised capatés. Also, when relative differences
between sedentary and exercised groups of saméh h&tatus were compared, insulin
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deficient mice had significantly more pronouncedpanses to exercise at both time

points observed (p < 0.05 three hours after exemnsl p < 0.01 six hours after exercise).

6 1 +++

mRNA PGC-1a/GAPDH

) -
0 - T

—

€ HE3 HEG D DE3 DE6

FIGURE 8. PGC-& mRNA expression in healthy and insulin deficieritenthree and six hours
after acute exercise compared with sedentary dsnfno= 64). *** = significantly different from
control group (p < 0.001). ttt = significantly @ifént from sedentary insulin deficient group (p <
0.001).

PDK4. There were naignificant differences in PDK4 mRNA expressionvbetn healthy
and insulin decifient sedentary mice (figure 9)hbelthy mice, exercise did not cause any
changes to PDK4 mRNA expression at the time pabterved. In insulin deficient mice,
however, the expression of PDK4 was significanighkr both three (p < 0.01 compared
with control mice and p < 0.05 compared with diabebntrols) and six hours (p < 0.001
compared with control mice and p < 0.01 comparetth wiabetic controls) after exercise
compared with healthy and insulin deficient sedgntaounterparts. There was no
significant difference between the time points. dddition, when relative differences
between sedentary and exercised groups of saméh h&tatus were compared, insulin
deficient mice tended (p < 0.1) to have greateparse to exercise in PDK4 expression
compared to healthy mice both three and six hoftes exercise (p = 0.056 and p = 0.059

respectively).
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FIGURE 9. PDK4 mRNA expression in healthy and imsdeficient mice three and six hours after
acute exercise compared with sedentary controts@d). ** and *** = significantly different from
control group (p < 0.01 and p < 0.001). t and tdignificantly different from sedentary insulin
deficient group (p < 0.05 and p < 0.01).

CPT1B. There were no significant differences betweengtaips in CPT1B mRNA ex-
pression at the time points observed (figure Hywever, the insulin deficient mice had
signifiantly (p < 0.05) more pronounced responsexercise in CPT1B expression than the

healthy mice. This was visible six hours after ¢kesation of exercise.
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mRNA CPT1B/GAPDH

E6
FIGURE 10. CPT1B mRNA expression in healthy andilinsdeficient mice three and six hours

after acute exercise compared with sedentary dsr(in= 64).
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Citrate synthase. The mRNA expression of citrate synthase was fogmtly lower (p <

0.05) in insulin deficient sedentary mice comparedealthy controls (figure 11). Three
hours after exercise, insulin deficient mice sghded to have lower expression of Cs com-
pared with healthy controls but this difference dad reach statistical significance (p < 0.1).
The exercised groups did not differ significanttgrh sedentary counterparts regardless of
the health status in terms of citrate synthase mRXgression at the time points observed.
The same was true, when only exercised groups varpared to one another. However,
six hours after exercise bout, insulin deficiententended to have lower Cs expression

compared to healthy exercised mice (p <0.1).
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C D DE3 DE6

HE3 HEG

mRNA CS/GAPDH
=] =] = [ =
F=4 3] o0 = L

o
L=}

FIGURE 11. Citrate synthase mRNA expression inthgadnd insulin deficient mice three and six
hours after acute exercise compared with sedeontartyols (n = 64). * = significantly different from

control group (p < 0.05).

8.3 Protein expression and phosphorylation

In healthy mice, AMPK phosphorylation level wasrsfgantly decreased (p < 0.05) six
hours after exercise compared to healthy contiosilin deficient sedentary mice did not
differ significantly from healthy controls. Howevéehe decrease in AMPK phosphorylation
after exercise wasn’t seen in insulin deficienteni€the ratio of phosphorylated AMPK and

total AMPK followed the same pattern but withoutyastatistical significances. Neither



insulin deficiency nor acute exercise seemed tadadany significant changes in AMPK

protein expression.
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FIGURE 12. AMPK protein phosphorylation (left) aedpression (right) in healthy and insulin
deficient mice three and six hours after acute @sercompared with sedentary controls (n = 60). *

= significantly different from control group (p <Ub).
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FIGURE 13. ACC protein phosphorylation (left) angeression (right) in healthy and insulin defi-

cient mice three and six hours after acute execosgpared with sedentary controls (n = 59).

Despite the significant decrease in AMPK phosplatiygh there weren't any significant
changes in ACC phosphorylation in response to eserdigure 13). Neither did insulin
deficiency have any significant effect on ACC phusylation. However, insulin deficient
mice tended to maintain ACC phosphorylation leviglhbr after exercise than healthy

counterparts, but exercise did not change ACC gdimgtation in insulin deficient mice
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either. Neither acute exercise nor insulin deficieslicited any changes in ACC protein

level.

In healthy mice, acute exercise bout did not indacy significant changes to p38
phosphorylation or expression (figure 14). In addit sedentary insulin deficient mice did
not differ from the healthy controls in terms of 8o®hosphorylation or expression.
However, in insulin deficient mice p38 phosphorgatlevel was significantly lower in
exercised mice three hours after exercise compaitkdboth healthy and insulin deficient
controls. The phosphorylation status tended toolestt also when compared with healthy
exercised mice at the same time point (p < 0.1)e ®ame tendency to lower
phosphorylation status in insulin deficient exezdisnice compared with healthy controls
extended to the time point six hours after exerbigtethe difference did not reach statistical
significance (p < 0.1). The expression of p38 sekmeefollow the same pattern as the
phosphorylation status but without significant dréfinces. Total p38 tended to be lower in
insulin deficient mice six hours after exercise pamed with healthy sedentary controls (p <
0.1).
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FIGURE 14. p38 MAPK protein phosphorylation (ledt)d expression (right) in healthy and insulin
deficient mice three and six hours after acute @gercompared with sedentary controls (n = 60). *
= significantly different from control group (p <@). T = significantly different from sedentary

insulin deficient group (p < 0.05).
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The protein expression of PG@-$tayed the same across the healthy groups in @pite
acute exercise bout (figure 15). Neither did insdléeficiency in itself induce any change in
PGC-Xn expression. However in exercised insulin deficiante the expression on PGG-1
was significantly lower (p < 0.05) three hours afexercises compared with healthy
exercised counterparts of the same time point endetd to be lower compared with healhy
controls (p < 0.1). Similarly, the expression of ®& was significantly lower in insulin
deficient mice six hours after exercise compareddalthy control grouput it only tended
to be lower compared with healthy exercised coyaigs of the same time point (p < 0.1).
However, the expression of PGG-Hid not differ significantly between sedentary and

exercised insulin deficient mice.
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FIGURE 15. PGC-d protein expression in healthy and insulin defitiemnce three and six hours
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after acute exercise compared with sedentary dsnfro= 60). * = significantly different from
control group, p < 0.05; f = significantly diffeteinom healthy exercised group of the same time
point, p < 0.05.

The protein expressions of PDK4 (figure 16), CPT@Bure 17) or Cytc (figure 18)
weren’t significantly affected by neither exercigetocol nor insulin deficiency in this

experimental design.
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FIGURE 16. PDK4 protein expression in healthy armsliin deficient mice three and six hours after

acute exercise compared with sedentary controtsg@).
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FIGURE 16. CPT1B protein expression in healthy arsllin deficient mice three and six hours

after acute exercise compared with sedentary dsr(tng= 60).
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FIGURE 18. Cytc protein expression in healthy and insulin defitieice three and six hours after

acute exercise compared with sedentary controtsg@).

Neither exercise nor insulin deficiency seemedawehany significant effect on the expres-

sion of the studied sirtuin proteins (figures 19 20).
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FIGURE 19. Sirtl protein expression in healthy amslilin deficient mice three and six hours after

acute exercise compared with sedentary controtsg@).
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FIGURE 20. Protein expression of Sirt3 and SirtBéalthy and insulin deficient mice three and six

hours after acute exercise compared with sedentartyols (n = 60).



70

9 DISCUSSION

The purpose on the present study was to examinacilite effects of a single exercise bout
on the expression of genes and on the activatimadellular signaling pathways involved in
fatty acid oxidation in gastrocnemius muscles ddltiy and insulin deficient mice. The
main finding of the study was that insulin defidienice have more pronounced exercise-
induced responses in MRNA expression of genesecklat increased fatty acid oxidation
(PGC-Xi, PDK4 and CPT1B). However, the changes in mRNA&sgion did not reflect to

protein level.

Gene expression is a process that is strictly eg¢gdlat multiple steps. First of all, gene
transcription in nucleus is in itself under tiglegulation, e.g. by chromatin structure and
transcription factors. After transcription, form&dnscript needs to be processed and then
transported to cytoplasm for translation. So, ttapson and translation are separated from
one another in space and time. Even after havimg b&nsported to cytosol, immediate
initiation of translation is not guaranteed: tratisin is regulated by many proteins that may
either promote or repress the initiation of tratista In addition, small RNAs called mi-
croRNAs may interact with mRNAs and either degrétem or prevent their translation.
After translation, the newly formed polypeptide deestill to be folded and processed be-
fore it takes its functional form. Moreover, someotpins require also some post-
translational modifications, such as phosphorytatio be fully activated. (Nelson & Cox
2013, 1136, 1155, 1175-1180, 1184-1185.) Thisagxplwhy it is possible that not all
stimuli that induce changes in mMRNA expression ltesuimmediate changes in protein
expression and why even changes in protein expreskn’t always induce physiological

or metabolic responses.

The whole signaling network studied in this thesisverviewed in figure 21. The following

parts of discussion will focus on each branch ohg at the time.
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FIGURE 21. Overview of the studied signaling netiwor

9.1 Effectsof insulin deficiency on signaling and oxidative capacity

Insulin deficient mice lost weight significantly ding the experiment and were significantly
lighter after the experiment compared with healthige. This is in line with previous stud-

ies using the same experimental model of type hedés (Hulmi et al. 2012; Kivela et al.

2006). Insulin deficient mice had also dramaticdligher plasma glucose concentrations
than healthy mice both in the beginning and atethé of the experiment. This result was
expected as the insulin deficient mice with too Iglucose concentration were excluded
from the study. However, it is interesting thatdudoglucose concentration of the insulin
deficient mice decreased significantly during tkpexriment while that of healthy mice even
increased. The mechanisms underlying this respoaseébe only speculated. It is possible
that the glucose concentration increased to hidinegaacutely after destruction of pancreat-
ic B-cells and the consequent cessation of insulineear, but some compensatory mecha-
nisms were activated after the acute phase ofimdeficiency. The decrease was of similar

magnitude in all the insulin deficient groups sesinot probable that the decrease was due
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to the exercise bout. In humans this kind of effedtnown as “honeymoon remission”,
i.e. partial remission phase, which is charactérizg improved glycemic control and re-
duced insulin requirement, due to a boost in tisedwealp-cell function in order to compen-
sate for the already destroyfetells (Abdul-Rasoul et al. 2006). In the case ofreated
experimental type 1 diabetes in mice this may be dlue to some other, yet unknown com-
pensatory mechanisms that are launched after tsteudgon ofp-cells, but none of these

possible explanations can be confirmed.

Consistently with the previous microarray resultoor laboratory, insulin deficient mice
had lower basal citrate synthase expression compartn healthy mice (Silvennoinen
2004). This could indicate impaired functioningaitric acid cycle and thus impaired ca-
pacity to produce ATP aerobically in insulin dedict mice, as also decreased citrate syn-
thase activity has been reported in insulin deficraice with the same experimental model
of type 1 diabetes. In these studies, enduranerigawas shown to restore citrate synthase
MRNA expression and activity. (Kivela et al. 200@ilvennoinen 2004.) In this study,
however, a single bout of exercise did not eliay gignificant increase in citrate synthase
MRNA expression in insulin deficient mice. Howeverter exercise, citrate synthase
MRNA expression did not differ significantly frone&thy controls either, suggesting po-
tentially a partial restoration in citrate synth@sBNA expression. It is thus suggested, that
a single bout of endurance exercise isn’t probaplgugh to elicit substantial increases in
citrate synthase expression in insulin deficientenat least in the six-hour time frame used
in this study, and repeated exercise bouts arenpallyg required to induce significant in-
crease in citrate synthase mRNA expression. Theorses to exercise were of similar

magnitude and also non-significant in healthy mice.

Partially contrary to the hypotheses, there werany significant differences in the basal
protein levels or protein phosphorylation betweealtiny and insulin deficient mice. The
hypothesis was that insulin deficient mice wouldvénancreased AMPK phosphorylation
because of cellular energy stress, and decreaseMpPK phosphorylation as this kind of
an effect has been shown in another experimenguka same experimental model of type
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1 diabetes. In that other study, however, the rha@ higher blood glucose concentra-
tions despite similar duration of insulin deficigng¢Hulmi et al. 2012.) If diabetes was
more severe in the other study, it might also erplae differences in the activation of sig-

naling pathways.

Gene expression analyses have revealed that gela¢sdrto electron transport chain and
oxidative phosphorylation, such as @ytare down-regulated in streptozotocin-induced ex-
perimental type 1 diabetes, indicating impaired acity for aerobic ATP production
(Yechoor et al. 2002). Contrary to these resufis,dresent study did not find any decrease
in Cyt c protein expression in insulin deficient mice. Tisisontradictory to the assumption
that insulin deficiency results in impaired cappadd oxidative phosphorylation. However,
PGC-X and AMPK seem to play a role in Gyexpression (Bergeron et al. 2001; Calvo et
al. 2008; Geng et al. 2010; Leick et al. 2008)thiis study, insulin deficiency did not cause
any baseline changes to PG&-é&xpression or AMPK expression or phosphorylation,
which is in line with Cytc expression. This may indicate that the capacityelactron
transport and oxidative phosphorylation wasn't imgx in these mice. However, this
doesn’t exclude the possibility that the expressibsome other proteins involved in these

processes, but not analyzed in this study, migh¢ lthanged.

9.2 Effectsof exercise and insulin deficiency on mRNA and protein ex-

pression

PGC-X plays a crucial role in regulation of aerobic nbelegsm in skeletal muscle. Exer-
cise, both endurance and high-intensity intervareise, has been shown to increase PGC-
la expression at mRNA and protein le@kimoto et al. 2005; De Filippis et al. 2008;
Gibala et al. 2009; Terada et al. 2002; Terada &afa 2004; Terada et al. 2005). Con-
sistent with previous studies, this study showeslilastantial increase in PGG-InRNA
expression elicited by exercise in both healthy sxsdilin deficient mice. The effect was
even more pronounced and sustained in insulin idetianice. However, contrary to our

hypotheses and existing research evidence, exalitiseot have any significant effect on
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PGC-Xu protein expression in healthy mice and it almastrdased in insulin deficient
mice. Previously, prolonged running exercise hanlk&hown to increase PGG-protein
content in rat soleus, plantaris and red gastroamemuscles but not in white gastrocnemi-
us. This effect was observed six hours after egerdTerada & Tabata 2004.) In another
study, aerobic interval exercise resulted in inseglPGC-& mMRNA and protein expression
already 30 minutes after exercise with a more pnaned increase observed five hours after
exercise. This effect was delayed and blunted salin resistant, non-diabetic subjects for
MRNA expression and increase in protein contenttoily prevented. (De Filippis et al.
2008.) As the time frames used in these experimamssimilar to the present study, the
differences in the results may be explained bydifferences in the exercise protocol and
studied muscles. In the present study, the miceoraa treadmill for one hour at relatively
high speed (21 m/min with an incline of 2.5°) whifethe study of Terada and Tabata
(2004) the exercise protocol consisted of two sgiset bouts of three hours of running at
low intensity (13 m/min, no incline) separated tByminutes of rest (a total of six hours of
running). It could be speculated that either maxdgmged and lower intensity exercise is
more optimal to induce PGGrJrotein expression and the present protocol wasficient

to induce translation from mRNA to protein, or ttfaére was just more time for translation
as PGC-& mRNA expression increases already during proloregemicise (Akimoto et al.
2005). However, this explanation is not in linelwihe results of De Filippis et al. (2008),
who had rather intensive 48-minute exercise prdtokto the present study, only gas-
trocnemius muscle (including both red and whiteégawvas analyzed for mRNA and pro-
tein expression. Hence, another possibility is thate actually was an increase in PGC-1
protein content in the red part of gastrocnemius the effect was diluted by “non-
responsive” white part of gastrocnemius. Agains tagssumption somewhat contrasts the
results of De Filippis et al. (2008) who took bimgssfrom vastus lateralis that can be as-
sumed to be also a muscle consisting of diffengmes of muscle fibers. In addition PG@-1
MRNA has been found to increase also in white gasémius, but the response being
somewhat blunted compared with soleus (Leick e2@08). All in all, it is possible that the
exercise intensity in the study by Terada and Talf2004) was so low, that white gas-

trocnemius wasn’t sufficiently recruited to eliany responses in gene expression, and thus,
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fiber type composition is probably not the expléoratfor not seeing exercise-induced

increase in PGCel

To support further the previous assumption, thitetaspeculation of muscle fiber types
doesn’t explain the discrepancy between mRNA armdepr level results. Besides, this is
not the only study not reporting changes in skeleiascle PGC-d protein content despite
increase in MRNA expression: for example Gibalalef2009) did not find any increase in
PGC-X protein despite substantial increasePi@C-n mMRNA in human vastus lateralis
muscle three hours after high-intensity intervakreise on a cycle ergometer. Another
study reported similar results after 180 minutesmufderate intensity cycling exercise.
However, in this latter study, muscle biopsies wialeen immediately after exercise and
PGC-Xn protein content tended to increase although tlea@h wasn't statistically signifi-
cant. (Watt et al. 2004.)

One possible explanation to discrepancy between-B&@RNA and protein level results
may lie behind the different regulation of diffetdndGC-Li isoforms, i.e. splice variants.
The antibody used to detect PG&{irotein recognized the PG splice variant while
the primer probes used to detect PGCAIRNA recognized splice variants PG@tland
PGC-1i4. PGC-hl originates from the proximal promoter of PG&\hereas PGC«ld
originates from alternative promoter both of whagle activated during exercise. The prox-
imal promoter is more dependent on AMPK activatidrile the alternative promoter is also
influenced byB-adrenergic stimulation. (Norrbom et al. 2011; Regal. 2012; Ydfors et al.
2013.) Catecholamine levels were not analyzedismdkperiment, but it could be speculat-
ed that as there were no differences in P@@ibtein content, the induction of PGG4L
from the alternative promoter might account for itherease in PGCelmRNA level. Simi-
larly to the other suggested explanations, thisiragsion can be discussed but not con-
firmed without additional studies. Type 1 diabetieve been found to have increased plas-
ma catecholamine responses to exercise comparbdcesdithy controls (Tamborlane et al.

1979). So if the insulin deficient mice had higleatecholamine response to exercise in this
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study, it could explain the higher response in PIa@aRNA and support the assumption

that this response was due to induction of theredtese promoter.

PDK4 is an enzyme that phosphorylates and thusiisithe rate-limiting enzyme, PDH, in
glucose oxidation and thus switches substrate e CHO to fat oxidation (Nelson &
Cox 2013, 654). It has been established that P&@hEctly induces PDK4 gene expres-
sion in an ERR dependent manner and that this effect is indepgrafePPAR: (Araki &
Motojima 2006; Wende et al. 2005). Two bouts ofreise, performed on two consecutive
days, have been shown to induce both PG@@fid PDK4 mRNA expression 12 hours after
the last bout in mouse gastrocnemius muscles. §lesinout of acute exercise has been
found to increase the mRNA expression of PGGilteady one hour after exercise followed
by increased PDK4 mRNA three hours after exerd®&C-In mRNA expression was still
elevated three hours after exercise compared \eilergary state, but it had reduced from
over 12-fold two three-fold elevation. (Wende et 2005.) In humans, PDK4 mRNA ex-
pression has been found to increase after acutis bbboth endurance and resistance exer-
cise (Yang et al. 2005). In this study, exercistated increase in PDK4 mRNA was seen

only in insulin deficient mice.

The acute increase in PGG-INRNA expression observed in this study is in kvith the
study by Wende et al. (2005): The magnitude ofitizeease in PGCel mMRNA is similar
three hours after exercise in healthy mice anddrighinsulin deficient mice. However, the
results of Wende et al. (2005) suggest that inptiesent study, we might have missed the
peak PGC-& mRNA expression as substantially higher expressias observed already
one hour after exercise. In this study, the expoasalso dropped slightly in healthy mice
from three to six hours after exercise, althoughdhpression remained significantly higher
compared with sedentary controls. Even though wendt observe any significant changes
in PDK4 mRNA expression in healthy mice in respottsexercise, insulin deficient mice
showed an increase in PDK4 mRNA three hours akercese and the increment was even
more substantial six hours after exercise. Despdechanges at mMRNA level, there were no
changes in PDK4 protein expression. These resuigest, that in response to acute exer-
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cise, at least the PGGQ+IPDK4 axis of intracellular signaling favoring tewitch from
glucose to fatty acid oxidation is up-regulatedinsulin deficient mice compared with
healthy counterparts. As PGG-Jprotein expression did not increase in insuliniaieft
mice after exercise, it is possible that the insesia PDK4 expression was due to increased
activation and/or nuclear translocation of alreaglisting PGC-i protein. Nuclear PGCel
content has been shown to be increased in rattaketeiscle immediately after two hours

of swimming (Wright et al. 2007).

In the present study, healthy mice had signifigalaver AMPK phosphorylation six hours
after exercise compared with control grotipis seemed to be the case already three hours
after exercise, but without statistical significand@his observed decrease in AMPK phos-
phorylation after exercise below the value of tleatmol group may be due to excessive
down-regulation of the phosphorylation after thetacexercise-induced increase in phos-
phorylation. This explanation is only speculatiod aannot be fully confirmed because of
the lack of samples from the time period immediatdter exercise. This assumption is at
least partially supported by the results of sonevipus studies: It has been reported that
phosphorylation and activation of AMPK increase iethately after exercise but that this
effect starts to fade or totally disappears dutimg first two to four hours after exercise
(Dreyer et al. 2006; Gibala et al. 2009; Sriwijitkal et al. 2007; Terada et al. 2002). How-
ever, some differences in the results exist betwdifarent exercise intensities, AMPK
isoforms and populations studied (Sriwijitkamol adt 2007). In insulin deficient mice,
AMPK phosphorylation level stayed the same desexercise. This might reflect more
pronounced and sustained energy stress in insafinieht mice after exercise which then

could have prevented the fall in AMPK phosphorylati

As AMPK has been suggested to regulate the expres$§iPGC-1, the increased PGGxl
MRNA expression could potentially reflect AMPK aetiion during and/or immediately
after exercise (Jager et al. 2007; Terada et &220erada & Tabata 2004). In addition,

insulin deficient mice had higher and more susthiR&C-b mRNA response and concom-
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itantly, no decrease in AMPK phosphorylation aksercise compared with sedentary

counterparts.

Although the results obtained from AMPK phosphatigla were unexpected, they were in
line with observed ACC phosphorylation, which beddthe same way as AMPK. This was
expected since ACC is a down-stream phosphorylatiaget of AMPK. However, the hy-
pothesis was that both of these would be phosphiylafter exercise especially in insulin
deficient mice. As no changes were observed in AlbGsphorylation and malonyl-CoA
and/or acetyl-CoA levels were not measured, nothargbe said about whether insulin de-
ficient mice had lower level of CPT1B inhibitimompared with healthy mice. However,
protein phosphorylation changes in response toeaexércise are transient, and it is thus
possible that there were changes in AMPK and ACGsphorylation, which had already
faded before the first time point. Leick et al. @8) found significantly increased AMPK
and ACC phosphorylation immediately after exerdseé this effect was lost already two
hours after exercise. In addition, insulin defitiarice tended to maintain ACC phosphory-
lation higher after exercise, which might indichigher phosphorylation level during and/or
immediately after exercise. Unfortunately, this@pation cannot be confirmed with exist-

ing data.

Phosphorylation of p38 MAPK did not change in res@to exercise in healthy mice in
this study. This was contrary to what was expecked,as with AMPK, this can be ex-
plained by the time points of observation: previgusexercise-induced phosphorylation of
p38 MAPK has been observed immediately after egerout not anymore three hours after
exercise (Gibala et al. 2009). All in all, thessulés suggest that the optimal window to
observe exercise-induced acute changes in proteaphorylation was already closed be-
fore the first time point of this study. In insulideficient mice, p38 went through
dephosphorylation after exercise as the p38 phaoyglattion level was significantly lower in
insulin deficient mice three hours after exercismpared with healthy and insulin deficient

sedentary mice. It cannot be confirmed whether #fisct was due to excessive down-
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regulation of p38 phosphorylation after exercisguited increase in phosphorylation, as

speculated with AMPK, or an actual response to@serout.

Sirtuins have mainly been studied in conditiongasting and caloric restriction, but there is
only a limited number of studies investigating #feects of exercise on sirtuin expression.
Consequently, it is difficult to put up hypothesncerning the behavior of sirtuin expres-
sion in response to acute exercise. As cellular NNBDH increases during exercise, it
can be assumed that sirtuin activity increasesnduexercise (Houtkooper et al. 2012). At
least exercise training has been found to incr8asé activation in rat skeletal muscle. This
resulted from the exercise-induced activation afotinamide phosphoribosyltransferase
(NAMPT) and consecutive production of NAYKoltai et al. 2010.) However, in this study
the activities of sirtuins of interest weren't meesl, and so, it is possible to only assess
their activity based on the expression and/or #@gtof their down-stream targets, such as
PGC-L.

Sirtl has been found to be indispensable for tdadtion of mitochondrial fatty acid oxida-
tion in response to nutrient deprivation. It hasrbsuggested that this effect is mediated by
PGC-X with following arguments: Sirtl was able to deglzde PGC-4. Also, the expres-
sion of PGC-i target genes was inhibited in skeletal musclescgith Sirtl knock-down.

In addition, decrease in glucose concentratioreg®ed fatty acid oxidation and concentra-
tion of Sirtl activator NAD in C2C12 myotubest also decreased PGGrhcetylation and
induced the expression PG@-farget genes involved in mitochondrial and fattidautili-
zation genes. However, Sirtl knock-out and knookstdprevented these effects. So, it was
concluded that low glucose availability increaseutar NAD®, which activates Sirt1. Sirtl
then deactylates PGGrWhich ultimately results in expression of mitocdaal and fatty
acid oxidation genes and increased fatty acid éxiddo maintain the bioenergetic state of
the cell and to spare glucose for neuronal andlead cells in the case of food deprivation.
(Gerhart-Hines et al. 2007.) Given these resultspuld be tempting to hypothesize that as
insulin deficiency presumably results in low intHolar glucose availability, this same
mechanism would apply to insulin deficient skelatalscle. In the case of this study, the
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contribution of Sirtl to probable PGGtactivation and resulting induction of the expres-
sion of PGC-& responsive genes (PDK4, Gyt CPT1B) can be only speculated as Sirtl
activity is not known and there are a number oéofactors capable of activating PG@-1

In line with the results of this study, Hokari ét@010) did not find any significant change
in Sirtl protein expression eight hours after acKercise bout, nor after four weeks of
training. However, Sirtl MRNA expression was indlgerat soleus muscle by acute exer-
cise. However, in another study, Sirtl protein egpron was found to be increased two
hours after acute exercise in rat soleus. Sirtxeprdevel was also increased after two
weeks of low-intensity and high-intensity trainiimgrat soleus and after high-intensity train-
ing in plantaris muscle. (Suwa et al. 2008.) Irgéngly, Sirtl protein expression was in-
creased two hours after acute brief high intensuynt exercise (30-s Wingate test) in hu-

man vastus lateralis muscle (Guerra et al. 2010).

In skeletal muscle Sirt3 expression has been foortd induced by exercise training, calor-
ic restriction and fasting (Hokari et al. 2010;gl&t al. 2011; Palacios et al. 2009). Contrary
to Palacios et al. (2009), Jing et al. (2011) fotmatt Sirt3 mMRNA and protein were down-
regulated during 24-hour fasting but that this @ff@as reversed by refeeding. In addition,
high-fat feeding and streptozotocin-induced experital type 1 diabetes have been report-
ed to result in decreased expression of Sirt3 mRINA protein in skeletal muscle (Jing et
al. 2011; Palacios et al. 2009). However, thiswtlid not find any differences in Sirt3 ex-
pression between healthy and insulin deficient mieeercise training has been shown to
increase Sirt3 protein, but not MRNA, expressioskaletal muscle, this effect being more
profound in female than male rats (Hokari et alLl@0OPalacios et al. 2009). However, the
increase in Sirt3 expression has not been seanaafiée exercise bout, which is in line with
the results of this study (Hokari et al. 2010). AAlsvhile Sirt3 is more highly expressed in
slow oxidative type muscles, there seem to be reiffiial responses in different muscles to
different modes of training (Hokari et al. 2010jd®#os et al. 2009).
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Sirt3 knock-out (KO) has been showx vivo to reduce fatty acid oxidation in various
oxidizing tissues, e.g. liver, cardiac muscle, rdixskeletal muscle and brown adipose tis-
sue, with high lipid availability. It has been segted that, at least in liver, Sirt3 increases
fatty acid oxidation by deacetylating and thus\attng the enzyme long-chain acyl coen-
zyme A dehydrogenase (LCAD), which is involved i€RA oxidation. (Hirschey et al.
2010.) Whether this happens in skeletal musclstilisunknown.In skeletal muscle, exer-
cise training has been shown to increase not omtg@ But also phosphorylation of CREB
(activator of PGC-d transcription) and expression of PG&-1n the same study, caloric
restriction was found to induce AMPK phosphorylatia addition to Sirt3 protein expres-
sion. Additionally, Sirt3 knock-out resulted in deased AMPK and CREB phosphoryla-
tion, i.e. activation, and decreased PGfCekpression. Thus it was suggested that the in-
duction of Sirt3 may cause increase in PGCrha phosphorylation and subsequent activa-
tion of AMPK and/or CREB. (Palacios et al. 20099cArding to present knowledge, this
would lead to switch from glucose to FFA oxidat{®womb et al. 2010; Wende et al. 2005).

However, opposite function has also been suggdst&irt3: It has recently been shown
that Sirt3 knock-out and knock-down result in impdi insulin signaling and insulin re-
sistance possibly via increased JNK phosphoryladimh subsequent serine phosphorylation
of IRS-1 by JNK (Jing et al. 2011). Also, Sirt3 el&dn has been found to result in impaired
glucose oxidation and inhibition of insulin-meditsuppression of fatty acid oxidation
with concomitant accumulation of pyruvate and leetaetabolites in skeletal muscle. This
effect was suggested to be due to hyperacetylatidfilo subunit of PDH, resulting from
absence of Sirt3 action, which leads to alteraitioRDH phosphorylation. This results then
in suppressed PDH activity and consequently inebsad CHO oxidation and increased
lactate production and fatty acid oxidation eveifeith state. (Jing et al. 2013.) These results
are in line with the finding of Jing et al. (201that Sirt3 content is reduced after fasting
(increased fatty acid oxidation and sparing of gh&) and that refeeding increases Sirt3 (in
fed state fatty acid synthesis and glucose utibmaare favored). In other words, these re-
sults suggest, that in fasted state, Sirt3 pratemtent decreases leading to hyperacetylation

and subsequent inactivation of PDH resulting inseowation of pyruvate, lactate and ala-
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nine for gluconeogenesis and greater reliance ty d&ids in ATP production, whereas

in fed state increased Sirt3 deacetylates PDH amplis activation and thus production of
acetyl-CoA from glucose derived pyruvate for ciimd cycle and subsequent ATP produc-
tion and fatty acid synthesis (Jing et al. 201ag&t al. 2013; Kwon & Harris 2004).

In short, Sirt3 has been suggested to have an targarole in regulation of oxidative me-
tabolism, substrate use and metabolic homeostasiarious tissues and conditions. How-
ever, these functions may be different, even opposi different tissues and in response to
different metabolic, physiologic or pathologic stilm e.g. fasting, diabetes, insulin and ex-
ercise (Jing et al. 2011). Consequently, more studie needed to elucidate the exact func-
tions and mechanisms of Sirt3 that take actiorkeletal muscle in response to exercise in

diabetes.

Contrary to the results presented above, this stodyd no association between Sirt3 ex-
pression and AMPK phosphorylation or PGE+hiRNA expression in response to exercise.
However, the pattern of p38 phosphorylation wasilamio PGC-h and Sirt3 protein ex-
pression (decrease after exercise in insulin daftcmice and no change in healthy mice),
despite the fact that the Sirt3 content did nofedisignificantly between the groups. PGC-
la expression and/or activity have been shown todggilated at least partially by p38
(Akimoto et al. 2005; Arany 2008; Pogozelski et 2009). As for Sirt3, besides having
been suggested to be an up-stream activator of RG&pression, it has also been shown
to be a down-stream target of PG&{Kong et al. 2010). So, these results might suggest
that the regulatory pathway consisting of thesdgimms is down-regulated in the skeletal
muscle of insulin deficient mice after exercisevéi the previously discussed discrepancy
and possible dual activity of Sirt3 in regulatidnsabstrate use, the meaning of this possible
down-regulation is unclear. As Sirt3 increasesyfattid oxidation at least in liver, via en-
zyme deacetylation, this response would indicaterdeegulation of fatty acid oxidation in
insulin deficient mice in response to an acute @gerbout (Hirschey et al. 2010). However,

as Sirt3 has been also shown to deacetylate amhtecthe enzyme PDH, this down-
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regulation might also mean decreased activity oHRIDd thus switch towards fatty acid
oxidation (Jing et al. 2013).

To add still a little complexity to the interpratat of these results, increased rather than
decreased, p38 phosphorylation has been foundtd I8iock-down myoblasts (Jing et al.
2011). However, the changes in Sirt3 in responsxé&rcise were not significant and these
results don’t provide any information on p38 phasptation immediately after exercise.
Moreover, PGC-d activity wasn’t analyzed and no explanation wamfbto the question,
why PGC-bi mRNA and protein responded differently in insudlaficient mice. Conse-
quently, no solid conclusions of what is happenindiabetic skeletal muscle in response to

exercise can be drawn from these results.

Acute exercise has been shown to increase the sstpneof Cytc mRNA in rodent skeletal
muscles, without changes in Qyprotein expression two or six hours after exer¢isack

et al. 2008; Wright et al. 2007). This is in linétwthe results of the present study, as no
changes were observed in @yprotein expression three or six hours after eserddowev-

er, four to five weeks of exercise training hasrbslkeown to increase both GytmRNA and
protein levels in mouse skeletal muscle (Geng.2Gl0; Leick et al. 2008).

Transgenic overexpression of PG&-4nd chronic AMPK activation have been shown to
result in increased Cyt mMRNA and protein expression, respectively (Bergezbal. 2001,
Calvo et al. 2008). PGCelknock out mice seem to have lower skeletal mughtec
MRNA and protein levels. In addition the exercisdticed changes in CgtmRNA expres-
sion are inhibited in PGCelknock-out mice. However, exercise training seemisi¢rease
the expression of Cy¢ mMRNA and protein in both wild type and PG@-#nock out mice
despite lower expression level in knock out micéath trained and sedentary state. These
results show, that PGCGxls an important regulator of Cgtexpression, but not mandatory
for the training-induced adaptations. (Leick et2008.) On the contrary, in another study

PGC-Xn knock out resulted in significantly attenuatednirag-induced response in Cgt
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protein expression supporting the importance of AG@n the regulation of Cyt ex-

pression (Geng et al. 2010).

In many of the previous human and animal studiesteaexercise or exercise training have
had little or no effect at all on the expressiorC&HT1 mRNA in skeletal muscle (Huang et
al. 2006; Narkar et al. 2008; Yang et al. 2005; Zkbal. 2000). However, in one study six
weeks of endurance training resulted in increadedi® mRNA in mouse skeletal muscle,
while no change was seen four hours after acutecisge(Burch et al. 2010). In addition,
inactivity has been shown to significantly decregmemRNA expression of CPT1B in hu-
man skeletal muscle and there is a linear reldtipnisetween CPT1B and PG@-&xpres-
sion in this condition (Timmons et al. 2006). nell, however, exercise training and dietary
restriction have been found to induce increaseRm TmRNA in a model of type 2 diabetes
(Huang et al. 2006). In this study, there were igaiBcant differences between the groups
in CPT1B mRNA or protein expression. This is ireliwith previous studies. However, in-
sulin deficient mice had significantly more pronoad increase in CPT1B mRNA expres-
sion in response to exercise compared with heatiicg. This is consistent with the hypoth-
esis apart from the fact that there were no diffees in CPT1B protein expression.

Fasting and transgenic expression of AMF<subunit have been found to increase CPT1
MRNA expression in mouse skeletal muscle, whileckraut of AMPKy3 subunit expres-
sion attenuates the effect of fasting (Long e2@05). CPT1B expression has been found to
increase in response to transgenic P@@Apression and pharmacological PRARtiva-
tion in mouse skeletal muscle (Calvo et al. 2008rkdr et al. 2008). The regulation of
muscle CPT1 by PPARS has also been shown to be dependent on RGO+Essel et al.
2003). Thus, it is possible, that the higher respon CPT1B mRNA expression in insulin
deficient mice results from higher AMPK and PG&dctivities during exercise. This spec-
ulation cannot be confirmed, because PGCattivity or subcellular localization wasn’t
analyzed and the time points weren’t optimal toepbs acute changes in protein phosphor-

ylation.
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The lack of hypothesized changes at protein leaal loe explained at least partially by
the time points of sample collection: The experimeas designed to study changes in gene
expression at mMRNA level and the time points tlane@ six hours after exercise are perhaps
not optimal to study protein expression. For somatgins that time frame is not long
enough to reveal the changes in translation ansl photein expression: For example in one
study, increased PGGxJprotein expression wasn’'t observed until 18 haiter an acute
bout of exercise (Suwa et al. 2008). In anothedyst?GC-1i protein expression was ele-
vated already three and 12 hours after exerciséheuincrease was more pronounced 18
hours after exercise (Wright et al. 200in) addition, protein phosphorylation in response to
an acute stimulus is immediate and transient. Ttaudetect acute changes in protein phos-
phorylation status, the samples should have bebectsd immediately after the exercise.
For example, increase in phosphorylation of p38,Pdvand ACC has been observed im-
mediately after exercise, but not anymore thregdatier exercise (Gibala et al. 2009). So,
in the present case, the phosphorylation respomses probably already returned to base-
line levels three hours after the cessation ofetkercise. More specific time-course studies
would be needed to confirm these speculations.

9.3 Limitationsof the study

One of the limitations of the study was that thedipoints chosen for sample collection
were not optimal for all the parameters examindee &ddition of time points immediately
after the exercise and for example 12 and 18 haftes the cessation of exercise could have
provided more information on the changes in profaiosphorylation and expression. In
addition,the analysis of respiratory gases during exereistyities of some oxidative (cit-
rate synthaseéi-HAD) and glycolytic (PFK) enzymes and potentiaie blood and muscle
concentrations of energy substrates (FFAs, tridgg#gols, glycogen), could have provided

more profound information and supported the conahssdrawn from this present data.

Also, it has to be kept in mind that streptozotaouced type 1 diabetes is only an exper-
imental model of diabetes and thus, the resulteaaabe directly applied to type 1 diabetic
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patients. It cannot be ruled out that some of #seilts may not result from the actual in-
sulin deficiency or resulting hyperglycemia, butreoother yet unknown effects of strepto-
zotocin. Another problem in comparing the diabetes stud@mwdacted using human sub-
jects and animal models lies in the fact that imhos, diabetes has to be controlled with
regular insulin injections for survival, whereasanimal experiments diabetes is usually
uncontrolled. This complicates thus not only thenparison of these results to other stud-

ies, but also the application of these resultsaztxre.
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10 CONCLUSION AND FUTURE STUDY PROPOSALS

In this study the acute responses to a single endarexercise bout were studied at the lev-
el of MRNA and protein expression as well as atekel of activation of certain intracellu-
lar signaling pathways in insulin deficient and It@a mice. In conclusion, these results
suggest that insulin deficiency may lead to monpunced exercise-induced responses in
MRNA expression of certain genes that favor thactwirom glucose to fatty acid oxida-
tion. These changes in gene expression may be teddig increased PGGxlactivation
and/or nuclear localization as no increases wewedan PGC-& protein expression. The
basal protein levels were not affected by insulficiency and it is possible that also the
exercise-induced changes in phosphorylation wessedi because the time points were not
optimal. The same might be true for exercise-induti@anges in protein expression. Thus,

the mechanisms underlying the changes in mRNA aspe can be only speculated.

The research questions of this study remainedagbgrtinanswered for the part of activation
of intracellular signaling pathways, because thgeeiental design wasn’t optimal to study
acute protein phosphorylation or expression regmnSonsequently, further studies, with
an experimental design aiming to protein level gsia] should be conducted to provide
more reliable information on the effects of insulieficiency on the acute protein level re-
sponses to a single bout of exercise in skeletachau In addition, measurements of the
levels of intramuscular lipid and glycogen stottbg, activities of key enzymes involved in
aerobic energy metabolism as well as analysis b$tsate use during exercise would pro-
vide more profound information on the metabolismd@betic skeletal muscle and allow

more solid conclusions to be drawn.
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