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Abstract

The acute effects of differential dietary fatty acids on PDHa activity in human skeletal

muscle at the onset of exercise

Nicolette Shannon Bradley Advisor:

Brock University, 2006 Dr. Sandra J. Peters

Pyruvate dehydrogenase (PDH) is an important regulator of carbohydrate

oxidation during exercise and its activity can be down-regulated by an increase in dietary

fat. The purpose of this study was to determine the acute metabolic effects of differential

dietary fatty acids on the activation of PDH in its active form (PDHa) at rest and at the

onset of moderate-intensity exercise. University-aged male subjects (n=7) underwent 2

fat loading trials spaced at least 2 weeks apart. Subjects consumed saturated (SFA) or

polyunsaturated (PUFA) fat over the course of 5 hours. Following this, participants

cycled at 65% VO2 max for 15 min. Muscle biopsies were taken prior to and following

fat loading and at 1 min exercise. Plasma free fatty acids increased from 0.15 ± 0.07 to

0.54 ± 0.19 mM over 5 hours with SFA and from 0.1 1 ± 0.04 to 0.35 ±0.13 mM with

PUFA. PDHa activity was unchanged following fat loading, but increased at the onset of

exercise in the SFA trial, from 1 .4 ± 0.4 to 2.2 ± 0.4 /xmol/min/kg wet wt. This effect

was negated in the PUFA trial (1 .2 ± 0.3 to 1 .3 ± 0.3 pimol/min/kg wet wt.). PDH kinase

(PDK) was unchanged in both trials, suggesting that the attenuation of PDHa activity

with PUFA was a result of changes in the concentrations of intramitochondrial effectors,

more specifically intramitochondrial NADH or Ca^*. Our findings suggest that attenuated

PDHa activity participates in the preferential oxidation of PUFA during moderate-

intensity exercise.
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CHAPTER ONE

Introduction

It has been well-established that the utilization of fat and carbohydrate as fuels,

both at rest and during exercise, can be altered in response to an increase in dietary fat.

More recently, however, it has been shown that different types of fat in the diet behave in

different ways. Chain length and degree of saturation of long-chain fatty acids appear to

have an effect on the partitioning of fatty acids between oxidation and storage. Saturated

fatty acids (SFAs) are more preferentially diverted to storage, whereas polyunsaturated

fatty acids (PUFAs) are more preferentially oxidized, or used as building blocks for

plasma membranes, in the case of n-3 PUFAs.

Different types of fat in the diet also seem to have an effect on fuel oxidation

during exercise. At moderate intensities, following a single fat load, an increase in fat

oxidation is seen throughout exercise with PUFA, when compared to both an SFA load

and control. While it is evident that different types of fat behave differently with respect

to oxidation, the mechanism(s) have not been elucidated.

Pyruvate dehydrogenase (PDH) is a rate-limiting multienzyme complex located in

the mitochrondrial matrix associated with the inner mitochondrial membrane. It

catalyzes the irreversible oxidative decarboxylation of pyruvate, forming acetyl

coenzyme A (acetyl CoA), which can either be further oxidized in the tricarboxylic acid

(TCA) cycle, or used for fatty acid synthesis (in adipose tissue, liver) or cholesterol

synthesis (in liver). The PDH complex occupies a pivotal role in fuel selection and

metabolism. During times of high carbohydrate availability, PDH is up-regulated,

increasing carbohydrate flux into the TCA cycle. When carbohydrate availability is low,





PDH is down-regulated, and carbohydrate is thus spared for use in other areas of the

body. Both acute and chronic regulation of the PDH complex occurs via two intrinsic

enzymes, PDH kinase (PDK) and PDH phosphatase (PDP).

It has been shown that a diet high in SFA will increase PDK activity in as little as

24 hours. This increased PDK activity causes a reduction in activity of the active form of

PDH (PDHa), and a resultant decrease in carbohydrate oxidation, causing the cells to rely

more heavily on fat oxidation. It has been shown in chronic situations that PDK activity

does not react in the same way to all dietary fats, therefore regulation of the PDH

complex may play an important role in affecting the rate of oxidation of different types of

fatty acids.

The purpose of the present study was to determine the acute effects of a short-

term high-fat oral load, rich in either saturated or polyunsaturated fatty acids on both

PDK and PDHa activity at rest and at the onset of moderate intensity exercise.





CHAPTER TWO

LITERATURE REVIEW

The pyruvate dehydrogenase complex

Function ofthe pyruvate dehydrogenase complex.

Pyruvate Dehydrogenase (PDH) is a multienzyme complex located in the matrix of

the inner mitochondrial membrane. PDH catalyzes the oxidative decarboxylation of

pyruvate, which is the three-carbon end-product of glycolysis, to acetyl coenzyme A.

Acetyl CoA is then oxidized in the tricarboxylic acid (TCA) cycle (muscle, liver), or used

for fatty acid synthesis (in adipose tissue, liver) or cholesterol synthesis (in liver). The

overall reaction of the PDH complex is as follows:

Pyruvate + CoA + NAD^ -^ Acetyl CoA + CO2 + NADH

This occurs via a series of reactions through the three sub-units of the PDH complex

(Figure 1) in the presence of both magnesium (Mg^"^) and thiamine pyrophosphate (TPP)

[25, 57].

PDH serves as a rate-limiting step in skeletal muscle carbohydrate oxidation and

production of substrate for fatty acid synthesis, and it is therefore tightly regulated.

During situations of high blood glucose, PDH is up-regulated to increased oxidative

glucose disposal by skeletal muscle [85]. When carbohydrate sources for energy are

scarce, PDH is down-regulated and fatty acid metabolism takes over, in order to

maximize available glucose for the brain [85]. It therefore stands to reason that dietary

intake has a significant effect on PDH function. A decrease in PDH activity has been

found during times of starvation and consumption of a high-fat diet [43, 48, 70]. In

addition, patients with type II diabetes have been found to have diminished skeletal





muscle PDH activity. Type II diabetics suffer from a decreased disposal of glucose by

skeletal muscle, so down-regulation ofPDH (and subsequent decrease of carbohydrate

oxidation) only intensifies the condition [129]. Due to the fact that PDH plays such a

central role in the balance between fat and carbohydrate metabolism, it has become a

significant area of research interest.

Structure ofthe pyruvate dehydrogenase complex.

PDH is composed of three subunits [pyruvate dehydrogenase (El);

dihydrolipoamide acetyltransferase (E2); dihydrolipoamide dehydrogenase (E3)] as well

as two specific regulatory enzymes [pyruvate dehydrogenase kinase (PDK) and pyruvate

dehydrogenase phosphatase (PDP)] and an E3 binding unit [73, 88, 131] (Figure 1).

The enzyme responsible for decarboxylation of pyruvate is pyruvate

dehydrogenase (El), a heterotetrameric Oi&i structure [5, 6, 73, 131]. The El alpha

subunit catalyzes the decarboxylation of pyruvate and release of carbon dioxide. This

reaction is dependant on thiamine pyrophosphate as a coenzyme [5, 25, 71]. This step is

the irreversible and therefore rate-limiting step in the PDH complex series of reactions [6,

58, 71]. Each El alpha subunit (there are two in each heterodimer) contains three serine

residues, which are the point of phosphorylation by PDK. Site 1 phosphorylation is the

most rapid, being 4.6-fold more rapid than site 2 and 16-fold more rapid than site 3,

however, phosphorylation of any one of the three sites renders PDH inactive [50, 97].

Thus, the percentage of active PDH at any time is reflective of the percentage of alpha

subunits on El that are phosphorylated [58]. The El beta subunit is responsible for

transferring the acetyl group (a product of the first reaction) to the lipoyl moiety of the E2

subunit[5. 25. 71] (Figure 1).





NAD*
NADH + H-

SCoA

Figure 1. Structure of the pyruvate dehydrogenase complex (adapted from Behal et al, 1993).

Dihydrolipoyl transacetylase (E2) transfers an acetyl group from the pyruvate

dehydrogenase subunit to a hpoyl group, before it joins with coenzyme A (CoA) to form

acetyl CoA [73, 88, 131]. The E2 catalytic subunit forms the inner core of the PDH

complex (PDC), to which the other two subunits and regulatory enzymes bind [72, 73]

(Figure 2). Each E2 subunit contains an inner "core" region and an outer "arm" to which

the other subunits bind [70, 73, 88, 131] (Figure 1).

E3, also known as dihydrolipoyl dehydrogenase, catalyzes the oxidation of lipoyl

groups from E2 and produces NADH [73, 88, 131]. It is bound to the PDH complex by

means of the E3-binding protein (E3BP). Each PDH actually contains sixty E2

components, to which an equal number of El components are bound. A PDH complex

will also contain twenty-four E3 components, twelve E3 binding proteins as well as the

regulatory proteins [73, 88, 131].





Acute regulation ofthe pyruvate dehydrogenase complex.

The PDH complex plays a very important role in establishing an optimal balance

between fat and carbohydrate metabolism, and as a result is very tightly regulated. PDH

activity can be modified acutely, within seconds to hours, but it can also be altered

transcriptionally, over a timeline of days to weeks and this is referred to as long-term or

adaptive regulation.

Acutely, PDH is very tightly regulated, both covalently and allosterically. The

PDH complex includes two regulatory enzymes, PDK and PDP (Figure 2). PDH is

inactivated by phosphorylation of one or more of the three serine residues on the El

catalytic subunit by a family ofPDK isoforms (PDKl-4) [5, 6, 57, 58, 71, 131].

Dephosphorylation of these residues by a pair of PDPs (PDPl & 2) causes activation of

PDH [5, 6, 57, 58, 71, 131], and the relative activities of the total population of the two

regulatory enzymes determines the level of activity of the PDH complex [117, 131]. In

general, the PDKs are up-regulated by an increase in the ratios ofATP to ADP, acetyl

CoA to CoA and a decrease in the ratio ofNAD to NADH within the cell. They are

down-regulated by an increase in the substrates for PDH, namely pyruvate, NAD and

CoA [6, 114]. PDPl is up-regulated by calcium ion in a feed-forward mechanism during

exercise, while PDP2 is sensitive to increased blood insulin concentrations. Although this

hormonal control is less powerful, and not as well understood, than the effects of calcium

[5,42,99,112].
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Figure 2. Acute regulation of the pyruvate dehydrogenase complex.

Isoforms ofpyruvate dehydrogenase phosphatase.

Two known isoenzymes of PDP exist in human tissue, designated PDPl and

PDP2 [42]. Both are Mg^* -dependant enzymes, however the sensitivity of PDP2 to Mg^^

ions is almost 10-fold lower than that of PDPl [42]. PDPl is also sensitive to regulation

by Ca^* ions, while PDP2 is not [42]. PDP2, however is sensitive to the polyamine

spermine, while PDPl is not [42]. It was first suspected that there may be more than one

isoenzyme of PDP when it was discovered that PDP activity in different tissues

responded differently to various concentrations of Mg^* or Ca^* [79, 94, 99]. Through

cloning experiments, it was established that at least two isoenzymes existed [42]. Both

are highly specific for the PDH complex, but have differing enzymatic regulators and

tissue distribution. PDPl is more abundant in muscle mitochondria and is stimulated by





Ca^* [42], while PDP2 is more abundant in liver mitochondria and is Ca'^-insensitive

[42]. PDP2 does, however, require much higher concentrations of intramitochondrial

Mg"* for activation [42].

Isoforms ofpyruvate dehydrogenase kinase

Four isoforms of the PDK enzyme have been discovered in human tissue [35, 91].

Stepp et al [102] originally suggested that PDK extracted from bovine kidney

mitochondria contained two subunits, a 48-kDa alpha subunit responsible for the control

of kinase activity, and a 45-kDa beta subunit, which served a regulatory function. They

later discovered, however, that these were indeed two distinct isoforms of PDK. Popov et

al [80] used an isolated cDNA library from rat heart to determine the primary structure of

PDK, and the 48-kDa protein was the first of a distinct group of eukaryotic protein

kinases, which were distinct from the serine/threonine protein kinases, to which they

were first compared [80, 112].

In a later study, Popov et a/ [81] cloned a 45-kDa protein in rat heart tissue that

phosphorylated PDH, which was the first identification of a second PDK isoform, termed

PDK2. This isoform was present in high amounts in skeletal muscle and heart tissue and

in smaller amounts in liver, kidney, brain, pancreas and testes.

The first human study examining the isoforms of PDK by Gudi et al [35]

established a third PDK isoform, termed PDK3. This 45-kDa protein was expressed in

E.coli using a human cDNA library. It phosphorylated PDH and had a 30-50% higher

specific activity in vitro when compared to PDKl . PDK2 had the lowest specific

activity.





PDK4 was discovered by Rowles et al [93] in the Pima Indians using the gene

sequences related to insuHn resistance and type II diabetes meUitus. PDK4 mRNA was

found to be the most active in skeletal muscle and heart tissue, with lower expression in

the liver, kidney and pancreas [93, 1 12]. PDK4 is the most prominently induced isoform

in rat heart and skeletal muscle by diabetes and starvation [129]. It is also the least

susceptible isoform to inhibition by pyruvate. Because of this, when PDK4 protein

expression and activity are increased in response to diabetes or starvation, it becomes

increasingly difficult to stimulate PDH activity via increased glycolytic flux, thereby

decreasing oxidative disposal of glucose and exacerbating the conditions [110, 112, 129].

Isoform-specific differences in activity, and response to various metabolites in rat

PDK isoforms, was later investigated by Bowker-Kinley et al[\\]. They followed P

incorporation from y^P-ATP into kinase-depleted PDH in order to observe the kinetic

properties of the different PDK isoforms generated from rat gene sequences. They also

characterized the distribution of the various isoforms ofPDK through Northern blotting

of rat tissue. They found that PDK3 was the most active isoform, having 25-fold higher

activity than PDK2, the least active. The activity levels of the four isoforms were as

follows: PDK3>PDK1>PDK4>PDK2, with all isoforms showing much higher activity

than PDK2.

The same study also showed that different PDK isoforms responded differently to

various metabolites. Various rat tissues were incubated with dichloroacetate (DCA),

which imitates the actions of pyruvate and is thus a specific synthetic inhibitor of PDK.

PDK2 was the most sensitive to inhibition by DCA, while the others were less affected in

the following order: PDK2>PDK1>PDK4>PDK3. In most isoforms, increased DCA





cause increased effectiveness ofADP as a competitive inhibitor for PDK, however, in the

case ofPDK4 the effectiveness ofADP was actually decreased [11].

PDK senses reduced and acetylated states of the complex lipoates (which reflect

ratios ofNAD^:NADH and CoA:acetyl CoA) since it requires the lipoyl prosthetic group

in order to bind to the E2 core [14, 87]. An increase in the NAD^:NADH ratio (oxidized

state) or in the CoA:acetyl CoA ratio (non-acetylated state) results in decreased PDK

activity while an increase in PDK activity is seen when these ratios are reversed. When a

high concentration of both acetyl CoA and NADH is present, the lipoates are in the

reduced and acetylated state, which further increases PDK activity through enhanced

binding ofPDK to the E2 core [87]. In order to test the effectiveness of these metabolites

on the various PDK isoforms, PDH reconstituted with kinase were incubated with either

NAD^:NADH (1:3) or with these and 50 /xM acetyl CoA. PDKl and PDK2 showed

increased activation in both cases, while PDK3 showed little or no response to NADH

alone. PDK3 activity did increase when acetyl CoA was present. PDK4 activity

increased with NADH, but showed no further increase with acetyl CoA [11]. This study

therefore indicated that several isoform-specific and tissue-specific differences between

the various PDK isoforms exist in rats. This also shows that an increase in gene-

expression of a PDK protein is not the only way to increase PDK activity, as the specific

activity of the enzyme may also be increased in response to changes in the

aforementioned intramitochondrial effectors. This may prove important in acute

circumstances, where a perturbation, such as a short-term high- fat load, could decrease

PDHa activity via increased specific activity of PDK, even though the timeline is too

short to elicit a change in gene expression.
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Adaptive regulation ofthe PDH complex.

While it has been well-estabhshed that the activity of the PDH complex can be

altered by short-term changes in its allosteric and covalent modulators, the possible

effects of more long-term changes are not as well understood. Phosphorylation of the

PDH complex is enhanced (and therefore activity decreased) following induced

starvation and diabetes in most tissues of the rat [40, 74, 1 1 1, 128, 129, 130]. It has been

found that this is in part due to increased total PDK activity, as well as to increased PDK4

expression in most tissues in both rats [129] and humans [74]. Starvation has also been

shown to increase PDK2 expression in the liver [109] and kidney [113]. An increase in

PDK2 protein expression has also been seen in response to 8 weeks exercise training

[55].

The increased phosphorylation of the PDH complex in these situations can not be

entirely attributed to alterations in PDK expression. A concurrent down-regulation in

PDP activity has been seen in rat heart and kidney in response to starvation (Huang et al,

unpublished). Therefore, in these tissues, and possibly others, the increased

phosphorylation and down-regulation of the complex can be attributed to the action of

both increased kinase and decreased phosphatase activities.

Regulation ofPDH activity by diet and exercise.

It has been shown that the activity of PDH, and PDK more specifically, is altered

in response to nutritional manipulations in several oxidative tissues, including skeletal

muscle. Incubation of hepatocytes [30], cardiac myocytes [61, 70], and soleus muscle

strips [102] with fatty acids causes an increase in PDK activity. In human skeletal

muscle, PDK activity is significantly increased after one day of a high-fat, low-

11





carbohydrate diet [75]. Peters et al [75] also established that these increases were

accompanied by an increase in PDK4 protein, but not PDK2 protein. Increases in PDK

activity may also occur without any change in the amount of protein available. Watt et al

[123] found that a decrease in PDHa activity as well as carbohydrate oxidation from 10

min to 4 h moderate-intensity exercise coincided with an -240% increases in PDK

activity, although no change was seen in either PDK2 or PDK4 protein expression. The

authors suggested that since the increase in PDK activity was independent of changes in

either protein expression or intramitochondrial effectors (all remained unchanged), the

increased PDK activity was a resuh of increased specific activity of the existing kinases.

PDK2 and PDK3 activity can both be enhanced through increased binding to the E2 core

when the E2 and E3 subunits are reduced and acetylated [93], therefore it is possible that

increased PDK activity was a result of increased PDK binding to the E2 core.

When carbohydrate availability is limited, for example during starvation, type II

diabetes, or high-fat feeding, PDK4 appears to dominate over the more abundant PDK2

isoform in skeletal muscle, due to its high affinity for site 1 phorphorylation and relative

insensitivity to pyruvate [11,71, 112, 129]. Since low amounts of pyruvate have little

effect on this isoform, it makes sense that it should prevail at times when blood glucose

needs to be spared, in order to shuttle three-carbon units away from oxidation and to

other tissues for gluconeogenesis. On the other hand, when carbohydrate is readily

available, it stands to reason that a more pyruvate-sensitive isoform would hold more

control over PDK activity. PDK2 appears to be the most pyruvate-sensitive PDK

isoform, and therefore is more likely to play a role in skeletal muscle during times of high

carbohydrate availability.

12





PDH regulation is also affected by endurance training. LeBlanc et al [53]

measured PDHa in muscle biopsy samples at rest, 5 and 15 min of exhaustive exercise

prior to and following 7 weeks endurance training. They observed a decreased activation

of PDH, both at rest and during exercise following training, suggesting an increased

reliance on fat as a fuel. This attenuation was accompanied by a decrease in pyruvate (as

a result of decreased glycolysis and glycogenolysis) and ADP, both of which are

inhibitors of PDK. With decreased inhibition of PDK, PDHa activity is down-regulated

owing to increased PDK activity. This allows the body to rely more heavily on fat as a

fuel throughout endurance exercise, reserving carbohydrate for sprint situations.

The effects ofhigh-fatfeeding on PDH and PDK activity.

During a high-fat/low-carbohydrate diet, increased beta-oxidation results in a high

concentration of fatty acyl CoA in the mitochondria of skeletal muscle, which leads to an

increase in the acetyl CoA/CoA and NADH/NAD^ concentration ratios [40]. Western

blot analysis in rat muscle revealed a significant increase in PDK activity in the soleus

(SOL) and anterior tibialis (AT) following a diet high in saturated fat [40]. Age-matched

rats consumed either a normal rat diet (72% CHO; 20% pr; 8% lipid) or a high SFA diet

(33% CHO; 20% pr; 47% lipid) for 28 days and an increase in PDK activity was seen in

both SOL and AT, accompanied by a significant increase in PDK4 mRNA in both muscle

types. A more modest increase in PDK2 mRNA was seen in SOL in response to the high

fat diet, while the increase in PDK2 in AT was at a level equivalent to that of PDK4. It

was therefore shown that PDK2 may play a greater role in diet-associated PDH

regulation in fast twitch muscle, while in the slow twitch muscle, PDK4 seemed to be the

dominant isoform.

13





Alterations in PDHa in response to a high-fat/low-carbohydrate diet was shown in

humans by Putman et al [83]. Male subjects cycled to exhaustion following 3 days of

either a low-carbohydrate or high-carbohydrate diet. PDHa activity at rest was lower

following the low-carbohydrate diet (0.20 ± 0.04 vs. 0.69 ± 0.05 mmol/min/kg wet wt),

which coincided with increased intramuscular acetyl CoA. Although PDHa activity

increased in both trials during exercise, it was substantially lower in the low-carbohydrate

condition (1 .46 ± 0.25 vs. 2.65 ± 0.23 mmol/min/kg wet wt at 16 min exercise). The

decrease in PDHa activity during exercise was unrelated to a change in acetyl CoA

content, which indicated that other factors must be involved in PDHa regulation during

exercise in this situation.

In humans, increased PDK activity has also been seen following a 3-day high-fat

diet [75]. Analyses of muscle biopsies from human vastus lateralis muscle showed a

significant increase in PDK activity after only one day on a high fat diet, accompanied by

an increase in PDK4 protein and mRNA expression. However, while PDK activity

continued to increase throughout the 3-day diet, PDK4 protein and mRNA expression did

not increase further after the first day. The continued increase ofPDK activity must

therefore be attributed to other factors, possibly including further increases in the specific

activity of the PDK isoforms, the contribution of other PDK isoforms (eg. PDK3), or the

simultaneous decrease in phosphatase activity [75].

A recent study by Turvey et al. [119] examined the long-term effects of

differential dietary fatty acids on PDH and PDK activity at rest. Subjects consumed a 3-

day diet composed of 75% fat, 20% protein and 5% carbohydrate. Following a 4-week

washout period, subjects consumed the same 3-day diet, but with 15% of the fat replaced

14





by n-3 fatty acids. PDK activity increased 4-fold following the SFA diet, while activity

was increased only 1.8-fold following the n-3 diet. Specifically, there was a 40%

decrease in PDK activity following the n-3 diet when compared to the SFA diet [119].

However, this study did not examine the effects of the dietary perturbation during an

exercise challenge or following an oral glucose load.

Mechanisms ofPDH and PDK regulation in response to high-fatfeeding.

The mechanisms by which these changes are elicited in response to increased

FFAs, and more specifically different types of FFAs, are not fully understood, but

recently, peroxisomal proliferator activated receptors (PPARs), a class of ligand-activated

nuclear hormone receptors, have been shown to play an important role.

PPARs are commonly expressed in tissues which have high rates of fat oxidation

[64]. Four types ofPPARs (o; /3, 7, and 6) have been identified in a variety of tissues,

including the liver, heart and skeletal muscle [26]. PPARs, together with a retinoic

receptor, act as transcriptional activators of genes associated with FFA metabolism,

including PDK4 [59, 66, 112]. Free fatty acids serve as ligands for PPARs, and the role

of these ligand-bound PPARs appears to be related to the regulation ofmetabolism in

response to changes in availability of fuels [66]. PPARs can also be activated by

phosphorylation [26]. Both of these methods of activation elicit a conformational change,

allowing co-activators to bind, which will then influence transcription [26] specifically

related to control of cellular FFA uptake and control of lipoprotein metabolism [1 12].Wu

et a/ [130] used the selective PPAR-a agonist, WY- 14463, as a dietary supplement, and

elicited an increase in PDK4 mRNA, protein expression, and activity.

15





PPAR-a has long been considered the primary subtype responsible for eliciting

lipid-induced aherations in /3-oxidation gene activities [12]. It is the most highly

expressed subtype in tissues which have a substantial rate ofFA oxidation [12], and

PPAR-a knockout mice display diminished rates of /S-oxidation as well as other

metabolic abnormalities in both the liver and heart [27, 56] when compared to wild type

littermates. In a study by Muoio et al [66], PPAR-a knockout mice were used to examine

the effects of starvation and exercise on PDK4. The authors were able to elicit a 2-fold

increase in FA oxidation in knockout mice, using a PPAR-6 agonist. An increase in

PDK4 expression, similar to that seen in wild type mice using a PPAR-a agonist, was

also seen. It appears, therefore, that in the absence ofPPAR-a during starvation or

exercise, PPAR-6 can compensate.

It is unknown ifPPAR- a (or other PPAR subtypes) will show preferential

binding to different types of fatty acids. A 4-fold decrease in PDK activity was seen by

Turvey et al{\\9] following a 3-day high saturated fat diet, while there was only a 1 .8-

fold decrease following a 3-day diet high in n-3 fatty acids. It is possible that the dietary

SFAs bound preferentially as ligands to existing PPARs, which n-3 fatty acids did not,

causing a greater decrease ofPDK activity and resultant up-regulation ofPDHa activity

with SFA. This would allow more SFA to be oxidized, while the n-3 fats were

preferentially used for other functions within the body.

The ejfects ofexercise on PDH activity.

As the PDH complex acts as a gateway between carbohydrate and fat oxidation,

its activity is greatly affected by different types and intensities of exercise. These

alterations are most evident during moderate-intensity exercise, when energy from both

16





carbohydrate and fat are in high demand. In 1991, a study by Constantin-Teodosiu et al

[18] established that PDH activation is directly related to exercise intensity. They also

discovered that this change was not related to acetyl group accumulation, which was

surprising at the time, since earlier resting studies suggested that increased acetyl-CoA

would be expected to down-regulate the PDH complex.

Howlett et a/ [41] observed an increase in PDH activation which was correlated to

the intensity of exercise. PDHa activity increased as a function of power output from rest

to 1 min of exercise at 35, 65 and 90% VO2 max. This also showed that during exercise,

no matter the intensity, the PDH complex had reached nearly full activation by 1 .5

minutes. The maximal measured PDHa in this study at all three power outputs matched

the calculated rate of pyruvate oxidation, suggesting that PDHa activity was directly

related to exercise intensity, and that it was playing a role in the regulation of

carbohydrate oxidation during exercise. In agreement with the data seen by Constantin-

Theodosiu et al, the increase in PDHa activity was not correlated to acetyl group

accumulation. They also discovered that free [ADP] was directly correlated to PDHa

activity, suggesting that this, when complemented by increased pyruvate production

through glycolytic flux, may simply be a stronger regulator during exercise,

overshadowing the effects of acetyl CoA.

Odland et al [69] examined the effects of fat-carbohydrate interaction on the

regulation of metabolism during moderate-intensity exercise. Subjects were infused with

either saline or intralipid (>85% polyunsaturated fat) with heparin while cycling for 10

min at 40% VO2 max followed by 60 min at 65% VO2 max. Intralipid is an infused fat

emulsion composed of linolcic acid ( 1 8:2), oleic acid (18:1) and linolenic acid (18:3)
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[122]. Measurement of arterial and venous blood samples showed an approximately 4-

fold increase in plasma FFA uptake with intralipid when compared to saline. In

agreement with this finding, gas analysis showed a significant decrease in RER during

exercise with intralipid (0.91 ± 0.01 IL compared with 0.94 ± 0.01 sahne). Muscle

biopsies taken at 0, 10 and 20 min of exercise, as well as immediately following exercise

showed a significant decrease in PDHa activity at all time points with intralipid, which

correlated with an increase in fi-ee AMP, as well as muscle citrate. There was no

difference in any other intramitochondrial effectors. Together these findings indicate a

preference of the cells to oxidize fat instead of carbohydrate during moderate-intensity

exercise.

Two years later, the same group examined the possible mechanisms causing this

reduced PDH activation [68]. They examined muscle biopsies at 0, 1, 10 and 20 min of

exercise at 40% VO2 max and 65% VO2 max, while infusing subjects with either saline

or intralipid. They found that a decrease in PDHa activity in the intralipid trial, when

compared to the control trial at 1 min exercise, was directly correlated to an increase in

muscle [NADH]. The decreased PDHa activity was maintained throughout 20 min of

exercise at both workloads. They also saw a significant decrease in RER over 15 min at

-68% VO2 max with intralipid (0.92 ± 0.02 IL compared to 0.95 ± 0.01 saline). Since an

intralipid infusion was compared only to control in this study, it is uncertain whether

similar effects would be seen with saturated fat. It is also uncertain whether similar

results would be observed with an oral load, as opposed to an infusion.

Pilegaard et al [78] noted a marked increase in PDK4 mRNA in human skeletal

muscle at the end of 75 min and 4 hr of exhaustive exercise. These levels remained
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elevated at 4 hr of recovery, but had returned to basal after 24 hr of recovery, which

indicates that while PDK4 activity may be altered in as little as 75 min of exercise, these

changes are not permanent. Mourtzakis et al [65] showed, in a similar study, that PDK4

mRNA is increased at the end of 2 hr of exercise, but that a more marked increase

actually occurs during recovery.
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Overview of metabolism of dietan.' fatty acids.

Types offat and nomenclature.

Dietary fats are mainly in the form of triglycerides (TG), which are composed of

three fatty acids attached to a glycerol backbone (Figure 3). There are also small

amounts of phospholipids, cholesterol and cholesterol esters, which can be considered

fats with respect to digestion [36]. The proposed study will focus on the

composition of dietary TG. The most common fatty acids found in the diet are

summarized below (Table 1 ).

Table 1. Name and symbol of common long chain fatty acids.

Symbol





CH2--0H

CH—OH

CH2—OH

Glycerol

+

o

HO-C-(CH2),4- CH3
Palmitic acid

o

HO—C—<CH2)7—CH=CH—(CH2)7—CH3
Oleic Acid

o

HO—C—<CH2),6—CH3
Stearic Acid

3H2O

O

CH2—O—C—(CH2) 14—CH3

O
II

CH—O—C—(CH2)7—CH=CH—(CH2)7—CH3

O

CH2—O—C—(CH2)16—CH3

Triacylglycerol

Figure 3. Formation of a triglyceride from glycerol and free fatty acids.

21





Some common rules are followed by physiologists and biochemists in the

identification of fatty acids. The first numerical value in the symbol indicates the number

of carbons in the fatty acid (eg. 18:0 has eighteen carbon atoms). The second numerical

value indicates the number of double bonds present (eg. 20:4 has four double bonds).

The final value indicates the position of the first double bond, when counting ft-om the

methyl terminus (eg. 22:6, n-3 has six double bonds, the first of which is three carbons

from the methyl terminus of the FA). If the FA contains more than one double bond, the

other double bonds can be located by counting back by three fi"om the last one. Some

unsaturated FAs have two isomers, differing only in the position of a single hydrogen (eg.

oleic acid and elaidic acid; both 18:1, n-9). hi these cases, the terms "cis" or "trans" are

used to indicate which isomer is present (Figure 4). In the "cis" form, the hydrogens

attached to the two carbons on either side of a double bond exist on the same side of the

structure, which in the "trans" form, one hydrogen is on the opposite side (Figure 4).

Trans FAs are not found in the body and do not occur naturally in foods, but are produced

synthetically (eg. margarine, butter, fried foods). These different structures affect the

shape of different types of fat. Trans fats have a closer resemblance to saturated fats in

that they have a relatively straight alignment, whereas other mono-unsaturated fats are

bent and polyunsaturated fats have multiple bends. These shapes may affect the way

different types of fat bind to certain enzymes, for example in transport (eg. CPT-1) and

metabolism (eg. PPARs).
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o

HO—C—(CH2)^=q—(CH2)7—CH3

H H

Cis-18:l n-9 (Oleic acid)

Partial hydrogenation

O H

HO—C—(CH2)7—C=C—(CH2)7-r -CH3

H

Trans-18:l n-9 (Elaidic acid)

Figure 4. Structure of trans- and cis- isomers of a fatty acid.

Absorption offatty acids.

There are several steps in the breakdown and absorption of fatty acids, as TGs

themselves cannot be absorbed across the intestinal surface [36]. Triglycerides tend to

bind together to form fat globules in the mouth and esophagus, but the water-soluble

lipase enzymes cannot digest such large particles; therefore the globules must be broken

down. This is accomplished primarily through the actions of bile salts and assisted by

agitation within the stomach [36]. Bile is secreted by the liver into the duodenum [36],
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and is composed of bile salts and lecithin, having both polar (water-soluble) regions and

non-polar (fat-soluble) regions. The fat-soluble portion dissolves in the surface of the fat

globule, with the water-soluble portion projecting outwards. This outward projection of

the polar regions decreases tension between cells, making it easier to break down the

globules by agitation.

Once the fat globules have been broken down, pancreatic lipase (and to a much

smaller degree, enteric lipase) digest the triglycerides to release a 2-monoglyceride and

free FAs [36]. Since hydrolysis of fats is a reversible process, however, accumulation of

these end products further slows the digestion of fats. The bile salts come into play yet

again at this point, to aggregate around the 2-monoglyceride and free fatty acids, forming

a micelle, in which the polar groups of the bile salts are again directed outwards. The

micelle serves as a method of removing end products from the site of fat digestion as well

as a transport mechanism for the free fatty acids [36]. This is necessary in order to

continue the digestion of fats in this area.

The FA's are transported as micelles into the small intestine, where they are

directly absorbed from the micelle to the microvilli. FFA's diffuse easily through the

small intestine membrane and triglycerides are re-formed on the other side. These are

transported via chylomicrons through the circulatory system to the various tissues [36],

where they will be either oxidized for energy or stored.

In order to determine the paths of a long chain FA load, Binnert et al [9] gave

participants 30 g of olive oil (predominantly oleic acid; 18:1, n-9 cis) with lemon

following an overnight fast. The long chain FAs in the load were labeled with "C and the

oxidation of exogenous fatty acids were measured via expired gases over 360 minutes. A
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significant increase in exogenous lipid oxidation was seen, representing 69.7 + 1% of

total lipid oxidation by 360 minutes. However, only 19 + 2% of the lipid load was

oxidized overall. The order of appearance of labeled fatty acids in the various fatty acid

pools was as follows:

chylomicron > FFA> very low-density lipoprotein. These results indicated that in

addition to oxidation, there is also re-esterification of absorbed FA's, following an acute

fat load. These re-esterified FA's are then incorporated into chylomicrons, which

circulate to the liver for hydrolysis ofTG's by lipoprotein lipase into FFA. The FFA can

then be taken into the liver for hepatic re-esterification. There was a ratio of 0.8 between

the label appearing in chylomicron and FFA fractions, which suggested that -80% of

FFA were fi"om the exogenous oral lipid load. This is opposed to those fatty acids which

are stored in adipose or muscle tissue (endogenous sources of FA's). This is important,

because it suggested a sparing of stored fat following a lipid load. Studies measuring FA

release and uptake from adipose tissue using arteriovenous differences found similar

results [20, 33].

Oxidation and metabolic effects ofdifferentialfatty acids.

Increased dietary fat intake has long been associated with the onset of obesity

and type II diabetes. More recently, however, several studies have shown that chain

length and degree of saturation of dietary long chain fatty acids influence the partitioning

of fat between oxidation and storage [45, 46, 77, 122]. Due to the well-documented

relationship between dietary fat and the aforementioned chronic diseases, the possible

differential cfTccts of unsaturated and saturated dietary fats has become a topic of great

interest in the research community.
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Upon absorption through the small intestine, fatty acids may be diverted to either

oxidation in the tissues (eg. muscle [22]), or to storage (eg. adipose tissue [31]). In vitro

studies, as well as both animal and human studies suggest that the chain length and

degree of saturation of dietary fatty acids will influence which path a fatty acid is more

likely to follow.

In vitro studies and animal studies.

Accumulation ofTG's in skeletal muscle tissue has commonly been associated

with the development of insulin resistance [3, 62, 84]. In order to ascertain whether a

difference in tissue distribution existed among the various fatty acids, Montell and

coworkers [64] added fatty acids of various chain lengths and degrees of saturation to

cultured human muscle tissues and determined TG content as well as glucose uptake.

They found that PUFAs were preferentially oxidized, while SFAs were stored, when

glucose was available. They found that SFAs were not converted to TGs (which can be

taken up by cells for oxidation), but instead remained as 1 ,2 diacylglycerol, the

accumulation of which causes insulin resistance via protein kinase C. These results also

suggest that diacylglycerol acetyltransferase, a TG synthesis enzyme responsible for the

conversion of 1, 2 diacylglyceride -> TG may act preferentially towards PUFA, as the

saturated fatty acids were not undergoing this conversion. This has been suggested in

other studies as well [17, 98]. These researchers also demonstrated that when both types

of fat are present in the diet, PUFA will encourage the conversion of SFA to TG, and

insulin resistance does not occur, as it did with only SFA. This suggested that

diacylglyceride and not TG per se were responsible for the observed symptoms of insulin

resistance.
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The effects of differential fatty acid intake on fat accumulation in male Wister rats

was examined by Matsuo et al. [63]. Rats were fed an isoenergetic diet for 8 weeks

containing 255 g/kg fat in the form of either beef tallow (composed mainly of saturated

FA), safflower oil (composed mainly of n-6 FA) or soybean oil (composed mainly of n-6

and n-3 FA). After 8 weeks, the percent body fat and carcass fat were significantly

higher in the beef tallow group than the other groups. These factors were also

significantly higher in the n-3 group when compared to the n-6 group. These results

suggested that dietary n-6 PUFA's may be the most beneficial in limiting body fat

accumulation compared to both n-3 or SFA alone [63]. These findings agree with those

ofTurvey et a/ [119], who saw a 40% decrease in PDK activity following a three-day

high n-3 diet when compared a diet high in SFA. The decrease in PDK activity seen with

the n-3 diet suggests an increased reliance on carbohydrate as a fuel, therefore n-3 fats

were not preferentially oxidized when compared to SFA.

Human studies.

An early study by Jones and coworkers [45] examined whole body oxidation of

different types of labeled dietary fatty acids. On separate days, subjects consumed one of

three labeled fatty acids, either [l-'^C]stearic acid, [l-'^C]oleic acid or [l-'^C]linoleic

acid and breath samples were analyzed for '^C02 enrichment. They found that stearic

acid was oxidized less efficiently than both oleic and linoleic acid. No difference was

observed between oleic and linoleic acids until 8 hours postprandial, when oleic acid

showed greater diversion to oxidation and breath '^C-enrichment [45].

A later study by the same group involved ingestion of a high-fat meal which was

high in either SFA or PUFA. They found that PUFA's contributed more to total substrate
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oxidation than did their saturated counterparts. The SFA's were more susceptible to

storage, being preferentially diverted to chylomicron incorporation and lymphatic

transport [46].

Jucker et al [47] used '^C magnetic resonance spectroscopy to ascertain the

differences in PDH and TCA cycle flux in response to diets with different fatty acid

compositions in rats. They measured the incorporation of a [l-'^C] glucose label into [1-

'^C] glycogen, [3-'^C] lactate and [3-'^C] alanine in order to determine rates of glycolysis

and glycogen synthesis in rats fed 4-5 week diets high in safflower oil, fish oil or

carbohydrate (control) during a euglycemic, hyperinsulinemic clamp. The safflower oil

group became insulin resistant and also had a decreased rate of glycolysis when

compared to the fish oil and control groups. There was also a decrease in percent PDH

versus TCA cycle flux in the safflower oil group, suggesting that decreased insulin-

stimulated glucose disposal was a result of decreased glycolytic flux in this group. The

fish oil-fed group did not alter glucose metabolism and was possibly a protective factor

against insulin-resistance by decreasing intramuscular triglyceride deposition. Although

PDH activity was not measured directly by Jucker et al, these results could be explained

by previous work showing a PDK-mediated adaptive decrease in PDH activity following

a high saturated fat diet [40, 74, 1 10, 128, 129, 130].

The acute effects of differential dietary fatty acids were examined by Piers et al

[77]. Subjects consumed a single meal high in either saturated (cream) or

monounsaturated (olive oil) fatty acids, and postprandial blood and breath samples were

taken (2 hours after consumption of meal). There was a significantly higher postprandial

fat oxidation rate with the monounsaturated meal compared to the saturated meal for 5
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hours following the meals. However, blood analysis of glucose, insulin, TG and

cholesterol were not different between trials. Fatty acid composition of plasma lipids was

not analyzed in this study, nor were any muscle samples obtained, for possible

mechanistic analysis.

The underlying mechanism involved in the body's response to different types of

fat were examined by Tunstall et al[\\S]. Seven subjects were infUsed for 5 h with

intralipid + heparin, saline + heparin, or saline alone in a randomized order, and the gene

transcription of several enzymes involved in skeletal muscle fat metabolism were

measured. The mRNA of seven different enzymes (including PDK4, carnitine palmitoyl

transferase I, fatty acid translocase/CD 36 and PPAR-ycoactivator 1-a) was measured,

but the only change was in PDK4 mRNA, which increased 24-fold following intralipid

vs. a 1 5-fold increase with saline + heparin and a 9-fold increase with saline alone.

Although this change was not significant, these results did suggest that 5 h infusion of

PUFA is enough to elicit a response in PDK4 gene transcription. It is unknown if this

increase in PDK4 mRNA would translate to an increase in PDK activity in 5 h.

A recent study examined the effect of ketogenic diets with different

concentrations of SPA and PUFA in treatment of metabolic disorders (eg. epilepsy in

children or deficiency of pyruvate dehydrogenase activity). Subjects consumed two

different ketogenic diets for 5 days each. The first diet contained 60% SFA and 15%

PUFA, and the second contained 60% PUFA and 15% SFA. They found that the high

PUFA diet produced an increased level of ketosis, suggesting increased rates of fat

oxidation, and improved insulin sensitivity when compared to the SFA diet. The SFA diet
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also caused an increase in the less favourable LDL-cholesterol, while the PUFA diet did

not [34].

Differentialfatty acid oxidation and exercise.

It was first proposed by Randle in 1 963 that an increase in dietary fat would

inhibit carbohydrate oxidative pathways and subsequently increase fatty acid oxidation

for energy [86]. It was later demonstrated in both rats and humans that elevation of

plasma FFA from a fat meal or intralipid infusion results in deceased carbohydrate

utilization and sparing ofmuscle glycogen at rest and during exercise in both rats [89]

and humans [21, 39]. Some later studies, however, found no such effects on glycogen

sparing following increased plasma fatty acid levels [4, 37]. It was then suspected that

the type of fat ingested or infused may be the main difference between these studies. In

1993, Vukovich et al [122] investigated the effects of saturated (whipping cream; -90%

saturated) and unsaturated (intralipid infusion; ~85% polyunsaturated) fatty acid on

glycogen sparing during moderate intensity exercise. They found a significant increase in

fat oxidation (as measured by gas analysis) following intralipid compared to both control

(saline) and the SPA oral load at all time points during 60 min cycling at 60% VO2 max

[122]. Therefore, this study supported the hypothesis that polyunsaturated fatty acids are

preferentially oxidized compared to saturated fatty acids, and that sparing of muscle

glycogen during exercise is dependant on type of fatty acid consumed. However, no

muscle enzyme activities or metabolite concentrations were measured in this study. The

underlying mechanisms causing different rates of oxidation with different types of fat

during exercise have yet to be elicited.
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CHAPTER THREE

STATEMENT OF THE PROBLEM, PURPOSE AND HYPOTHESES

Statement of the problem.

The literature review examined the regulation of PDH, with a focus on the

mechanisms involved in the regulation of one of its regulatory enzymes, PDK. An

important regulator ofPDK expression and activity is dietary FA, with an increase of fat

in the diet causing increased PDK activity and a resultant decrease in PDH activity and

carbohydrate oxidation. Past studies have demonstrated that the degree of saturation of

dietary FA may affect partitioning of fat between oxidation and storage.

It has been established that an increase in dietary fat will decrease PDH activity,

through an increase in PDK activity in as little as 24 h. It is not yet known if these

differential effects can be seen in less than 24 hours. The effects of differential high-fat

diets on PDH and PDK activities during exercise has also not been elucidated, although it

has been shown that dietary PUFA in the form of a 5 h triglyceride emulsion infusion

causes an increase in fat oxidation during exercise when compared to the consumption of

an SFA meal.
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Purpose.

The purpose of the present study was to determine the effects of 5 hours of high fat

feeding, rich in either SFA or PUFA, at rest and at the initiation of moderate intensity

exercise. Specifically, effects of differential fats on PDHa activity, PDK activity, plasma

lipids and total fat oxidation during exercise were examined following 5 hours of either

SFA or PUFA fat loading.

Hypotheses.

The hypotheses for this study were:

1. Both the saturated and polyunsaturated fat loads would increase the TG and FFA

levels in plasma.

2. A 5 hour fat load would be enough to elicit a significant increase in PDK activity

with PUFA, but not SFA.

3. A decrease in PDHa activity would be seen following the polyunsaturated diet

when compared to the saturated diet at rest and at 1 min of exercise.

4. A decrease in RER would be seen during 15 min of moderate-intensity exercise

with the PUFA load when compared to the SFA load.
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CHAPTER FOUR

MATERIALS AND METHODS

Subjects.

Seven recreationally active males (ie. engaged in physical activity at least 3 times

per week), between the ages of 18 and 30 were recruited for this study. Sedentary

individuals were not included in this study, since tendencies towards insulin resistance

may have confounded results. Prior to beginning the study, participants underwent a

screening questionnaire. All participants were informed both orally and in written form

of the details of the experimental protocol and possible associated risks before giving

written informed consent. The experimental protocol was approved by the Brock

University and McMaster University Human Research Ethics Boards [Brock University

REB 03-286].

Pre-experimental Protocol.

Prior to beginning the experimental trials, participants recorded their diets for

three days, including two weekdays and one weekend day. Diets were analyzed using

Diet Analysis Plus software (Thomson-Nelson; Scarborough, ON). They also recorded

their diet and all physical activity for 3 days leading up to the first trial day. Participants

were encouraged to follow this exact dietary and exercise regime for 3 days prior to each

experimental trial to reduce variability in results based on prior dietary consumption.

Experimental Protocol.

The participants were required to report to the laboratory on four occasions.

Participants arrived on the first day 2-4 hours following a normal meal and performed an

incremental ride to exhaustion on a load-adjusted cycle ergometer (Lode Excalibur,
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Groningen, The Netherlands) to determine maximal oxygen uptake (VO2 max). Briefly,

the subject began cycling at 50 W then the power was increased by 50 W every minute

until the subject could no longer maintain the specified cadence of 90 rpm.

On the second visit, subjects arrived at the same time of day as the first visit, 2-4

hoiu"s after the same breakfast meal. This visit was at least 3 days after the first visit, to

allow the body time to recover fi-om the VO2 max test. At this time, they performed a 15

minute practice trial on the cycle ergometer to determine the workload that would elicit

65% of their VO2 max. Gas measurements were the only analyses performed during the

first and second visits.

A workload of 65% VO2 max was chosen to maximize the subjects' reliance on

fat oxidation as previously described [126]. The level of resistance determined during the

practice trial was used for both experimental trials. The workload was consistent between

trials (VO2: SFA = 68.7 ± 0.4 % VO2 max; PUFA = 68.0 ± 0.4% VO2 max).

On the third and fourth visits, participants arrived at the lab following a 12-hour

fast. They were given a breakfast low in fat (whole wheat bagel with cream cheese). The

breakfast meal contained 392 calories and was composed of 61% CHO; 25% fat (14%

SFA; 7%MUFA; 2%PUFA; 2% other); 14% protein. The purpose of the breakfast meal

was to lower plasma triglyceride and FFA concentrations and suppress endogenous

lipolysis before the experimental fat load was ingested. Therefore, it was assumed that

any fat being oxidized was a result of the exogenous oral fat load ingested throughout the

trial.

Two hours following the meal, a resting blood sample (5 ml) was drawn into a

hcparinizcd tube from the antecubital vein. Two resting muscle biopsies (one fresh, one
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fix)zen) were taken from the vastus lateralis muscle under local anesthetic as previously

described [8]. Participants then consumed the first "meal" (see Experimental Meals), and

this was 5 hours prior to exercise (t= min). Meals were consumed every half hour for

the first hour and every hour for the next 300 minutes (total of five meals = 525 ml). At t

= 300 (five hours after first meal), subjects cycled at 65% VO2 max for 15 minutes

(Figure 5). Gas analysis was performed throughout exercise using a metabolic cart

(Quinton Q-Plex2, Quinton histitute, Seattle, WA, USA).

Blood samples were taken as described below (see Blood analyses) every 30

minutes for 300 minutes of rest, and every 5 minutes during exercise. Two muscle

biopsies (one fresh, one frozen) were taken at both t=0 and t=300 min. One frozen sample

was taken at 1 minute of exercise (t=301 min), for determination ofPDHa activity. The

frozen sample was taken at this time point in an attempt to measure PDHa when it is

high, but still increasing, in accordance with St. Amand et al [103] who determined that

while PDHa activity continues to increase throughout 30 minutes of moderate intensity
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exercise, the most significant increase is seen during the first 2 minutes. A fresh sample

was not taken at this point as it was not expected that PDK activity would be changed at

this time (Figure 5).

Experimental Meals. All participants underwent two experimental trials (in addition to

the VO2 max and practice trials). These two trials were randomized. In the one

experimental trial (SFA trial), subjects consumed 75 ml whipping cream mixed with 2

teaspoons of artificial sweetener at all meal time points, with the exception of min and

90 min at which points they instead consumed 125 ml (total of 10 meals in total per trial).

In the other trial (PUPA), subjects consumed 2 tbsp sunflower oil mixed with 1 tbsp skim

milk powder, artificial sweetener emd water (to a total of 75 ml per meal, with the

exception of the meals at min and 90 min, as stated above). These meals were selected

based on their caloric composition, as well as that of fat, protein and carbohydrate. The

goal in the selection of the meals was to ensure that calories, protein, carbohydrate and

total fat were equal, and the only significant difference between the meals would be that

of the FFA composition. First, as the basis of this study was to examine the differences

between saturated and polyunsaturated meals, whipping cream was selected as it contains

mainly saturated fatty acids, and sunflower oil was selected as it contains mainly

polyunsaturated fatty acids (Table 2). Second, Robertson et al [90] observed that TGs are

retained within the jejunum following a fat load, but are released into the bloodstream to

a much greater extent when glucose is also ingested. Therefore, the experimental meals in

the present study included equal amounts of carbohydrate, in order to maximize

absorption of fat across the intestinal membrane. Water was provided ad libitum.
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Table 2. Composition of different trial meals.

Meal





Processing ofmuscle samples. The fresh biopsies were dissected to removed blood and

connective tissue and the sample was immediately processed for the extraction of intact

mitochondria [60, 76]. An aliquot of the intact mitochondria was used to measure PDK

activity and citrate synthase activity.

The remaining biopsy samples were immediately frozen and stored in liquid nitrogen.

A 5-15 mg piece was chipped from the frozen biopsy sample for determination of the

active fraction of pyruvate dehydrogenase (PDHa). The frozen sample was later analyzed

for total homogenate citrate synthase. Citrate synthase measurements were used to

calculate mitochondrial recovery and the quality of mitochrondrial extraction.

Preparation ofMitochondriafor PDK activity.

Intact mitochondria were extracted from fresh muscle homogenate using differential

centrifiigation, as previously described [60, 76]. Minced muscle was homogenized using

a glass-on-glass Potter homogenizer in 20 volumes of a buffer containing 100 mM KCl,

40 mM Tris • HCl, 10 mM Tris base, 5 mM magnesium sulfate, 1 mM EDTA, and 1 mM

ATP (pH 7.5). The supernatant was retained after centrifugation at 700g for 10 min, and a

crude mitochondrial pellet was extracted with centrifugation at 14,000g (10 min). The

pellet was washed, re-suspended, and pelleted twice (7,000 g, 10 min) in 10 volumes of

100 mM KCl, 40 mM Tris • HCl, lOmM Tris base, 1 mM magnesium sulfate, 0.1 mM

EDTA, and 0.25 mM ATP (pH 7.5). The first wash buffer included 1% (wt/vol) bovine

serum albumin, and the second was protein free. The final mitochondrial pellet was

resuspended in sucrose and mannitol according to the original weight of the muscle

sample (e.g., 100 mg sample would be re-suspended in 100 ^l of sucrose and mannitol).

This was partitioned for PDK, extra-mitochondrial CS (CScm) and total mitochondrial
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suspension CS (CSis). The final mitochondrial suspension (50 ill) was incubated at 30° C

in 250 /il of buffer containing 10 /iM carbonyl cyanide w-chlorophenyl-hydrazone

(CCCP), 20 mM Tris-HCl, 120 mM KCl, 2mM EGTA, and 5 mM potassium phosphate

(monobasic) at a pH of 7.4. This incubation drives the ATP concentration to zero in the

intact mitochondria, by forcing the mitochondria to respire due to uncoupling. This

results in the complete conversion of PDH to the active form of PDHa [30]. The

mitochondrial sample was then pelleted (7,000 g, 10 min) and stored in liquid nitrogen

for later analysis ofPDK activity.

Analysis ofPDK activity.

PDK activity was determined as previously outlined [30, 76]. Briefly, the

mitochondrial pellet was suspended in a phosphate buffer containing 30 mM KH2PO4, 5

mM EGTA, 5 mM dihiothreitol, 25 /ig/ml oligomycin B, 1 .0 mM tosyl-lysyl-chloro-

methyl-ketone, 0.1% triton and 1% bovine serum albumin (pH 7.0), and freeze-thawed

twice to ensure that all of the mitochondria were ruptured. Magnesium-ATP (0.3 mM)

was added to the remaining suspension and further warmed to 30°C. At timed intervals,

samples were removed and diluted 1:1 in a buffer containing: 200 mM sucrose, 50 mM

KCl, 5 mM MgCb, 5 mM EGTA, 50 mM Tris HCl, 50 mM NaF, 5 mM dichloroacetate,

and 0.1% triton (pH 7.8) and stored on ice for later radioscopic analysis of PDH activity

as previously described [ 1 9, 83] (see Analysis ofPDHa activity). NaF in the buffer

inhibited PDP and dichloroacetate inhibited PDK, to effectively "lock" the complex in

the active form (PDHa), sampled at each time point. PDK activity is reported as the

apparent first-order rate constant of the inactivation ofPDH (min ') or as the slope of
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ln[%(PDHa activity with ATP addition)/(total PDH without ATP addition)] vs. time [30,

121].

Analysis ofPDHa activity.

A small piece of frozen wet muscle (-5-15 g) was chipped from the first biopsy of

the trial (immediately frozen and stored in liquid nitrogen) for determination of PDHa as

previously described [19, 83]. Muscle samples were homogenized in a buffer, pH 7.8,

containing dichloroacetate and NaF to inhibit PDK and PDP respectively. A volume

corresponding to the ratio 30 jil buffer: 1 mg muscle was used for homogenizing. PDHa

activity was determined by adding 30 \i\ of muscle homogenate to a reagent mixture at

37°C. The reagent mixture contained the necessary coenzymes (3mM NAD, ImM CoA,

and ImM TPP) to drive the PDHa reaction as formerly outlined [83]. Pyruvate was added

to the reagent mixture to initiate the reaction and 200 |il aliquots were removed at precise

intervals (1, 2, and 3 min) into 40 ^1 of 0.5 N PCA to stop the reaction. Samples were

then neutralized with 1 M K2CO3 at 5 min following acidification with PCA. The

neutralized extracts were then stored at -20°C for subsequent analysis of acetyl-CoA

using a radio-isotopic method, as previously described [15]. The slope of acetyl-CoA vs.

time plots was determined to yield the reaction rates for PDHa activity. Total

homogenate creatine was measured to correct for blood and connective tissue in the wet

muscle homogenate.

The remainder of the sample was freeze-dried, non-muscular elements removed

by dissection, and powdered. An aliquot (~5 mg) was extracted in 0.5 M HCIO4 (1.0 mM

EDTA) and neutralized with 2.2 M KHCO3 for the determination of ATP, lactate,

pyruvate, PCr, Cr, acetyl CoA and acetyl carnitine. The regression equation for dynamic
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exercise was used to determine [H*], as outlined by Sahlin et al [96]. Free ADP (ADPf)

and AMP (AMPf) were determined as described by Lawson and Veech [52], using the

near-equilibrium creatine kinase and adenylate kinase reactions respectively. Free Pj was

calculated as the difference between exercise and resting PCr plus the assumed resting Pj

content (10.8 mmol/kg dry wt) as described by Dudley et al [28].

Mitochondrial and total homogenate CS activity.

Citrate synthase activity was measured with a spectrophotometer using the enzymatic

method to link the release of CoASH to the colorometric agent dithiobis-2-nitrobenzoate,

as previously described [101]. CS activities in the mitochondrial suspensions and total

muscle homogenate (CShm) were used to calculate mitochondrial recovery and quality of

the mitochondrial preparation [75]. Following mitochondrial suspension, CSts and CSem

were measured. For CSts measurement, the suspension was freezed-thawed twice to break

the mitochondria. The following are the calculations used to determine percent fractional

recovery and percent intact mitochondria.

% Fractional Recovery = (CS^ - CScmV CShm

% Intact Mitochondria = 100 x (CS,s - CSemV CS^

Analysis oftotal creatine.

Total creatine (TCr) content was measured in the PDHa homogenates (which

were neutralized with PCA) as described by Bergmeyer et al. [7] and further used to

normalize the PDHa activity to the highest total creatine content from the various

samples obtained from each subject to correct for non-muscle contamination. PDHa

activity was expressed as mmol acetyl-CoA/kg wet muscle/min.

42





Data analysis and statistics.

Diets were analyzed for caloric and nutrient content using Data Analysis Plus

nutritional software (Thomson-Nelson; Scarborough, ON). Data was analyzed using a

two-way analysis (type of fat load x time) of variance (ANOVA) with repeated measures

over time with the assistance of SPSS software. Fisher protected post-hoc analysis was

used to determine differences between means where significant F-values were found.

Significance was accepted at p < 0.05.
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CHAPTER FIVE

RESULTS

Subject characteristics.

Seven male subjects (mean age = 25.1 ± 2.8 years) participated in this study. The

subjects were recreationally active and had a mean VO2 max of 45.2 ± 4.7 ml/kg/min

(range = 39.7 - 50.5 ml/kg/min). Mean height and weight of the subjects were 183.4 ± 3.3

cm and 84.7 ± 1 1.3 kg (Table 4). The composition of the pre-study diets are shown in

Table 3.

Table 3. Composition of pre-study diets. Total energy is reported in kcal and all other values are

reported as % of total kcal. All values are presented as mean ± se per day and were averaged over 3 days of

recorded diets, including two weekdays and one weekend day. There were no significant differences

between groups.





Experimental meals.

During the experimental trials, each subject consumed 850 ml of either the SFA

(whipping cream) or the PUFA (sunflower oil) meal. The total caloric value of these

liquid meals were 2890 kcal (SFA) and 2998 kcal (PUFA). The SFA and PUFA loads

were similar with respect to carbohydrate, protein, total fat and monounsaturated fat

content, with the only difference between the loads being the amount ofSFA and PUFA

(Table 2).

Exercise parameters.

RER was consistently lower over 12 min steady state exercise with PUFA when

compared to SFA. Mean RER during steady state in the SFA trial was 0.969 ± 0.003

while the mean RER during steady state in PUFA was 0.947 ± 0.003 (p<0.05). With

respect to carbohydrate oxidation, this is equivalent to a decrease of~8% energy from

CHO in the PUFA trial.
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Bloodparameters.

Plasma free fatty acids (FFA) increased 3.6-fold from 0.15 ± 0.03 to 0.54 ± 0.08

mM over 5 hours with SFA (p < 0.001) and 3.1-fold, from 0.1 1 ± 0.02 to 0.35 ± 0.05

mM, with PUPA (p < 0.001) (Figure 6). During exercise in the SFA trial, plasma [FFA]

decreased significantly from 0.54 ± 0.08 mM to 0.30 ± 0.04 mM (p < 0.001). Plasma

[FFA] also decreased 1 .5-fold during exercise in the PUFA trial from 0.35 ± 0.05 mM to

0.24 ± 0.02 mM (p < 0.05) (Figure 7). Overall, plasma [FFA] was significantly higher

throughout the SFA trial vs. PUFA (p<0.05).

Plasma [TG] increased from 0.66 ± 0.09 mM to 1 .1 ± 0.2 mM in the SFA trial

(p < 0.001). In the PUFA trial, plasma [TG] increased to a similar extent from 0.62 ±

0.10 mM to 1.13 ± 0.25 mM (p < 0.001). There was no significant difference in plasma

[TG] between trials (Table 5)

Blood glucose and lactate were unchanged between the two trials (Table 5).

Plasma insulin was also unchanged and there was no difference between trials (Table 5).

Blood glycerol and i3-hydroxybutyrate were unchanged throughout both trials (Table 5).
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Muscle metabolites.

Muscle [acetyl CoA] increased at the onset of exercise in both trials from 7.7 ±

0.2 mM to 8.3 ± 0.3 mM with SFA and from 8.2 ± 0.3 mM to 8.9 ± 0.3 mM with PUFA

(p < 0.05). There was a trend towards an increase in [acetyl CoA] at the onset of exercise

in PUFA when compared to SFA (8.9 ± 0.3 mM vs. 8.3 ± 0.3 mM, p = 0.091).

Muscle [pyruvate] and [acetyl carnitine] were unchanged throughout both trials

(Table 6). A significant decrease in [PCr] was seen in both trials at one minute exercise

when compared to resting values (p < 0.05), however there was no significant difference

between trials. This was accompanied by a significant increase in muscle [Cr] at one

minute exercise in both trials (p < 0.05).

Muscle lactate increased similarly during the first minute of exercise in both trials

from 0.98 ±0.11 mMto 1.34 ± 0.13 mM with SFA and 0.98 ± 0.08 mM to 1.39 ±0.21

mM with PUFA (p < 0.05) (Table 6).

A significant decrease in muscle [ATP] was seen at one minute exercise in both

trials (Table 6). Muscle [ATP] decreased from 20.53 ± 2.82 mM to 14.31 ± 2.91 mM

with SFA and 18.90 ± 2.56 mM to 13.43 ± 2.58 mM with PUFA (p < 0.001). There was a

significant increase in [ADPf] with exercise, from 82.8 ± 1 1 .9 to 159.9 ± 37.2 |amol/kg

dry wt with SFA and from 96.9 ± 22.4 to 149.0 ± 29.4 ^mol/kg dry wt with PUFA.

[AMPf] also increased significantly with exercise, from 0.8 ±0.1 to 2.1 ± 0.2 nmol/kg

dry wt with SFA and from 0.9 ± 0. 1 to 1 .9 ± 0.2 ^imol/kg dry wt with PUFA. There was

no difference between trials with either [ADPf] or [AMPf].
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Muscle enzyme activity.

PDHa activity increased significantly in the first minute of exercise in the SFA

trial, from 1 .43 ± 0.38 mmol/min/kg wet wt to 2.16 ± 0.37 mmol/min/kg wet wt (p <

0.05). There was no change in PDHa activity thoughout the PUFA trial. PDHa activity

was significantly higher in SFA when compared to PUFA at the onset of exercise (2.16 ±

0.37 nunol/min/kg wet wt in SFA compared to 1.28 ± 0.36 mmol/min/kg wet wt in

PUFA; p < 0.05) (Figure 8).

There was no change in PDK activity in the SFA or PUFA trials. There was no

difference between trials (Figure 9).
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Figure 8. PDHa activity. Muscle PDHa activity was measured in intact mitochondria before and after 5 h

consumption of saturated (SFA) or polyunsaturated (PUFA) fatty acid meals (0 min and 300 min), and

following 1 min exercise (301 min) (n=7). a= p<0.05 compared with SFA 300 min; b= p<0.05 compared

with PUFA 301 min.
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Figure 9. \lu»clv PDK. Muscle PDK activity was measured in intact mitochondria prior to and following

5 h consumption of saturated (SFA) or polyunsaturated (PUFA) fatty acid meals (0 min and 300 min)

(n"6). No significant change within or between trials.
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CHAPTER SIX

Discussion

The primary purpose of this study was to determine whether 5 hour consumption

of differential dietary fatty acids would have different effects on PDHa and PDK activity

at the onset of exercise. We saw a significant attenuation ofPDHa activity (p < 0.05) at

the onset of exercise in seven recreationally active male subjects with the PUFA load

compared with the SFA load. There was no change in PDK activity, suggesting that 5 h

may be too short a time to see changes in PDK in response to an oral fat load.

In agreement with previous studies [77, 122], there was an increase in fat

oxidation throughout the 15 min of exercise following consumption ofPUFA when

compared to SFA, as indicated by a decrease in RER with PUFA (p < 0.05). This

indicates a preference of the muscle to oxidize polyunsaturated fat over saturated fat

during moderate-intensity exercise. A decrease in plasma [FFA] was seen throughout the

PUFA trial compared with the SFA trial. While this could suggest a decrease in

absorption of PUFA, it is unlikely since no difference was seen in plasma [TG] between

trials. Therefore, this suggests an increase in FFA uptake and oxidation by the cells with

PUFA, in good agreement with the RER data seen during exercise.

Dietary loads.

The fat loads in the present study were designed in such a way that the only

difference would be between the amounts of SFA and PUFA. This helped to ensure that

other dietary factors (such as carbohydrate, protein and monounsaturated fatty acids)

would not confound the results. We originally tested dietary loads composed almost

entirely of fat, in an attempt to maximize the amount of fat absorbed. The SFA load was
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composed of butter, and the PUFA load of sunflower oil. Surprisingly, we saw no change

in plasma [TG] or [FFA] over 5 h of these loads (data not shown). A study by Robertson

et al in 2003 [90] found that absorption of dietary TG was greatly increased when

glucose was available, when compared to consuming dietary fat alone. In response to

these fmdings, we re-designed our dietary loads to incorporate equal amounts of

carbohydrate and protein, which greatly increased plasma [TG] and [FFA] in a pilot study

(n=2) (data not shown). Fat loads similar to these have been used previously [77].

Freefatty acids and triglycerides.

It has been shown in previous work, and in several different models, that dietary

PUFAs are oxidized at a higher rate than SFAs [23, 45, 46, 77, 1 19, 122]. SFAs are more

commonly stored as TGs, whereas n-3 PUFAs are often used by the cells to build lipid

membranes, and n-6 PUFAs are preferentially oxidized [23]. In the present study, an

increase in plasma [FFA] was seen throughout 5 h consumption of SFA when compared

to a high n-6 PUFA load (p < 0.05). Plasma TG increased in both trials to a similar extent

(p < 0.05), which was expected with the fat loads.

Although the increased plasma [FFA] with SFA could suggest decreased

absorption and release of FFA with PUFA, this is unlikely as plasma TG increased

equally with both trials. Therefore, in this circumstance, a decrease in plasma [FFA] with

PUFA suggests an increased uptake ofFFA by the cells for oxidation, further suggesting

that polyunsaturated fat was preferentially taken up and oxidized by the cells when

compared to saturated fat. This agrees with the findings of Vukovich et a/ [122], who

saw increased fat oxidation throughout 60 min of moderate intensity exercise (60% VO2

max) with an intralipid infusion (>85% polyunsaturated fatty acids; mainly composed of
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18:2 linoleic acid) when compared to a saturated fatty acid meal (whipping cream, >90%

saturated fatty acid). It is important to note, however, that in this study the two types of

fat were delivered using different methods, the PUFA being infused directly into the

blood and the SFA being taken orally, as a single bolus load (-500 ml whipping cream).

These differences in delivery may have caused differences in the amount of fat in the

bloodstream from each trial, as the PUFA would not have to be absorbed into the blood

as the SFA would. Also, no muscle measurements were taken in this study, and thus

potential mechanism(s) were not determined.

TGs are composed of a glycerol backbone and three FFAs, and must be broken

down to these components to allow the FFAs to cross the intestinal membrane [36]. Since

the amount ofTG in the blood was similar between the two trials, it is apparent that the

difference in plasma [FFA] was not due to decreased TG absorption with PUFA, and

therefore was likely due to increased uptake and removal of plasma FFA by muscle and

other organs.

PDHa and PDK activity.

In agreement with our hypothesis, there was an attenuation of PDHa activity with

PUFA when compared to SFA at the onset of exercise (p < 0.05). Contrary to our

hypothesis, however, this attenuation was not accompanied by an increase in PDK

activity.

The increase in PDHa activity following the SFA load at 1 min of exercise is

comparable to that seen following no dietary load. Hewlett et al [41] saw a similar

increase in PDHa activity by 1 min exercise at -65% VO2 max with no prior dietary

treatment (-2.6 mmol/min/kg wet wt compared to -2.2 ± 0.4 mmol/min/kg wet wt seen
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in the present study). Similar results were also observed by Odland et al [69] at 1 min

exercise at -65% VO2 max (-2.8 mmol/min/kg wet wt). Therefore, even with an excess

of available saturated fat after 5 h SFA loading, skeletal muscle appears to behave as if

no fat was consumed, increasing carbohydrate oxidation when the cell is challenged by

contraction. The opposite effect was seen with dietary PUFA, as PDHa remained low at 1

min of exercise when compared to the SFA condition. This corresponded to an increase

in fat oxidation, and facilitated disposal of the fat load consumed. At the onset of

exercise, it would normally be expected that PDHa activity will increase, at least slightly,

at a moderate workload to allow increased carbohydrate oxidation, even with a high-fat

load. It is possible that our subjects had high enough PDHa values prior to exercise, and

thus the cell required no further increase in the PUFA condition during exercise. Odland

et al [68] observed PDHa values of ~1 .3 mmol/min/kg wet wt at 1 min exercise at 40%

VO2 max following an intralipid/heparin infusion, which acutely increased FFA

availability. This is similar to the PDHa in the present study throughout the PUFA

condition. Putman et al [83] also observed PDHa activity of -1.5 mmol/min/kg wet wt at

15 min of exercise at 75% VO2 max following a low carbohydrate diet. Although these

workloads (40 and 75% VO2 max) were different from the present study (68% VO2 max),

they do suggest that this may be a sufficient level ofPDHa activity to sustain the cell at

the onset of exercise with a high PUFA load.

PDK activity and several intramitochondrial effectors were examined to

determine what was affected by the different types of fat loads. An increase in PDK

activity has been seen following I d of a high saturated fat diet [75] and following 4 h of

prolonged exercise [123]. A goal of the present study was to determine if similar changes
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could be seen after a 5 h oral high fat load; however it is evident that this is not the case.

An adaptive change in PDK activity in skeletal muscle can be caused by an increase in

PDK protein, as is the case during starvation or with a long-term high-fat diet [74, 129].

Tunstall etal [\18] saw an increase in PDK4 mRNA following 5 h intralipid infusion

(with heparin), when compared to the infusion of saline + heparin or saline only [118].

An increase in PDK4 mRNA may not have translated to an increase in PDK activity,

however, so it is yet unknown whether PDK activity can be increased with intralipid

infusion in as little as 5 h. Although the response to an oral fat load may be different than

that of an infusion (ie. increased lipolysis with heparin, therefore increased FFA with

inftision), the results of the present study suggest that 5 h is too short a time to elicit a

change in PDK activity in response to different fat loads.

An increase in the specific activity ofPDK has also been seen, without a change

in PDK protein, during prolonged exercise [123]. Due to the fact that increased PDK

activity was not observed following either SFA or PUPA in the present study, the

observed decrease in PDHa activitiy at the onset of exercise with PUFA could not be

caused by increased kinase activity and resultant increased phosphorylation of the

complex. Therefore it is likely that chanes in PDP activity or intramitochondrial effectors

lead to alteraltions in PDHa activity in this case.

Acutely, the PDH complex is regulated through the effects of hormonal influences

or accumulation of intramitochondrial effectors on PDK and/or PDP activity. PDP

activity is upregulated by Ca^*, released from the sarcoplasmic reticulum at the onset of

exercise [42]. In the present study, the subjects exercised at the same intensity in both

trials, and therefore intramuscular [Ca^*] should have been similar between the trials.
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PDP is also upregulated by insulin [6, 112]. However, recent studies have shown that

dietary PUFAs may decrease Ca^^ release from the sarcoplasmic reticulum [67, 115].

This group showed that eicosapentanoic acid (20:5, n-3) decreases Ca^"^ release through

direct inhibition of the sarcoplasmic reticulum Ca^'^-release channel/ryanodine receptor in

intact cells. This inhibition was not seen with saturated fatty acids [115]. Although these

experiments were done with n-3 fatty acids, earlier work showed an inhibition of

[H'']ryanodine binding to the sarcoplasmic reticulum with arachidonic acid, which is an

n-6 FA [120, 132]. Although this mechanism has not been fully elucidated, it is possible

that the dietary SFAs in the present study up-regulated PDP activity at the onset of

exercise via an increased release of Ca^^ from the sarcoplasmic reticulum to a greater

extent then the PUFA load. This would result in increased PDHa activity in the SFA

condition at the onset of exercise. Circulating plasma insulin levels were not different

between the trials, and was therefore not a factor in the alteration of PDP activity at the

onset of exercise

An increase in the ratios of NADH/NAD*, ATP/ADP or acetyl CoA/CoA

stimulates up-regulation of PDK activity, and resultant phosphorylation of the PDH

complex, which would then decrease PDHa activation [112]. Increased muscle pyruvate

would down-regulate PDK activity, allowing an increase in PDHa activity [6, 103, 1 12].

Muscle [acetyl CoA] increased in both trials at the beginning of exercise, and there was a

trend towards a further increase with PUFA when compared to SFA

(p = 0.091 ). Increased acetyl CoA in the mitochondria can help increase PDK binding to

the E2 core by keeping the subunit in the acetylated state [85], thereby increasing the

specific activity and decrease PDHa activity. It is important to note that muscle [acetyl
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CoA] is actually a determination of whole muscle [acetyl CoA], meaning any measured

acetyl CoA could be mitochondrial or cytosolic. As well, it has been well-established that

acetyl CoA is not a potent effector during exercise, therefore this may not play a role in

this case.

Muscle [ATP] decreased by -20% in both trials (p < 0.001) at one minute

exercise, with no difference between trials. The decrease ofATP during exercise in the

present study was accompanied by an increase in calculated [ADP] in both trials at I min

of exercise (p < 0.05). ADP accumulates in the cell when there is a mismatch between

ATP use and production (eg, ATP is being utilized faster than it can be replenished).

PDH activity is down-regulated by an increase in the ratio of ATP/ADP, however in the

present study this ratio was not different between trials, and therefore is not a

contributing factor to the attenuation of PDHa activity seen with the PUFA load. A

previous study saw a significant decrease in ADPf at 15 min of moderate intensity

exercise with intralipid infusion when compared to saline [29], however this change was

not seen at 2 min exercise. Therefore it is possible that a difference between the SFA and

PUFA loads in ADPj may have become evident later in exercise.

Muscle [lactate] increased in both trials at the onset of exercise (p < 0.05). It is

well-documented that lactate will begin to accumulate when the PDH complex can no

longer keep up with the amount of pyruvate being produced through glycolytic flux

during exercise [13, 92, 100]. Lactate dehydrogenase then converts the excess pyruvate

to lactate, which accumulates in muscle and eventually some of the excess lactate is

extruded into the blood. There was no difference between trials, indicating that although

the activity of PDHa was different in the two trials, it was proportionate to the amount of
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pyruvate being produced through glycolysis. This suggests that with PUFA loading less

pyruvate was being produced via glycolysis and more fat was entering the TCA cycle to

provide energy during exercise. Muscle [pyruvate] was unchanged in both trials,

however the sensitivity of this assay is questionable. Previous studies have suggested a

correlation between increased PDHa activity and increased pyruvate availability at the

onset of exercise [18, 82, 95]. Since pyruvate acts as both an inhibitor ofPDK and a

substrate of PDH, an increase in its concentration would increase both the transformation

of PDH to its active form, as well as flux through the enzyme. Following intralipid

infusion, Odland et al [69] saw a decrease in glycogenolysis at 10 min exercise at 65%

VO: max when compared to controls. This suggests that there would be less available

pyruvate in the mitochondria to enter the PDH reaction.

The effects of the ratio ofNADH/NAD^ on PDHa activity during exercise have

proven elusive, due to difficulties in accurately measuring the redox state in the

mitochondria during exercise. An increase in this ratio causes increased PDK activity and

decreased PDHa activity. As in the case of pyruvate, NAD"^ is also a substrate of the PDH

reaction, therefore an increase in NAD* would also help increase flux through the

enzyme. Although it was not measured in the present study, it is possible that an increase

in NADH existed with PUFA as a result of elevated FFA availability, when compared to

SPA. This increased availability ofNADH in the PUFA condition could increase binding

ofPDK to the E2 core by maintaining a reduced state of the subunit [91], increasing PDK

specific activity, and attenuating PDHa activation.
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Fuel utilization during exercise.

As was expected, a significant decrease in RER was seen during steady state

exercise (p < 0.05) with the PUFA load when compared to the SFA load, indicating an

increased reliance on fat as a fiiel during exercise with PUFA. Vukovich et al [122] saw a

similar decrease in RER during exercise at 70% VO2 max with Intralipid infusion, when

compared to exercise following a high saturated fat meal. Taken together, these results

indicate an increased reliance on fat oxidation during moderate-intensity exercise with a

PUFA load, when compared to an SFA load, despite the method of administration of the

meals.

The attenuation of PDHa activity observed at the onset of exercise in the PUFA

trial suggests little or no increase in carbohydrate oxidation during exercise, which agrees

with the lower RER which was observed compared to SFA. RER is the relationship of

expired carbon dioxide to expired oxygen, and when fat is being metabolized (via /3-

oxidation) there is decreased carbon dioxide produced in relation to oxygen use, while

during carbohydrate oxidation, there is an equal amount of carbon dioxide produced to

oxygen consumed [32]. In this case, the seemingly small difference of 0.969 ± 0.003 with

SFA and 0.947 ± 0.003 (p<0.05) translates to -8% more CHO oxidation with SFA when

compared to PUFA. Therefore, a small decrease in RER during exercise, as seen in the

PUFA trial, indicates an increased reliance on fat oxidation for energy, which is in good

agreement with the PDHa and plasma [FFA] data. An important point to note however,

is that the increase in CHO oxidation of~8% with SFA does not correlate with the -60%

increase in PDHa activity at the onset of exercise. It has been observed that PDHa

activity is reasonably well-matched to pyruvate flux to oxidation during exercise [41],
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however several studies have observed a substantial change in PDHa activity without a

correlative change in CHO oxidation [69, 124]. Possibly a tighter correlation would have

been seen later in exercise, for example when the subjects reached steady state. It would

have been beneficial to measure PDHa activity at more time points during exercise,

however the number of biopsies necessary to do so would have been impractical in the

current study. This however may be an interesting consideration for future studies.

The RERs in the present study were substantially higher than expected with

moderate-intensity exercise, especially in light of the high-fat loads. It was anticipated

that values below 0.9 would be seen, indicating a greater reliance on fat as a fuel.

However, similar values have been seen in previous studies. Odland et al [69] saw RER

values of 0.99 ± 0.01 and 0.95 ± 0.01 during 18 min of exercise at 65% VO2 max with

saline and intralipid/heparin infusions respectively. The most likely explanation for the

high RER values in these cases as well as in the present study is that the subjects were

hyperventilating as a result of nervousness and discomfort. This is highly possible as the

subjects in the present study were having both blood and muscle samples taken during the

short duration of the exercise bout, in addition to the continuous oral gas sampling.

Blood parameters.

Blood [glycerol] did not change with either perturbation. Triglycerides are broken

down to liberate glycerol and free fatty acids, therefore the fact that blood [glycerol] was

the same in both trials indicates that the decrease in plasma [FFA] with PUFA was not a

result of decreased TG absorption, and therefore it is probable that FFA uptake and

oxidation was increased with PUFA loading when compared to SFA loading.
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No change was seen in blood [lactate], and although muscle [lactate] did increase

slightly in both conditions, one minute of exercise may be too soon for enough muscle

lactate to move into the blood to increase the concentration by any substantial amoimt

[16]. As well, it is clear that the workload was not high enough for any of the subjects to

reach lactate threshold. Lactate threshold is the point during incremental exercise when

there is a sudden increase in blood lactate. This can occur anywhere between 50 and 90%

VO2 max, and is commonly a value of~ 4 mmol/L [32]. It is evident in the present study

that none of the subjects reached this point, possibly because of the short duration of

exercise, and relatively moderate activity level.

Although an increase in j8-hydroxybutyrate might be expected as the body began

to rely more heavily on fat oxidation over the 5 hr fat load, there was no significant

change in either trial. /3-hydroxybutyrate is produced in the liver as a by-product of the

conversion of fatty acids to ketone bodies during times of low dietary carbohydrate [36].

In the present study, the amount of dietary carbohydrate was low, but there was still some

carbohydrate available in liver stores. As well, /3-hydroxybutyrate is transported

extremely quickly from the liver, where it is produced, to other cells [36], so it is

uncommon for levels in the blood to increase above 0.3 mM without prolonged reliance

on fat [36].

No change was seen in blood glucose. The body is always attempting to maintain

glucose homeostasis in response to dietary alterations [36], therefore it is expected that

over only 5 hr high-fat feeding, no change in blood glucose should be seen.

There was no change seen in plasma insulin in either condition. Insulin is

produced in the pancreas in response to protein and carbohydrate in a meal, and since the
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experimental meals were equivalent in calories, grams of fat and particularly grams of

carbohydrate and protein, it is expected that plasma insulin should be the same between

trials [36]. Also, the amount of protein and carbohydrate in the dietary loads was not

sufficient to increase insulin levels during the trials. Insulin has a stimulatory effect on

PDP activity, however as there was no change either within or between trials, this was

not a factor in decreasing PDHa activity in the PUFA condition.

Future Studies

The present study determined that a 5 h PUFA load is preferentially oxidized

during moderate-intensity exercise when compared to an SFA load, and that this is at

least partially mediated through decreased PDHa activity in the PUFA condition. This

study agrees with previous work showing that it is preferential to consume n-6 PUFAs, as

they are not preferentially stored like SFAs. This increase in oxidative disposal could

have several beneficial effects, such as decreased fatty acyl-CoA and diacylglycerol

accumulation, which can lead to insulin resistance. As well, diets low in carbohydrate,

and high in saturated fat are commonly consumed for weight loss, as well as by

individuals with certain metabolism deficiencies [124, 125]. The results of the present

study are a positive stepping stone towards the clinical administration of diets lower in

the potentially hazardous SFAs in these populations.

Future work in this area should include a comparison of SFA and PUFA to

monounsaturated fat in the diet. Piers et al [77] showed that a 5 h load high in

monounsaturated fat significantly increased fat oxidation when compared to an SFA load,

therefore this type of fat obviously behaves differently than SFA as well. It would also be
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interesting to compare the oxidative rates of n-3 PUFAs when compared to n-6 PUPAs,

as these have been shown to behave very differently as well [23, 119].

Recent work has suggested that dietary PUFA may decrease Ca"^ release from the

sarcoplasmic reticulum, when compared to SFA [67, 115], however more work is needed

to elucidate the mechanism by which this may be occurring. It has been shown that

eicosapentanoic acid (20:5, n-3) decreases Ca^"^ release through direct inhibition of the

sarcoplasmic reticulum Ca**-release charmel/ryanodine receptor in intact cells [115]

when compared to different SFAs, however the effects of n-6 fatty acids in this situation

have not yet been elucidated. Future studies examining the effects of different types of

dietary fat on Ca'* release in animal and human models could be very beneficial in

determining the effects this may have on fuel metabolism during exercise, and what

effects this may have specifically on PDP activity.

The present study showed a significant decrease in PDHa activity at 1 min

exercise following a 5 h PUFA load when compared to an SFA load. However it would

be beneficial to examine the effects of differential dietary fat loads at different exercise

workloads and for longer periods of time. In order to truly gauge the effects of

differential dietary fats on PDH activity, it is necessary to measure more time points, and

examine different exercise intensities.

Summary and Conclusions.

This study examined the metabolic effects of differential dietary fatty acids at the

onset of moderate-intensity exercise. As hypothesized, an attenuation of PDHa activity

was seen at the onset of exercise following the PUFA load when compared to the SFA

load, facilitating decreased carbohydrate oxidation and increased oxidative disposal of
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the consumed PUFA load. This was accompanied by a decrease in circulating plasma

[FFA] at rest and during exercise with the PUFA load as well as decreased RER

throughout 1 5 min moderate-intensity exercise. Taken together, these data indicate a

preference of skeletal muscle to oxidize PUFAs, regulated, at least in part, by attenuation

of PDHa activity.

There was no change in PDK activity between trials, suggesting the 5 h is too

short a time for a fat load to affect PDK activity to any significant extent. Since PDK was

not responsible for the alterations in PDHa activity during the 5 h and 1 5 min experiment,

it was most likely a result of changes in the concentrations of intramitochondrial effectors

that were different between the trials, specifically intracellular Ca^^ or NADH.

Previous work has shown a preference of skeletal muscle to metabolize dietary

PUFAs when compared to SFAs both at rest and during exercise. Our findings suggest

that the PDH complex serves as a mechanism in the preference of skeletal muscle to

oxidize PUFAs during moderate-intensity exercise.

67





References

1. Anderson, J.W., Konz, E.C., Jenkins, D.J. Health advantages and

disadvantages or weight-reducing diets: a computer analysis and critical review. J

AmCollNutr. 19(5):578-590, 2000.

2. Atkins, R.C. Atkins New Diet Revolution. Harper Collins, 2001.

3. Avignon, A., Yamada, K., Zhou, X., Spencer, B., Cardona, O., Saba-

Siddique, S., Galloway, L., Standaert, M.L., and Farese, R.V. Chronic

activation of protein kinase C in soleus muscles and other tissues of insulin-

resistant type II diabetic Goto-Kakizaki (GK), obese/aged, and obese/Zucker rats.

A mechanism for inhibitiong glycogen synthesis. Diabetes. 45:1396-1404, 1996.

4. Auclair, E., Satabin, P., Servan, E., and Guezennec, C.Y. Metabolic effects of

glucose, medium chain triglyceride, and long chain triglyceride feeding before

prolonged exercise in rats. Eur J Appl Physiol Occup Physiol. 57(1): 126-31,

1988.

5. Barrera, C.R., Namihira, G., Hamilton, L., Monk, P., Eley, M.H., Linn, T.C.,

and Reed, L.J. Alpha-Keto Acid Dehydrogenase Complexes XVI Studies on the

Subunit Structure of the Pyruvate Dehydrogenase Complexes from Bovine

Kidney and Heart. Arch Biochem Biophys 148(2):343-58, 1972.

6. Behal, R.H., Buxton, D.B., Robertson, J.G., and Olson, M.S. Regulation of

the pyruvate dehydrogenase multienzyme complex. Annu Rev Nutr 13:497-520,

1993.

7. Bergmeyer, H.U. Methods of Enzymatic Analysis. 2nd ed. New York: Academic,

1974.

68





8. Bergstrom, J. Percutaneous needle biopsy of skeletal muscle in physiological and

clinical research. Scand J Clin Lab Invest. 35(7): 609-616, 1975.

9. Binnert, C, Pachiaudi, C, Beylot, M., Croset, M., Cohen, R., Riou, J.P., and

Laville, M. Metabolic fat of an oral long-chain triglyceride load in humans. Am J

Physiol. 270(3 Pt 1) E445-50, 1996.

10. Borkman, M., Storlien, L.H., Pan, D.A., Jenkins, A.B., Chisbolm, D.J., and

Campbell, L.V. The relation between insulin sensitivity and the fatty acid-

composition of skeletal muscle phospholipids. N EnglJ Med. 328:238-244, 1993.

1 1

.

Bowker-Kinley, M.M., Davids, W.I., Wu, P., Harris, R.A., and Popov, ICM.

Evidence for existence of tissue-specific regulation of the mammalian pyruvate

dehydrogenase complex. BiochemJ 329: 191-196, 1998.

12. Braissant, O., Foufelle, F., Scotto, C, Dauca, M., and Wahli, W. Differential

expression of peroxisome proliferators-activated receptors (PPARs): tissue

distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology.

137(1): 354-366, 1996.

13. Brooks, G.A. The lactate shuttle during exercise and recovery. Med Sci Sports

Exercise 18: 360-368, 1986.

14. Cate, R.L. and Roche, T.E. A unifying mechanism for stimulation of

mammalian pyruvate dehydrogenase(a) kinase by reduced nicotinamide adenine

dinucleotide, dihydrolipoamide, acetyl coenzyme A, or pyruvate. J Biol Chem.

1978. 253(2): 496-503, 1979.

69





15. Cederblad, G., Carlin, J.I., Constantin-Teodosiu, D., Harper, P., and

Hultman, E. Radioisotopic assay ofCoASH and carnitine and their acetylated

forms in human skeletal muscle. Anal Biochem. 185(2): 274-278, 1990.

16. Chwalbinska-Moneta, J., Robergs, R.A., Costill, D.L. and Fink, W.J.

Threshold for muscle lactate accumulation during progressive exercise. JAppl

Physiol 66(6): 2710-2716, 1989.

17. Coleman, R., and Bell, R.M. Triacylglycerol synthesis in isolated fat cells.

Studies on the microsomal diacylglycerol acyltransferase activity using ethanol-

disperseddiacylglycerols. y5/o/C/»ew. 1976:4537-4543, 1976.

18. CoDstantin-Teodosiu, D., Carlin, J.I., Cedarblad, G., Harris, R.A., and

Hultman, E. Acetyl group accumulation and pyruvate dehydrogenase activity in

human muscle during incremental exercise. Acta Physiol Scand. 143:367-372,

1991a.

19. Constantin-Teodosiu, D., G. Cederblad, and E. Hultman. A sensitive

radioisotopic assay of pyruvate dehydrogenase complex in human muscle tissue.

Anal Biochem.l9S: 347-351, 1991b.

20. Coppack, S.W., Evans, R.D., Fisher, R.M., Frayn, K.N., Gibbons, G.F.,

Humphreys, S.M., Kirk, M.L., Potts, J.L., and T.D.R. Hockaday. Adipose

tissue metabolism in obesity: lipase action in vivo and after a mixed meal. Metah

Clin Exp. 41:264-272, 1992.

21 Costill, D.L., Coyle, E., Dalsky, G., Evans, W., Fink, W., and Hoopes, D.

Efects of elevated plasma FFA and insulin on muscle glycogen usage during

exercise. J Appl Physiol. 43:695-699, 1977.

70





22. Cryer, A. Tissue lipoprotein lipase activity and its action in lipoprotein

mclabolism. Int J Biochem. 13:525-541, 1981.

23. Cunane, SC, Ryan, M.A., Nadeau, C.R., Bazinet, R.P., Musa-Veloso, K., and

McCloy, U. Why is carbon from some polyunsaturates extensively recycled into

lipid synthesis? Lipids. 38(4): 477-484, 2003.

24. DeFronzo, R.A., Bonadonna, R.C., and Ferrannini, E. Pathogenesis of

NIDDM: a balanced overview. Diabetes Care. 15:318-368, 1992.

25. Denton, R.M., Randle, P.J., Bridges, B.J., Cooper, R.H., Kerbey, R.H., Pask,

H.T., Severson, D.L., Stansbie, D., and Whitehouse, S. Regulation of

mammalian pyruvate dehydrogenase. Mol Cell Biochem. 9(1): 27-53, 1975.

26. Desvergne, B., and Wahli, W. PPARs: Nuclear Control of Metabolism.

Endrocrine Reviews 20(5): 649-688, 1999.

27. Djouadi, F,, Weinheimer, C.J., Saffitz, J.E., Pitchford, C, Bastin, J.,

Gonzalez, F.J., and Kelly, D,P. A gender-related defect in lipid metabolism and

glucose homeostasis in peroxisome proliferator-activated receptor alpha-

defiecientmice.yC//«//ive5/ 102(6): 1083-1091, 1998.

28. Dudley, G.A., Tullson, P.C, and Terjung, R,L. hifluence of mitochondrial

content on the sensitivity of respiratory control. JAm J Physiol. 262:9109-91 14,

1987.

29 Dyck, D.J., Peters, S.J., Wendling, P.S., Chesley, A., Hultman, E., and Spriet,

L.L. Regulation of muscle glycogen phosphorylase activity during intense aerobic

cycling with elevated FFA. Am J Physiol. 270:E1 16-E125, 1996.

71





30. Fatania, H.R., Vary, T.C., and Randle, P.J. Modulation of pyruvate

dehydrogenase kinase activity in cultured hepatocytes by glucagons and n-

octanoate. BiochemJ 234:233-236, 1986.

31. Flyer, J.S., and Underbill, L.H. Lipoprotein lipase. A multi-functional enzyme

relevant to common metabolic diseases. NEnglJ Med. 16:1060-1068, 1989.

32. Foss, M,L. & Keteyian, S.J. Fox's Physiological Basis for Exercise and Sport.

WCB/McGraw Hill. United States, 1998.

33. Frayn, K.N., Shalid, S., Hamlani, R., Humphreys, S.M., Clark, M.L.,

Fielding, B.A., Boland, O., and S.W. Coppack. Regulation of fatty acid

movement in human adipose tissue in the postabsorptive-to-postpradial transition.

Am J Physiol. 266(29;:E308-E3 1 7, 1 994.

34. Fuebrlein, B.S., Rutenberg, M.S., Silver, J.N., Warren, M.W., Tberiaque,

D.W., Duncan, G.E., Stacpoole, P.W., Brantley, M.L. Differential metabolic

effects of saturated versus polyunsaturated fats in ketogenic diets. J Clin

Endocrinol Metab. 89(4): 1 64 1 -5, 2004.

35. Gudi, R., Bowker,-Kenley, M.M., Kedishvili, N.Y., Zbao, Y., and Popov,

K.M. Diversity of the pyruvate dehydrogenase kinase gene family in humans. J

Biol Chem 270:28989-28994, 1995.

36. Guyton, A.C., and Hall, J.E. Textbook of Medical Physiology: Tenth Edition.

W.B. Saunders Company. 2000.

37. Hargeaves, M., Kiens, B., and Ricbter, E.A. Effect of inceased plasma free fatty

acid concentrations on muscle metabolism in execisnig men. J Appl Physiol. 70:

194-201. 1991.

72





38. Harris, R.A., Bowker-Kinley, M.M., Wu, P., Jeng, J., and Popov, K.M.

Dihydrolipoamide dehydrogenase-binding protein of the human pyruvate

dehydrogenase complex. J 5/0/ C;?ew. 272(32): 19746-19751, 1997.

39. Hickson, R.C., Rennie, M.J., Conlee, R.K., Winder, W.W., and Holloszy, J.O.

Effects of increased plasmafatty acids on glycogen utilization and endurance. J

Appl Physiol. 43: 829-833, 1977.

40. Holness, M.J., Kraus, A., Harris, R.A., and Sugden, M.C. Targeted

upregulation of pyruvate dehydrogenase kinase (PDH)-4 in slow-twitch skeletal

muscle underlies the stable modification of the regulatory characteristics of PDK

induced by high-fat feeding. Diabetes. 49:775-781, 2000.

41. Hewlett, R.A., Parolin, M.L., Dyck, D.J., Huitman, E., Jones, N.L.,

Heigenliauser, G.J.F., and Spriet, L.L. Regulation of skeletal muscle glycogen

phosphorylase and PDH at varying exercise power outputs. Am J Physiol 275:

R418-R425, 1998.

42. Huang, B., Gudi, R., Wu, P., Harris, R.A., Hamilton, J., and Popov, K.M.

Isoenzymes of pyruvate dehydrogenase phosphatase. DNA-derived amino acid

sequences, expression, and regulation. J Biol Chem. 273:17680-17688, 1998.

43. Hutson, N.J., and Randle, P.J. Enhanced activity of pyruvate dehydrogenase

kinase in rat heart mitochondria in alloxan diabetes or starvation. FEBS Lett. 92:

73-76, 1978.

73





44. Ikemoto, S., Thompson, K.S., Takahashi, M., Itakura, H., Lane, M.D., and

Ezaki, O. High fat diet-induced hyperglycemia: prevention by low-level

expression of a glucose transporter (GLUT4) minigene in transgenic mice. Proc

Natl Acad Sci USA. 92(8):3096-9, 1995.

45. Jones, P.J.H., Pencharz, P.B. and Clandinin, M.T, Whole body oxidation of

dietary fatty acids: Implication for energy utilization. Am J Clin Nutr. 42:769-777,

1985.

46. Jones, P.J.H. and Schoeller, D.A. Polyunsaturated:Saturated Ratio of Diet Fat

Influences Energy Substrate Utilization in the Human. Metabolism. 37(2): 145-

151, 1988.

47. Jucker, B.M., Cline, G.W., Barucci, N., and Shulman, G.I. Differential effects

of safflower oil versus fish oil feeding on insulin-stimulated glycogen synthesis,

glycolysis, and pyruvate dehydrogenase flux in skeletal muscle: a 13C nuclear

magnetic resonance study. Diabetes. 48(1): 134-140, 1999.

48. Kerbey, A.L., Radciifle, P.M., and Randle, P.J. Diabetes and control of

pyruvate dehydrogenase in rat heart mitochondria in alloxan diabetes or

starvation. FEBS Lett. 92: 73-76, 1978.

49. Kinsman, S.L., Vining, E.P.G., Quaskey, S.A., Mellits, D., and Freeman, J.M.

Efficacy of the ketogenic diet for intractable seizure disorders: review of 58 cases.

Epilepsia. 33:1 132-1 136, 1992.

50. Korotcbkina, L.G., and Patel, M.S. Mutagenesis studies of the phosphorylation

sites of recombinant human pyruvate dehydrogenase. Site-specific regulation. J

BiolChem. 270:14297-14304, 1995.

74





51. Kratz, M., von Eckardstein, A., Fobker, M., Buyken, A,, Posny, N., Schulte,

H., Assmann, G., and Wahrburg, U. The impact of dietary fat composition on

serum leptin concentrations in healthy nonobese men and women. J Clin

Endocrinol Metab. 87(11): 5008-5014, 2002.

52. Lawson, J.W.R., and Veech, R.L. Effects of pH and free Mg2+ on the Keq of

the creatine kinase reaction and other phosphate hydrolysis and phosphate transfer

reactions. J 5/0/ C/je/w. 254:6528-6537, 1979.

53. LeBlanc, P.J., Howarth, K.R., Gibala, M.J., and Heigenhauser, G.J.F. Effects

of 7 wk of endurance training on human skeletal muscle metabolism during

submaximal exercise. JAppl Physiol. 97:2148-2153, 2004a.

54. LeBlanc, P.J., Parolin, M.L., Jones, N.L., and Heigenhauser, G.J.F. Effects of

respiratory alkalosis on human skeletal muscle metabolism at the onset of

submaximal erxercise. J Physiol. 544(1): 303-313, 2002.

55. Leblanc, P.J., Peters, S.J., Tunstall, R.J., Cameron-Smith, D., and

Heigenhauser, G.J.F. Effects of aerobic training on pyruvate dehydrogenase and

pyruvate dehydrogenase kinase in human skeletal muscle. J Physiol. 557(2): 559-

570, 2004b.

56. Leone, T.C., Weinheimer, C.J., and Kelly, D.P. A critical role for the

peroxisome proliferators-activated receptor alpha (PPARalpha) in the cellular

fasting response: the PPARalpha-nuil mouse as a model of fatty acid oxidation

disorders. Proc Nail Acad Sci 96(13): 7473-7478, 1999.

75





57. Linn, T.C., Pettit, F,H., Hucho, F., and Reed, L.J. Alpha-keto acid

dehydrogenase complexes. XI. Comparative properties of the pyruvate

dehydrogenase complexes from kidney, heart, and liver mitochondria. Proc Natl

AcadSci USA. 64:227-234, 1969a.

58. Linn, T.C., Pettit, F.H., and Reed, L.J. Alpha-keto acid dehydrogenase

complexes. X. Regulation of the activity of the pyruvate dehydrogenase complex

from beef kidney mitochondria by phosphorylation and dephosphorylation. Proc

Natl Acad Aci USA. 62:234-241, 1969b.

59. Loviscach, M., Rehman, N., Carter, L., Mudaliar, S., Mohadeen, P., Ciaraldi,

T.P., Veerkamp, J.H. and Henry, R.R. Distribution ofperoxisome proliferators-

activated receptors (PPARs) in human skeletal muscle and adipose tissue: relation

to insulin action. Diabetologia 43(3): 304-31 1, 2000.

60. Makinen M.W., and Lee C.P. Biochemical studies of skeletal muscle

mitochondria. I. Microanalysis of cytochrome content, oxidative and

phosphorylative activities of mammalian skeletal muscle mitochondria. Arch

Biochem Biophys. 126: 75-82, 1968.

61. Marchington, D.R., Kerbey, A.L., and Randle, P.J. Longer-term regulation of

pyruvate dehydrogenase kinase in cultured rat cardiac myocytes. Biochem J.

267:245-247, 1990.

62. Matsui, H., Okumura, K., Kawakami, K,, Hibino, M., Toki, Y., and Ito, T.

Improved insulin sensitivity by bezafibrate in rats: relationship to fatty acid

composition of skeletal muscle triglycerides. Diabetes. 46:348-353, 1997.

76





63. Matsuo, T., Takeuchi, H., Suzuki, H., and Suzuki, M. Body fat accumulation

is greater in rats fed a beef tallow diet than in rats fed a safflower or soybean oil

diet. Asia Pacific J Clin Nutr. 1 1(4):302-308, 2002.

64. Montell, E., Turini, M., Marotta, M., Roberts, M., Noe, V., Ciudad, C.J.,

Mace, K., and Gomez-Foix, A.M. DAG accumulation from saturated fatty acids

desensitizes insulin stimulation of glucose uptake in muscle cells. Am J Physiol

Endocrinol Metab. 280:E229-E237, 2001.

65. Mourzakis, M., and Graham, T.E. Glutamate ingestion and its effects at rest

and during exercise in humans. JAppl Physiol. 93(4): 1251-1259, 2002.

66. Muoio, D.M., MacLean, P.S., Lang, D.B., Li, S., Houmard, J.A., Way, J.M.,

Winegar, D.A., Gorton, J.C., Dohm, G.L. and Kraus, W.E. Fatty-acid

homeostasis and induction of lipid regulatory genes in skeletal muscles of

peroxisome proliferator-activated receptor (PPAR) alpha knock-out mice. J Biol

Chem 277(29): 26089-26097, 2002.

67. Negretti, N., Perez, M.R., Walker, D., and O'Neill, S.C. Inhibition of

sarcoplasmic reticulum function by polyunsaturated fatty acids in intact, isolated

myocytes from rat ventricular muscle. J Physiol. 523(2): 367-375. 2000.

68. Odiand, L.M., Heigenhauser, G.J.F., and Spriet, L.L. Efects of high fat

provision of muscle PDH activation and malonyl-CoA content in moderate

exercise. JAppl Physiol 89: 2352-2358, 2000.

69. Odiand, L.M., Heigenhauser, G.J.F., Wond, D., Hollidge-Horvat, M.G., and

Spriet, L.L. Effects of inceased fat availability on fat-carbohydrate interaction

during prolonged exercise in men. JAppl Physiol. 274: R894-R902, 1998.

77





70. Orfali, K.A., Fryer, L.G.D,, Holness, M.J., and Sugden, M.C. Long-term

regulation of pyruvate dehydrogenase kinase by high-fat feeding: experiments in

vivo and in cultured cardiomyocytes. FEBS Lett. 336:501-505,1993.

71. Patel, M.S. and Korotchkina, L.G. Regulation of mammalian pyruvate

dehydrogenase complex by phosphorylation: complexity of multiple

phophorylation sites and kinases. Exp Mol Med. 33(4): 191-197, 2001.

72. Patel, M.S., and Roche, T.E. Molecular biology and biochemistry of pyruvate

dehydrogenase complexes. /^4S£5y. 4:3224-3233, 1990.

73. Perham, R.N. Swinging arms and swinging domains in multifunctional enzymes:

catalytic machines for multiple reactions. Annu Rev Biochem. 69:961-1004,

2000.

74. Peters, S.J., Harris, R.A., Heigenhauser, G.J., and Spriet, L.L. Muscle fiber

type comparison of PDH kinase activity and isoform expression in fed and fasted

rats. Am J Physiol Regul Integr Comp Physiol. 280:R661-R668, 2001a.

75. Peters, S.J., Harris, R.A., Wu, P., Pehleman, T.L., Heigenhauser, G.J., and

Spriet, L.L. Human skeletal muscle PDH kinase activity and isoform expression

during a 3-day high-fat/low-carbohydrate diet. Am J Physiol Endocrinol Metab.

281:E1151-E1158, 2001b.

76. Peters, S.J., St Amand, T.A., Hewlett, R.A., Heigenhauser, G.J.F., and

Spriet, L.L. Human skeletal muscle pyruvate dehydrogenase kinase activity

increases after a low-carbohydrate diet. Am J Physiol Endrocrinol Metab. 275:

E980-986. 1998.

78





77. Piers, L.S., Walker, K.Z., Stoney, R.M., Scares, M.J., and O'Dea, K. The

influence of the type of dietary fat on postprandial fat oxidation rates:

monounsaturated (oil) versus saturated (cream). IntJObes Relat Metab Disord.

26(6):814-21,2002.

78. Pilegaard, H., Ordway, G.A., Saltin, B., and Neufer, P.D. Transcriptional

regulation of gene expression in human skeletal muscle during recovery from

exercise. Am J Physiol Endocrinol Metab. 279(4): E806-E814, 2000.

79. Pettit, F.H., T.E. Roche, and Reed, L.J. Function of calcium ions in pyruvate

dehydrogenase phosphatase activity. Biochem Biophys Res Commun. 49: 563-

571, 1972.

80. Popov, K,M., Kedisbvili, N.Y., Zhao, Y., Shimomura, Y., Crabb, D.W., and

Harris, RA. Primary structure of pyruvate dehydrogenase kinase establishes a

new family of eukaryotic protein kinases. J Biol Chem. 268(35): 26602-6, 1993.

81

.

Popov, K-M., Kedisbvili, N.Y., Zhao, Y,, Gudi, R., and Harris, R.A.

Molecular cloning of the p45 subunit of pyruvate dehydrogenase kinase. J Biol

Chem. 269(47): 29720-4, 1994.

82. Putman, C.T., Jones, N.L., Lands, L.C., Bragg, T.M., Hollidge-Horvat, M.G.

and Heigenhauser, G.J.F. Skeletal muscle pyruvate dehydrogenase activity

during maximal exercise in humans. Am J Physiol. 269(32):E458-E468, 1995.

83. Putman, C.T., Spriet, L.L., Hultman, E, Lindinger, M.I, Lands, L.C,

McKelvie, R.S, Cederblad, G., Jones, N.L., and Heigenhauser. G.J.F.

Pyruvate dehydrogenase activity and acetyl group accumulation during exercise

after different diets. Am J Physiol Endocrinol Metab. 265: E752-E760, 1993.

79





84. Qu, X., Seale, J.P., and Donnelly, R. Tissue and isoform-selective activation of

protein kinase C insulin-resistant obese Zucker rats - effect of feeding. J

Endocrinol. 162:207-214, 1999.

85. Randle, P.J. Fuel selection in animals. Biochem Soc Symp. 14:799-806, 1986.

86. Randle, P.J., Garland, P.B., Hales, C.N., and Newsholme, E.A. The glucose-

fatty acid cycle: its role in insulin sensitivity and the metabolic disturbances of

diabetes mellitus. Lancet. 1: 785-789, 1963.

87. Ravindran, S., Radke, G.A., Guest, J.R., and Roche, T.E. Lipoyl domain-

based mechanism for the integrated feedback controlof the pyruvate

dehydrogenase complex by enhancement of pyruvate dehydrogenase kinase

activity, y 5/0/ CAem. 271(2): 653-662, 1996.

88. Reed, L.J. A trail of research from lipoic acid to a-keto acid dehydrogenase

complexes. J Biol Chem. 276: 5-10, 2001.

89. Rennie, M.J., and Holloszy, J.O. Inhibition of glucose uptake and

glycogenolysis by availability of oleate in well oxygenated perfused skeletal

rc\\xsc\t. Biochem J. 168: 161-170, 1977.

90. Robertson, M.D., Parkes, M,, Warren, B.F., Ferguson, D.J.P., Jackson, K.G.,

Jewell, D.P., and Frayn, K.N. Mobilisation of enterocyte fat stores by oral

glucose in humans. Gut. 52:834-839, 2003.

91. Roche, T.E., HIromasa, Y„ Turkan, A., Gong, X., Peng, T., Van, X., Kasten,

S.A., Boa, H. and Dong, J. Essential roles of lipoyl domains in activated function

and control of pyruvate dehydrogenase kinases and phosphatase isoform 1 . Eur J

Biochem. 270:1050-1056, 2003.

80





92. Romijn, J.A., Coyle, E.F., Sidossis, L.S., Gastaldelli, A., Horowitz, J.F.,

Endert, E., and Wolfe, R.R. Regulation of endogenous fat and carbohydrate

metabolism in relation to exercise intensity and duration. Am J Phyisol. 265(3 pt

1):E380-E391, 1993.

93. Rowles, J., Scherer, S.W., Xi, T., Majer, M., Nickle, D.C., Rommens, J.M.,

Popov, K.M., Harris, R.A., Riebow, N.L., Xia, J., Tsiu, L.C., Bogardus, C,

and Prochazka, M. Cloning and characterization of PDK4 on 7q21.3 encoding a

fourth pyruvate dehydrogenase kinase isoenzyme in human. J Biol Chem.

271(37): 22376-82, 1996.

94. Rutter, G.A., Midgley, P.J., and Denton, R.M. Regulation of the pyruvate

dehydrogenase complex by Ca2+ within toluene-permeabolized heart

m\\.ochondn2i. Biochem Biophys Acta. 1014(3): 263-270, 1989.

95. Sahlin, K. Muscle carnitine metabolism during incremental dynamic exercise in

hnrmns. Acta Physiol Scand. 138:259-262, 1990.

96. Sahlin, K., Harris, R.C., Nylund, B., and Hultman, E. Lactate content and pH

in muscle samples obtained after dynamic exercise. Pfluegers Arch. 367:143-149,

1976.

97. Sale, G.J., and Randle, P.J. Analysis of site occupancies in [32P]phosphorylated

pyruvate dehydrogenase complexes by as-partyl-prolyl cleavage of tryptic

phosphopeptides. EurJBiochem. 120: 535-540, 1981.

98. Sauro, V.S., and Stickland, K-P. Triacylglycerol synthesis and diacylglycerol

acyltransferase activity during skeletal myogenesis. Biochem Cell Biol. 68:1393-

1401, 1990.

81





99. Severson, D.L., Denton, R.M., Pask, H.T., and Randle, P.J. Calcium and

magnesium ions as effectors of adipose tissue pyruvate dehydrogenase phosphate

phosphatase. BiochemJ. 140:225-237,1974.

100. Spriet, L.L. and Heigenhauser, G.J.F. Regulation of pyruvate

dehydrogenase (PDH) activity in human skeletal muscle during exercise. Exerc

Sport Sci Rev 30(2): 91-95, 2002.

101 . Srere, P.A. Citrate synthase, in Methods in Enzymology, J.M. Lowenstein,

Editor. Academic: New York. p. 3-5, 1969.

102. Stace, P.B., Fatania, H.R., Jackson, A., Kerbey, A.L., and Randle, P.J.

Cyclic AMP and free fatty acids in the longer-term regulation of pyruvate

dehydrogenase kinase in rat soleus muscle. Biochem Biophys Acta. 1135:201-

206, 1992.

103. St Amand, T.A., Spriet, L.L., Jones, N.L., and Heigenhauser, G.J. Pyruvate

overrides inhibition of PDH during exercise after a low-carbohydrate diet. Am J

Physiol. 270: E275-E283, 2000.

104. Stepp, L.R., Pettitt, F.H., Yeaman, S.J., and Reed, L.J. Pyruvate overrides

inhibition of PDH during exercise after a low-carbohydrate diet. Am J Physiol.

270: E275-E283, 2000.

105. Storlien, L., Kraegen, E.W., Chisholm, D.J., Ford, G.L., Bruce, D.G., and

Pascoe, W.S. Fish oil prevents insulin resistance induced by high-fat feeding in

rats. Science. 237:885-888, 1987.

82





106. Storlien, L.H., Jenkins, A.B., Chisholm, D.J., Pascoe, W.S., Khouri, S.,

and Kraegen, E.W. Influence of dietary fat composition on development of

insulin resistance in rats. Relationship to muscle triglyceride and cj-3 fatty acids

in muscle phospholipids. Diabetes. 40:280-289, 1991.

107. Sugden, M.C., Bulmer, K., Gibbons, G.F., and Holness, M.J. Role of

peroxisome proliferator-activated receptor a in the mechanism underlying

changes in renal pyruvate dehydrogenase kinase isoform 4 protein expression in

starvation and after refeeding. Arch Biochem Biophys. 395:246-252, 2001.

108. Sugden, M.C., Bulmer, K., Gibbons, G.F., Knight, B.L., and Holness, M.J.

Peroxisome-proliferaotr activated receptor (PPAR) deficiency leads to

dysregulation of hepatic lipid and carbohydrate metabolism by fatty acids and

insulin. 5/oc//em J 364:361-368, 2002.

109. Sugden, M.C., Fryer, L.G., Orfali, K.A., Priestman, D.A., Donald, E., and

Holness, M.J. Studies of the long-term regulation of hepatic pyruvate

dehydrogenase kinase. Biochem J. 329(1): 89-94, 1998.

110. Sugden, M.C., Kraus, A., Harris, R.A., and Holness, M.J. Fibre-type

specific modification of the activity and regulation of skeletal muscle pyruvate

dehydrogensae kinase (PDK) by prolonged starvation and refeeding is associated

with targeted regulation for PDK isoenzyme 4 expression. Biochem J. 346: 651-

657, 2000a

83





111. Sugden, M.C, Langdown, MX., Harris, R.A., and Holness, M.J.

Expression and regulation of pyruvate dehydrogenase kinase isoforms in the

developing rat heart and in aduhhood: role of thyroid hormone status and lipid

supply. Biochem J. 352: 731-738, 2000b.

112. Sugden, M.C, and Holness, M.J. Recent advances in mechanisms regulating

glucose oxidation at the level of the pyruvate dehydrogenase complex by PDK's.

Am J Physiol Endocrinol Metab. 284:E855-E862, 2003.

113. Sugden, M.C, Holness, M.J., Donald, E., and Lall, H. Substrate interactions

in the short- and long-term regulation of renal glucose oxidation. Metabolism.

48(6): 707-715, 1999.

1 14. Sugden, M.C Orfali, K.A., and Holness, M.J. The pyruvate dehydrognease

complex: nutrient control and pathogenesis of insulin resistance. J Nutr. 125:

1746S-1752S, 1995.

115. Swan, J.S., Dibb, K., Negretti, N., O'Neill, S.C, and Sitsapesan, R. Effects

of eicosapentaenoic acid on cardiac SF Ca^*-release and ryanodine receptor

function. Cardiovascular Research. 60: 337-346. 2003.

116. Swoboda, K.J., Specht, L., Jones, H.R., Shapiro, F., DiMauro, S., and

Korson, M. Infantile phosphofructokinase deficiency with arthrogryposis:

clinical benefit of a ketogenic diet. yPeJ/a/r. 131:32-34, 1998.

117. Teague, W.M., Pettit, F.H., Wu, T.L., Silberman, S.R., and Reed, L.J.

Purification and properties of pyruvate dehydrogenase phosphatase from bovine

heart and kidney. Biochem. 21:5585-5592,1982.

84





118. Tunstall, R. J., and Cameron-Smith, D. Effect of elevated lipid

concentrations on human skeletal muscle gene expression. Metab Clin Exp. 54:

952-959. 2005.

1 19. Turvey, E.A., Heigenhauser, G.J., Parolin, M., and Peters, S.J. Elevated n-

3 fatty acids in a high-fat diet attenuate the increase in PDH kinase activity but

not PDH activity in human skeletal muscle. J Appl Physiol. 98(l):350-5, 2005.

120. Uehara, A., Yasukochi, M., and Imanaga, I. Modulation of ryanodine

binding to the cardiac Ca release channel by arachidonic acid. J Mol Cell

CarJ/o/. 28:43-51. 1996.

121. Vary, T.C. Increased pyruvate dehydrogenase kinase activity in response to

sepsis. Am J Physiol Endocrinol Metab. 260: E669-E674, 1991.

122. Vukovich, M.D., Costill, D.L., Hickey, M.S., Trappe, S.W., Cole, K.J., and

Fink, W.J. Effect of fat emulsion infusion and fat feeding on muscle glycogen

utilization during cycle exercise. JAppl Physiol. 75(4):1513-8, 1993.

123. Watt, M.J., Heigenhauser, G.J.F., LeBlanc, P.J., Inglis, J.G., Spriet, L.L.

and Peters, S.J. Rapid upregulation of pyruvate dehydrogenase kinase activity in

human skeletal muscle during prolonged exercise. J Appl Physiol. 97:1261-1267,

2004.

124. Watt, M.J., Heigenhauser, G.J.F., Steilingwerff, T., Hargreaves, M. and

Spriet, L.L. Carbohydrate ingestion reduces skeletal muscle acetylcamitine

availability but has no effect on substrate phosphorylation at the onset of exercise

in man. J Phvsiol. 544: 949-956. 2002.

85





125. Weber, T.A., Antognetti, M.R., and Stacpoole, P.W. Caveats when

considering ketogenic diets for the treatment of pyruvate dehydrogenase complex

deficiency. J Pediatr. 138:390-395, 2001.

126. White, P.L. A critique of low-carbohydrate ketogenic weight-reducing

regimens. J/IA/A 224:1416-1419, 1937.

127. Wolfe, R.R. Fat metabolism in exercise. In: Skeletal Muscle Metabolism in

Exercise and Diabetes. Advances in Experimental Medicine and Biology, Vol.

441, edited by E.A. Richter, B. Kiens, H.Galbo, and B. SaUin. New York: Plenum

Press, p. 147- 156, 1998.

128. Wu, P., Blair, P,V., Sato, J., Jaskiewicz, J., Popov, K.M., and Harris, R.A.

Starvation increases the amount of pyruvate dehydrogenase kinase in several

mammalian tissues. Arch Biochem Biophys. 381:1-7,2000.

129. Wu, P., Sato, J., Zhao, Y., Jaskiewicz, J., Popov, K.M,, and Harris, R.A.

Starvation and diabetes increase the amount of pyruvate dehydrogenase kinase

isoenzyme 4 in rat heart. Biochem J. 329:197-201, 1998.

130. Wu, P., Inskeep, K., Bowker-Kinley, M.M., Popov, K.M. and Harris, R.A.

Mechanism responsible for inactivation of skeletal muscle pyurvate

dehydrogenase complex in starvation and diabetes. Diabetes 48(8): 1593-1599,

1999.

86





131. Yeaman, S.J. The 2-oxo acid dehydrogenase complexes: recent advances.

BiochemJ. 257:625-632,1989.

132. Zamudio, F.Z., Conde, R., Arevalo, C, Becerril, B., Martin, B.M.,

V'aldivia, H.H. et al. The mechanism of inhibition of ryanodine receptor channels

by Imperatoxin I, a heterodimeric protein from the scorpion Pandinus imperator.

JBiolChem. Ill: 11886-11894. 1997.

87





Appendix I

Blood Parameters

Plasma FFA - Rest, mM
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Appendix II

Exercise Parameters

Respiratory Exchange Ratio
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Appendix III

Muscle Parameters

PDHa, pmol/min/kg wet wt





ATP, mmol/kg dry wt
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