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ABSTRACT

CARBOHYDRATE REFEEDING RAPIDLY REVERSES THE ADAPTIVE
UP-REGULATION OF PYRUVATE DEHYDROGENASE KINASE

FOLLOWING A HIGH FAT DIET

J. Kent Bigrigg Adivsor: Dr. S.J. Peters

The time course for the reversal of the adaptive increase in pyruvate dehydrogenase

kinase (PDK) activity following a 6d high fat diet (HP: 4.2 ± 0.2 % carbohydrate;

75.6 ± 0.4 % fat; 19.5 ± 0.8 % protein) was investigated in human skeletal muscle

(vastus lateralis). HF feeding increased PDK activity by 44% (from 0.081 ± 0.025

min"' to 0.247 ± 0.025 mm\p < 0.05). Following carbohydrate re-feeding, (88%

carbohydrate; 5% fat; 7% protein), PDK activity had returned to baseline (0.111 ±

0.014 min"') within 3h of re-feeding. The active fraction of pyruvate dehydrognease

(PDHa) was depressed following 6d of the HF diet (from 0.89 ± 0.21 mmol/min/kg

WW to 0.32 ± 0.05 mmol/min/kg ww,p <0.05) and increased to pre-HF levels by 45

min of post re-feeding (0.74 ±0.19 mmol/min/kg ww) and remained elevated for 3h.

Western blotting analysis of the PDK isoforms, PDK4 and PDK2, revealed a 31%

increase in PDK4 protein content following the HF diet, with no change in PDK2

protein. This adaptive increase in PDK4 protein content was reversed with

carbohydrate re-feeding. It was concluded that the adaptive up-regulation in PDK

activity and PDK4 protein content was fiilly reversed by 3h following carbohydrate

re-feeding.

Brock University, 2004
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CHAPTER 1

INTRODUCTION

The pyruvate dehydrogenase complex (PDH) is the rate-limiting enzyme of oxidative

carbohydrate disposal. PDH is responsible for producing acetyl CoA from carbohydrate-

derived pyruvate for entry into the tricarboxylic acid cycle. When carbohydrate

availability is abundant, PDH can promote increased oxidative carbohydrate flux through

the tricarboxylic acid cycle. In the face of increased fatty acid availability, PDH can alter

muscle fuel selection by down regulating oxidative carbohydrate flux. It therefore

occupies a pivotal role in skeletal muscle fuel selection and metabolism. The regulation

of this enzyme occurs primarily through the coordinated activity of two inherent enzymes

known as pyruvate dehydrogenase kinase and pyruvate dehydrogenase phosphatase. The

primary focus of this thesis will be pyruvate dehydrogenase kinase, or PDK.

The long-term regulatory mechanisms ofPDK are not well understood. Recent work

has been conducted to investigate changes in PDK mRNA transcription, protein

expression, and enzyme activity resulting from various perturbations of both rat and

human skeletal muscle. Using starvation, high fat diets, and diabetes, investigators have

been able to determine many of the stages involved in the chronic up-regulation of PDK.

However, little work has been done to investigate how these changes in PDK gene

expression and activity is reversed, particularly when carbohydrate availability is

increased following a high fat diet. The goal of this thesis was to elucidate the changes in

PDK protein and activity that occur in human skeletal muscle in response to an increased

carbohydrate availability following a high fat diet perturbation.
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CHAPTER 2

LITERATURE REVIEW

THE PYRUVATE DEHYDROGENASE (PDH) COMPLEX

Overview

The mammalian form of the pyruvate dehydrogenase multienzyme complex (PDH) is

responsible for the regulation of oxidative carbohydrate disposal in a variety of tissues,

including skeletal muscle [3, 14]. PDH is located in the matrix associated with the inner

mitochondrial membrane [14], where it catalyzes the irreversible decarboxylation of

carbohydrate-derived pyruvate to acetyl coenzyme A, thereby regulating carbohydrate

flux into the tricarboxylic acid (TCA) cycle [3, 6, 14, 21, 57]. The decarboxylation of

pyruvate occurs in the presence of thiamine pyrophosphate (TPP) and magnesium

(Mg'^), through the following reaction [14, 35]:

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

This overall reaction is the sum of a series of intermediate steps catalyzed by four

component enzymes or subunits: pyruvate dehydrogenase/decarboxylase (El),

dihydrolipoamide transacetylase (E2), dihydrolipoamide dehydrogenase or E3 binding

protein (E3BP), and dihydrolipoamide dehydrogenase (E3) [3, 14, 21, 37]. The activity

and subsequent flux through the complex is highly regulated by a reversible

phosphorylation sequence catalyzed by an inherent kinase (PDK) and phosphatase (PDP)

[3, 14, 35, 36]. Phosphorylation by the endogenous PDK will lead to inactivation of the

complex, v^'hile dephosphorylation through PDP will stimulate PDH activity [3, 14, 29,
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35, 36]. The coordinated balance between these two intrinsic enzymes will determine the

fraction of the complex, which is in the active or inactive form at any given time.

NAD*
NADH + H

CHjCSLipSH CoASH

Figure 1. Catalytic mechanism for the PDH complex reaction (adapted from Behal

et al. |3]).

PDH Structure and Function

The El catalytic subunit is an aj^i tetramer. consisting of two non-identical

polypeptide chains [2, 3, 21]. The El alpha subunit is responsible for the TPP-dependent

decarboxylation of pyruvate resulting in the release of carbon dioxide [2, 14, 46]. This

represents the first, irreversible and rate-limiting step in the PDH catalyzed series of

reactions [3, 13, 36, 46]. The El alpha subunit is the only part of the complex to undergo

phosphorylation by PDK [2, 36]. Phosphorylation of the El alpha chain can occur at one





of three serine residue sites, which will result in approximately 99% inactivation of the

complex [2, 3, 18, 36, 46, 66, 85]. The El beta subunit is responsible for transferring the

resultant acetyl group from the first reaction to a lipoyl moiety on the E2 subunit of the

complex [2, 14, 46] (Figure 1).

The E2 catalytic subunit forms the structural core of the complex to which all of the

other component enzymes are bound [9, 35, 84]. The core structure consists of sixty

copies of E2 polypeptide chains organized into a pentagonal dodecahedron [2, 3, 14, 36].

The E2 contains two lipoyl-bearing regions: an interior domain (L2) and an NH2 terminal

domain (LI) [3, 1 1, 61, 62], both of which can become reduced and acetylated, thereby

providing substrate for the overall PDH reaction [3, 62]. Approximately twenty to thirty

copies of the El tetramer are non-covalently bound to the core depending on the tissue

[14, 21, 46], while twelve copies of the homodimeric E3 are held to the core through an

equal number of the E3 binding proteins [2, 3,21, 46]. While PDK is tightly bound to the

lipoyl domains of the E2 core [2, 14, 62, 70], PDP is less tightly bound to the complex

than PDK, and appears to be associated with the inner lipoyl domain of the E2 core [3,

36, 46, 62, 77, 84]. Previous estimates suggested that approximately five copies of both

PDK and PDP are bound to the complex [2, 14], but more recent findings report that

there are one to two dimers of PDK and two to three dimers of PDP [45, 46].

Aside from providing the complex core, the E2 subunit has the catalytic role of

transferring the acetyl group from El catalysis to coenzyme A, thereby leaving a reduced

E2 lipoyl group [2, 3, 14, 21]. This resultant lipoyl group is then used by the E3

component of the complex as an electron source for the FAD-dependent reduction of

NAD^ to NADH [2, 3, 21] (Figure 1). The E3BP is responsible for binding E3 to the
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complex core, but the catalytic role of E3BP is not well understood [3, 19, 21]. Roche

and colleagues suggest that the E3BP participates in the third step of the overall complex

reaction through an endogenous lipoyl domain. When this domain is removed, there is a

loss of complex activity, suggesting a rate-limiting involvement of the E3BP [19, 37].

However, the specific catalytic role of the E3BP has not been fully elucidated.

PDK and PDP are responsible for regulating the activity of the complex through a

coordinated reversible phosphorylation sequence [3, 13, 14, 35, 36]. Phosphorylation of

the El alpha subunit by one of four PDK isofonns can occur at three sites on the El and

will inactivate the complex [3, 14, 25, 29, 35, 36, 75]. Dephosphorylation via one of two

PDP isoforms will reactivate the complex [3, 14, 25, 29, 35, 36, 75]. The regulation of

these enzymes will be discussed in greater detail in subsequent sections.

Acute Regulation of PDH-to'

PDH activity is acutely regulated by covalent modification through the PDK/PDP-

dependent phosphorylation state [3, 36, 75]. Both PDK and PDP are Mg** dependent, and

this reliance is mediated through the ATP/ADP rafio [3, 13, 36]. When the ATP/ADP

rafio is high, sufficient substrate in the fonn of MgATP is available to facilitate the PDK-

induced phosphorylation of the El alpha subunit. Conversely, when the ATP/ADP ratio

is low, MgATP is not available as a PDK substrate, and therefore, the free Mg^"" from

MgATP hydrolysis stimulate PDP and the subsequent reactivation of the complex [3, 13,

14,36].

Several other mitochondrial effectors also act as modulators of PDH activity through

PDK and PDP. High ratios of the ATP/ADP ratio will stimulate PDK. and lead to

inacfivation of PDH [3, 8, 13, 14, 52]. This mechanism of inactivation was previously
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thought to occur through end-product inhibition of the near-equilibrium E2 and E3

reactions [13, 14, 52]. More recent evidence suggests that these higher ratios cause the

lipoyl moieties on the E2 subunit to remain acetylated and the sulphydryl groups to

remain reduced, which leads to an increased PDK binding to the E2 core [3, 9, 58, 60].

This, in turn, increases PDK activity and the capacity of PDK to phosphorylate the El

alpha serine sites [3, 9, 58, 60]. Reed and colleagues have demonstrated that higher ratios

have a direct stimulatory effect on PDK, which reduces PDH activity [3, 59]. The

stimulatory effects of increasing these two ratios are additive, but an increased acetyl-

CoA/CoA ratio appears to be a stronger stimulus for an increase in PDK activity and a

subsequent decrease in PDH activity, compared to the increased NADH/NAD^ ratio [52,

58]. Increased levels of free CoA and NAD"" can inhibit PDK, which would lead to an

increased PDH activity [13, 52]. ,1 ';v

Pyruvate is another regulator of the phosphorylation state of PDH. Linn and co-

workers have suggested that pyruvate exerts a protective effect on the complex by

preventing phosphorylation of the El [35]. Pyruvate has also been shown to have a

stimulatory effect on PDK in in vitro preparations, where only a few El subunits were

functional [8, 9]. More recent work however, has demonstrated that pyruvate will inhibit

the kinase reaction iti vivo, thereby stimulating PDH activity in an allosteric manner [3,

68,75]. .

••'•

The PDP-mediated dephosphorylation of PDH requires free Mg""^ for the reaction to

occur [3, 14, 36]. This Mg'^-dependent reaction appears to be facilitated by the presence

of the E2 component of the complex. Using isolated preparations of phosphorylated El,

Linn et al. demonstrated that dephosphorylation in the presence of Mg'"" was markedly
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increased when the E2 transacetylase component was included in the incubation mixture

[36], indicating a primary role for the E2 subunit in PDP activity. Ca^"^ ions also play a

significant role in PDP activation, but only through the PDPl isoform [25, 75]. An

increased concentration of Ca'^ stimulates PDPl activity by facilitating PDP binding to

the E2 core [51]. This binding then increases the affinity of PDP for phosphorylated PDH

by lowering the apparent K^ for phosphorylated PDH and Mg""^ ions, which will enhance

dephosphorylation [3, 14, 51].

Hormones also acutely affect PDH activity. Insulin appears to have a stimulatory

effect on PDP, but this mechanism is not well understood [3, 75]. Macaulay and Jarret

observed insulin-mediated PDP stimulation in rat liver and hindlimb preparations [39].

However, Huang and co-workers have recently shown that since Ca^"^ ions do not

regulate PDP2 activity in rat liver, PDP2 is the likely target of insulin for increasing PDH

activity [25]. PDP2 is also the more abundant isoform in rat adipose tissue [25]. Taken

together, these observations strongly suggest that PDP2 is the target isoform for insulin.

Indeed, Huang et al. have demonstrated a decreased abundance of PDP2 mRNA, PDP2

protein, and PDP activity from both rat heart and kidney following starvation and induced

diabetes [27]. With re-feeding and insulin treatment, respectively, these effects on PDP2

were completely reversed.
'

Hyperthyroidism also affects PDH activity. The thyroid hormones, triiodothyronine

(T3) and thyroxine (T4) stimulate the activity of Na'^/K'^ ATPases throughout the body and

increase glucosee and fatty acid fuel availability [81]. Hyperthyroidism accentuates these

effects and increases glucose transporter (GLUT4) expression in skeletal muscle [7, 73].

The combined effect of these factors is an increase in glucose uptake and flux [73, 81].
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Increased glycolytic flux increases pyruvate availability and would therefore be expected

to increase PDH activity, but this is not the case. Sugden et al. demonstrated that

hyperthyroidism uncouples glycolytic flux and pyruvate oxidation by increasing the

expression and activity of the PDK4 isoform in rat skeletal muscle, leading to decreased

PDH activity [73]. This PDK response could be a defense mechanism in the face of

ongoing increases in fuel availability that allows for three-carbon sparing and prevents

oxidative entry of pyruvate into the TCA cycle while supporting increased fatty acid

derived acetyl-CoA entry into the TCA cycle [73].

Although epinephrine has been shown to increase PDHa flux, there have been few

studies that have investigated the mechanism. Watt and co-workers demonstrated an

epinephrine-mediated increase in PDHa flux and carbohydrate oxidation in human

skeletal muscle [80], but were not able to determine the mechanism responsible for the

increase.

Long Term (Adaptive) Regulation of PDH

The mechanisms involved in the chronic regulation of PDH, under chronic conditions,

are less well understood compared to those involved in acute regulation. Situations that

cause a prolonged decrease in carbohydrate utilization (e.g. starvation, diabetes, or a high

fat diet) cause an increased reliance on free fatty acids (FFA) and increased beta-

oxidation within the mitochondria. This increased FFA oxidation causes a functional shift

in PDH from the active form to the inactive form via increased PDK activity and

phosphorylation of PDH [29, 42, 83]. The increases in the acetyl CoA/CoA ratio due to

beta-oxidation, and in the NADH/NAD^ ratio, are present over a greater period of time

and exerting acute effects. In addition to these acute effects, stable increases in PDK

8
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mRNA, PDK protein, and PDK activity have been observed, leading to an increased

phosphorylation of the El subunit at multiple sites [27, 40, 48, 50]. These changes persist

in spite of a rigorous mitochondrial extraction and are independent of changes in the

acute effectors. Corresponding decreases in PDP2 also occur, allowing for an increased

phosphorylation of PDH, however this has only been shown in rat heart and kidney

tissues [27].

' '--H
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PYRUVATE

ACTIVE

ACETYL-COA

tlCa^Le.
insulin

PDH
Phosphatase

/
e

PDH
Kinase (PDK)

tlN^DHl/[N^q

t[MP\/[POP\

•1jc>a/ [pyruvate]

^0

\

POi'
•Hgh pyruvate

Figure 2. Acute mechanisms regulating the activity of the PDH complex. PDHa
active form of PDH; PDHb = inactive form of PDH.
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PYRUVATE

PDK

ACTIVE

-> ACETYL-CoA

e

Starvation

High-fat diet

Diabetes

PDH
Phosphatase

PDH "

Kinase (PDK)

/
I \

(B) (g) ®
1 2 3

PDK1

PDK2
PDK3
PDK4

Figure 3. Long-term (Adaptive) Regulators of PDH activity. PDHa = active form of

PDH; PDHb = inactive form of PDH with three possible phosphorylation sites;

PDKl-4 = isoforms of PDK.
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PYRUVATE DEHYDROGENASE KINASE

Functional Overview

Adaptive increases in PDK are important for the decreased carbohydrate oxidation

associated with situations that cause a chronic increase in Hpid fuel use. PDK is

responsible for the phosphorylation of the El alpha chain, which can occur at one of three

serine residue sites [2, 3, 18, 66]. PDK transfers the terminal phosphate of an ATP

molecule to serine-264, serine-271, and/or serine-203, designated as sites 1, 2, and 3,

respectively, depending on the rate and extent of phosphorylation [14, 31, 32, 76].

Occupation of site 1 will occur at a 4.6-fold faster rate than at site 2, and a 16-fold faster

rate than at site 3, and will result in approximately 99% inactivation of the complex [18,

31, 46, 66, 75, 85]. Subsequent phosphorylations at sites 2 and 3 will not significantly

decrease the activity of the complex [18]; however, site 2 and 3 occupancy will lessen the

ability of PDP to activate the complex [6, 18, 50, 66]. Site 3 phosphorylation also

interferes with TPP binding to the El subunit, which will reduce TPP-mediated pyruvate

decarboxylation [32, 33]. Site 2 and 3 phosphorylation generally occurs in situations

involving an increased or prolonged reliance on fat as a fuel [66, 75]. The increased FFA

availability will stimulate an increase in PDK activity, which can lead to multi-site

phosphorylation [66, 75]. ;..'- . ,

PDK association with the E2 component of the PDH complex significantly enhances

PDK activity [84]. When PDK binds to the E2 core, it is activated and its catalytic

efficiency is increased [1, 84]. The E2 component provides the core of the complex,

leading to an increase in kinase activity by providing an anchoring scaffold and by

modulating the sensitivity of PDK to the various acute mitochondrial effectors [62]. The

n
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interaction of PDK with the hpoyl domains of the E2 component is pivotal for enhancing

kinase activity [58, 62]. As previously discussed, the increased acetylation, along with the

reduction of the E2 lipoyl domains, further increases PDK activity via both end-product

feedback through elevated ratios of the acute effectors, and by enhancing PDK binding to

the E2 core [58, 62]. ;, ; r- Tv.;iK' : *

PDKIsoforms

PDK exists as four distinct isoforms in mammalian tissues. Using purified PDK from

bovine kidney mitochondria, Stepp et al. reported that PDK consisted of two distinct

subunits [69]. Their data supported the view that the 48-kDa a-subunit functioned to

control kinase activity, while the 45-kDa P-subunit was found to perform a regulatory

function [69, 75]. Later work has revealed that these two subunits were in fact separate

PDK isofonns. For example, Popov et al. detemiined the primary structure of PDK using

an isolated cDNA library from rat heart [54, 75]. The 48-kDa PDK, termed p48, later

became known as PDKl, and established a unique group of eukaryotic protein kinases

that differed from other serine/threonine-protein kinases [54, 75]. This work verified the

presence of modest amounts of PDKl mRNA in a variety of tissues, including kidney,

liver, and skeletal muscle, with heart being the predominant tissue for PDKl expression

[54, 55]. This led the authors to suggest the possibility of other isofoms within other

tissues [54]. More recent work with rat tissue from Bowker-Kinley et al. found PDKl

mRNA to be present almost exclusively in heart tissue [6].

Preistman et al. suggested that other isoforms could contribute to the starvation-

induced increase in PDK activity that they observed without increasing protein

concentration [56]. Using an enzyme linked immunosorbant assay (ELISA), these

B
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investigators concluded that there were in fact two PDK isoforms present in rat hver,

heart, and skeletal muscle tissue. Their data demonstrated a dissociation between PDK

activity and protein content as PDK activity was increased to a much greater extent than

protein concentration [56]. Subsequent work revealed that their antibody was primarily

detecting PDKl or the p48 form of PDK. Using rat heart, Popov and co-workers cloned a

45-kDa polypeptide that catalyzed the phosphorylation of PDH, indicating a separate

PDK isoform, termed p45 [55]. This p45 unit, or PDK2. was found in high concentrations

in heart and skeletal muscle, with intermediate amounts present in liver, kidney, testis,

pancreas, and brain [55]. Bowker-Kinley and co-workers later found that PDK2 mRNA

was highly expressed in all tissues, except spleen and lung [6].

In humans, Gudi et al. characterized PDK3 by expressing the enzyme in E.coli using a

human liver cDNA library [20]. These investigators found PDK3 to be a 45-kDa

polypeptide with approximately 68% homology with PDKl and 67% homology with

PDK2, and approximately 96%o homology between rat and human PDK isoforms [20].

This third isoform was also found to phosphorylate PDH. but with higher specific activity

in vitro than PDKl and PDK2 [20]. Using Northern blot analysis, the investigators

reported PDK3 to be present primarily in human heart and skeletal muscle [20]. Although

trace amounts of PDK3 were found to be present in most rat tissues, subsequent work

from Bowker-Kinley et al. found that only rat testes had appreciable amounts of PDK3

[6]. ^ - :

Baker et al. compared recombinant human PDK2 and PDK3 activity and showed

marked differences in the responses of each isoform to various perturbations, which

included the E2, E3BP, and the associated lipoyl domains [1]. Inclusion of the fully

14
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assembled E2 core in the assay increased PDK2 activity by approximately ten fold,

possibly due to a conformational change in PDK2. In contrast, PDK3 activity increased

with the inclusion of the free lipoyl domains, and it was also stimulated with reductive

acetylation of these lipoyl domains [1]. Inclusion of the E2 with the L2 domain resulted

in additional activation of PDK3, perhaps due to a conformational change in PDK3 that

led to increased kinase activity [1]. While the sensitivity of PDK2 to pyruvate inhibition

and dichloroacetate was greatly enhanced with E2, PDK3 was poorly inhibited by

pyruvate or dichloroacetate. These differential responses between isoforms to effectors,

such as pyruvate, NADH, or acetyl-CoA, suggest that regulation could be isoform and

tissue specific since these effectors could be present in varying concentrations in different

tissues.

Human PDK4 was characterized in Pima Indians using the gene region linked with

insulin resistance and type II diabetes mellitus [65]. This fourth isoform was found to

have 65% amino acid identity with the other PDK isoforms with tissue distribution

highest in heart and skeletal muscle, but with lower expression in liver, kidney, and

pancreas [65, 75]. Rats appear to have a similar tissue distribution for PDK4, with

skeletal muscle displaying the largest mRNA concentration [6]. PDK4 mRNA is also

present in rat heart and liver tissue [6], and is the major isoform induced by starvation

and diabetes [82]. PDK4 appears to be the least sensitive to pyruvate inhibition, and

therefore, it is more difficult to activate the complex via the increased glycolytic flux in

response to starvation and diabetes [73, 75, 82]. Instead, when lipid utilization increases,

pyruvate is diverted through alternate pathways to spare carbohydrate derived three

carbon molecules [73, 75]. These responses will be further discussed elsewhere.

15
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Each of the four PDK isoforms demonstrates specificity toward the serine

phosporylation sites on the El subunit. PDKl can phosphorylate all three serine sites,

whereas the remaining three isoforms phosphorylate only sites 1 and 2 [30, 32, 46]. The

rates of phosphorylation for sites 1 and 2 differ between the isoforms with

PDK2>PDK4*PDK1>PDK3 for site 1 and PDK3>PDK4>PDK2>PDK1 for site 2 [32].

These phosphorylation rates are enhanced in vitro for all four isoforms when the E2

lipoyl groups are reduced, and are further increased when the lipoyl groups are reduced

and acetylated, except for PDK3 at site 1 [32, 46]. Interaction with the E2 lipoyl domain

appears to be greatest for PDK3, followed equally by PDKl and PDK2, with PDK4

exhibiting a lesser capacity for lipoyl binding [78]. The isoforms also differ in the amount

of phosphate each incorporates into the serine inactivation sites. Phosphate incorporation

by each isoform decreases in the order PDKl>PDK3>PDK4>PDK2 [30].

Tissue Specific Regulation of PDK Isoforms

The sequences for the mammalian PDK isoforms are highly conserved between

different animals, suggesting a similar tissue distribution and regulation in different

species of animals [62]. Given the variation in metabolic requirements between different

tissue and the differential responses of different isoforms to certain metabolites (e.g.

NADH or acetyl CoA), it seems biologically relevant and necessary to have different

isoforms prevailing in certain tissues. Indeed, regulation of PDH in a distinct, tissue

specific manner is necessary to meet the variations in the demand for glucose oxidation

between tissues in different metabolic states [75]. For example, nervous tissue functions

almost entirely on glucose for fuel, whereas tissues such as skeletal muscle can function

on both glucose-derived fuels and lipid sources, depending on fuel availability. Each of
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the four PDK isoforms has different kinetic parameters, i.e.. specific activity varies

between isoforms [6]. For example, PDK3 has the highest specific activity among the

isoforms, while PDKl (the next highest specific activity) has a specific activity, which is

approximately half that of PDK3 [6]. PDK4 is next, and PDK2 has the least specific

activity. PDK 1 tlirough 4 are present in human skeletal muscle, and the variation in

specific activity and sensitivity to metabolites between these isoforms results in certain

isoforms prevailing under certain conditions [20]. During conditions where carbohydrate

availability is limited (e.g. starvation, diabetes), PDK4 appears to prevail in skeletal

muscle over the more abundant PDK2 isoform due to its relative insensitivity to pyruvate

and its high affinity for site 1 phosphorylation [6, 46, 75, 82]. Coupled with the relative

insensitivity of PDK4 to pyurx'ate, is the need to spare precious three-carbon molecules

during conditions of limited carbohydrate availability, and to maintain blood glucose

levels via liver gluconeogenesis [75, 82]. Conversely, when carbohydrate is readily

available, it seems intuitively logical to have those isofomis that are sensitive to

inhibition by pyruvate dominate to allow for oxidative disposal through PDH and the

TCA cycle. PDK2 appears to be the most sensitive to pyruvate inhibition. Using the

pyruvate analog, dicholoracetate, Bowker-Kinley and co-workers found PDK2 to have a

much lower inhibition constant (Ki) for dichloroacetate. suggesting a higher sensitivity to

pyruvate [6]. The differential responses of the PDK2 and PDK4 isofomis to fuel

availability are of primary interest since they are the most abundant isoforms in human

skeletal muscle. Starvation, diabetes, or high fat feeding, result in increased free fatty acid

availability, and an increased reliance on fat, due in part, to changes in PDK expression

and activity. These responses will be discussed below.
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REGULATION OF PDK BY FREE FATTY ACIDS AND INSULIN
Free Fatty-Acids (FFA)

As a result of increased beta-oxidation, an increased availability of FFA within the

mitochondria leads to an increase in the acetyl-CoA/CoA and NADH/NAD"" ratios [23].

Starvation and/or diabetes are two situations that lead to an enhanced utilization of FFA

for a prolonged period of time and cause significantly higher ratios of acetyl CoA/CoA

and NADH/NAD"". The adaptive changes in PDK activity vary between the PDK

isoforms within different tissues. For example, starvation and chemically induced

diabetes increase PDK2 protein in rat liver mitochondria [71, 83], while the same

perturbations lead to an increase in PDK4 protein in rat heart mitochondria [82, 83]. In

skeletal muscle, the PDK4 isoform more readily responds to sustained increases in FFA

delivery and utilization by increasing protein expression [75, 82].

Although FFA were implicated in chronically increased PDK activity, the mechanism

was poorly understood. FFA and lipid metabolites function as endogenous ligands for

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

hormone receptors that complex with a retinoic receptor. Together, they act as

transcriptional activators of target genes associated with systemic FFA metabolism,

including PDK4 [38, 43, 75]. The subsequent role of ligand-bound PPARs appears to be

to mediate metabolic responses to changes in fuel and substrate availability [43]. All

PPARs (a, (3, 6, and y) are present in a variety of tissues, including hepatic, cardiac, and

skeletal muscle tissues [15]. In addition to ligand binding, PPARs can also be regulated

by phosporylation [15]. Either of these regulatory states will trigger a confirmational

change that allows for interaction with co-activators that will influence transcription [15].
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PPARa tends to be expressed in tissues with high rates of fat oxidation [43], and

appears to be involved in the control of lipoprotein metabolism and cellular FFA uptake

[38]. In both rats and humans, PPARa is highly expressed in heart, kidney and skeletal

muscle, tissues all containing a high capacity for FA oxidation. The high expression of

PPARa correlates well with the high mitochondrial P-oxidation activities of these tissues

[15]. Using a rodent model, Wu et al. were the first to show that an increased long-chain

FFA availability induced by starvation and diabetes signaled an increased PDK4

transcription, expression, and activity by PPARa activation [83]. By employing the

selective PPARa agonist, WY- 14463, as a dietary supplement, these investigators also

induced an increase in PDK4 mRNA, protein, and activity [83]. This was the first

evidence demonstrating a possible role for PPARa in PDK4 regulation in skeletal muscle

through increased FFA availability. '

More recent work using PPARa knockout mice, however, has shown that starvation

and/or exercise induced regulation of PDK4 was similar to that of wild-type controls

[43]. Muoio et al. were able to quantify various PPAR levels in mouse skeletal rhuscle,

and found that PPAR5 was in fact the most abundant PPAR. Using a PPAR6 agonist in

cultured muscle cells, the authors were able to induce a 2-fold increase in FFA oxidation

accompanied by an increase in PDK4 expression that was similar to the level generated

via the use of the PPARa agonist [43]. The authors concluded that PPARa is not

required for PDK4 up-regulation in response to starvation or exercise, and that PPAR6

can compensate for PPARa deficiencies via a common regulatory element [43].

Recent work from Holness et al. has demonstrated that PDK4 protein expression in

response to PPARa activation is selective for fast twitch muscle [24]. In the fed state,
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PPARa activation led to an increased PDK4 protein expression in type lla skeletal

muscle, but not type I muscle. In the starved state, PPARa activation failed to increase

PDK4 expression in either muscle type. The authors concluded that PPARa is not

required in oxidative skeletal muscle for PDK4 up-regulation [24]. Although it is

apparent that PPARa plays a role in PDK4 transcription, the degree to which this

regulation is necessary or required remains unclear. What is clear, is that PPARa is

absolutely selective for PDK4. and is not involved in PDK2 up-regulation at all [74].

Insulin

Insulin appears to play a role in the suppression of PDK expression [23, 26, 40]. High

fat feeding leads to insulin resistance in peripheral tissues, including skeletal muscle, as

does diabetes [75]. These perturbations, as discussed previously, result in an increased

FFA utilization, and a subsequent up-regulation of PDK4, possibly through PPARa-

mediated increases in PDK4 gene expression. PDK2 is also increased in response to these

perturbations in various tissues including the liver [26]. Huang and co-workers have

suggested that the increased PDK2 expression may be due directly to the decreased levels

of insulin effectiveness associated with high fat feeding and diabetes [26]. Subsequent

treatment with insulin has been shown to down-regulate PDK2 and PDK4 mRNA in both

rat and human models [23, 26, 40]. Although rat and human models often display similar

PDK responses to an assortment of perturbations, inter-species variations do exist,

particularly in response to high fat feeding and changes in nutritional status. These

differences will be discussed in the following section.
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PDK4 Responses to Dietary Stress

Rat vs. Human Studies

An early study by Orfali et al. examined the effect of a 28d high-fat diet on rat cardiac

muscle PDK activity [44]. Rats were fed either a standard rodent diet (72:8:20% -

CHO:fat:protein) or a high-fat diet (33:47:20% - carbohydrate: fat: protein). PDK activity

was examined following both the standard diet and the high-fat diet (both at lOd and

28d), and also following 48h of starvation. PDK activity did not significantly change

following lOd of high-fat feeding, but by 28d, there was a significant (-1.5 fold) increase

in PDK activity. This increase was accompanied by a corresponding 3-fold decrease in

PDHa activity [44]. Interestingly, following 48h of starvation, PDK activity more than

doubled and PDHa activity was severely depressed versus control fed rats. Although the

differences in isoform regulation and distribution were not known at the time of this

study, one can now speculate that PDK4 was perhaps the primary isoform responsible for

the increased PDK activity at 48h of starvation as it is the pyruvate insensitive isoform.

This insensitivity could possibly account for the severe depression in PDHa activity

observed at that time point. Conversely, following 28d of high fat feeding, perhaps PDK2

was contributing to the PDK activity. PDK2 is sensitive to pyruvate, and this could

account for the less striking decrease in PDHa activity observed following 28d of high-fat

feeding.

Wu and co-workers conducted one of the first studies that examined the response of

the PDK4 isoform in rat heart [82]. Rats were fed ad libitum for several days followed by

a 48h bout of starvation before sacrifice. Diabetes was induced using streptozotocin

injection following an overnight fast in a separate group of rats. These investigators
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found a 2 to 3-fold increase in PDK activity with both starvation and diabetes. With

starvation, there was a greater than 3-fold increase in PDK4 isoform protein content, with

no changes in PDKl or PDK2. A similar observation was observed in the diabetic group;

however, in addition to the large increases in PDK4, PDKl showed modest increases

(1.35-fold) in protein content with diabetes [82]. In both treatment groups. PDK4 mRNA

was dramatically increased without any changes in mRNA content in PDKl or PDK2.

This study showed a very clear correlation between the increases in PDK4 mRNA,

protein content, and activity associated with starvation and/or diabetes. The authors

hypothesized that this effect would lead to hyper-phosphorylation of PDH and

suppression of glucose oxidation [82].

Two studies by Sugden and colleagues used starvation and high fat feeding as

perturbations to examine rat skeletal muscle PDK distribution [23, 72]. In the starvation

study, different muscle fibre types were analyzed for PDK2 and PDK4 protein content

and activity, as well as sensitivity to pyruvate [72]. Following a 48h fast, PDK activity

was increased in both fast and slow-twitch muscle, which was associated with a loss of

sensitivity to PDK inhibition by pyruvate [72]. Western blot analysis revealed an

increased PDK4 protein content in both fibre types, with a greater response in fast-twitch

muscle. PDK2 protein content was not affected in slow-twitch muscle, but did increase

slightly in fast-twitch muscle [72]. These investigators postulated that PDK4 up-

regulation allowed for pyruvate sparing for gluconeogenensis and/or anapleurotic entry to

the TCA cycle. Their work suggested that PDK4 up-regulation also facilitated an

increased FFA oxidation as well [72]. This study also showed a correlation between

PDK4 protein content and activity.
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Using the high fat feeding perturbation, the Sugden group found similar PDK

responses in both muscle types. PDK activity increased in both slow and fast-twitch

muscle by approximately 2-fold following a 28d high fat diet [23]. PDK4 protein content

increased approximately 2-fold in slow-twitch muscle, with a modest, 1 .3-fold increase in

PDK2 protein. Fast-twitch muscle showed comparable increases in PDK4 and PDK2 (1.5

to 1.7-fold) protein content [23]. PDK was also shown to be less sensitive to pyruvate

inhibition. This study also led to the hypothesis that an increased proportion of PDK4

isoform protein was primarily responsible for increases in PDK activity and pyruvate

insensitivity in slow-twitch muscle [23]. As a result, pyruvate was spared and FFA

oxidation was enhanced. ,

Peters et al. examined PDKl, PDK2 and PDK4 mRNA, protein expression, and

activity in different muscle types in fed and 24h fasted rats [49]. PDK activity was lower

in fast-twitch muscle compared to slow-twitch muscle in both the fed and fasted states.

However, PDK activity was increased approximately 2 to 3 -fold in all fibre types

following the 24h fast [49]. This increase correlated well with the increased PDK4

protein content and to a lesser extent with PDK4 niRNA [49]. PDK2 protein remained

unchanged in each group, but PDK2 mRNA increased 2-fold in fast oxidative muscle

following the 24h fast [49]. PDKl did not change in any fibre type between conditions,

but was present in a greater amount in oxidative muscle (slow-twitch and fast-twitch

oxidative) compared to glycolytic muscle. Again, the observed increases in PDK activity

correlated very well with the changes in PDK4 protein content and mRNA. Taken

together, this study, along with the studies from Sugden's group, suggested that PDK4
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was primarily responsible for acute changes in PDK activity, and that any changes in

PDK2 occurred over a longer time period (perhaps days) compared to PDK4.

An increase in PDK activity resulting from changes in PDK4 protein and mRNA are

characteristics primarily demonstrated in rat tissue. In humans, the correlation between

activity and protein content or mRNA remains to be fully elucidated. An early study

using diet perturbations by Putman et al. examined PDHa activity and acetyl group

accumulation at rest and during exercise, following the administration of a 3d high

carbohydrate/low fat diet or a 3d low carbohydrate/high fat diet in trained males [57].

PDHa activity was blunted at rest in the low carbohydrate condition due to an increased

acetyl-CoA/CoA ratio, which was thought to have activated PDK [57]. They also

hypothesized that decreased pyruvate availability was a possible factor for increasing

PDK.

Peters and colleagues subsequently examined PDK activity following a 6d low

carbohydrate diet in humans [48]. The subjects consumed a 6d low carbohydrate, high fat

diet that was eucaloric with their habitual diets. PDK activity increased 3 to 5-fold

following the low carbohydrate diet, and was associated with an approximately 3.5-fold

decrease in PDHa activity, and a decreased carbohydrate oxidation [48]. Subsequent

work by Peters and co-workers employed a 3d high fat diet and examined the time course

of change in PDK protein and mRNA content in addition to the time course of changes in

PDK activity [50]. PDK activity doubled following day 1, and had increased

approximately 3-fold by day 2. PDK activity was approximately 4-fold higher following

the diet compared to baseline [50]. PDK4 protein and mRNA analysis revealed that these

measures had increased maximally by day 1, while PDK2 remained unchanged [50].
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PDK activity continued to increase in spite of the plateau in mRNA and protein content.

These results demonstrated a separation in PDK activity and mRNA in humans, a result

not previously observed in rat studies. The mechanisms responsible for these increases

and the time course for these changes require further investigation.

PDK Responses to Re-feeding

Rat vs. Human Studies

Re-feeding refers to the administration of a diet consisting of a large percentage of

calories originating from carbohydrate. Re-feeding has been used following high fat

feeding or starvation perturbations to observe the responses in up-regulated PDK4 to

increased carbohydrate availability. Following their investigation of rat heart PDK4 with

starvation, Wu and others were able to reverse the increase in PDK4 mRNA and PDK4

protein, and in PDK activity with re-feeding and insulin treatment [82]. Insulin, as

previously discussed, plays a role in PDK suppression. Presumably, re-feeding alone

would result in an insulin release that could cause decreased PDK4 expression and PDK

activity. Increased glycolytic flux could also result from re-feeding, but this would likely

result in a lesser effect on PDK4, as it is less sensitive to inhibition by pyruvate.

Sugden et al. also incorporated re-feeding into their study on the fibre type distribution

ofPDK [72]. Re-feeding led to a partial reversal in PDK activity and PDK4 expression in

both fast and slow twitch muscles, with slow twitch muscle showing a more marked

suppression with re-feeding [72]. Pyruvate sensitivity of PDK activity was partially

restored through re-feeding, and was greater in slow twitch muscle.

The effect of re-feeding on PDK in humans has been examined in only one study.

Pilegaard et al. examined transcriptional regulation in human skeletal muscle following a
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20h fast. Subjects then consumed either a high fat or a high carbohydrate meal. Muscle

biopsies were obtained Ih following the meal [53]. The PDK4 transcription rate and

mRNA content increased 9-fold following the 20h fast. Re-feeding increased

transcription and mRNA by 60 to 80-fold above control levels, and was independent of

meal type [53]. This is surprising, given that carbohydrate would be expected to decrease

PDK4 content since the PDK4 isoform is more responsive to lipid supply and FFA

oxidation. However, neither PDK activity nor protein were measured in this study. Given

these surprising results, and the fact that in humans the gene expression of PDK2 and

PDK4 does not necessarily account for all the PDK activity, it is clear that measurements

of mRNA and gene transcription are not sufficient by themselves; further studies must

include measurements of PDK activity to fully understand the chronic responses to

alteration in nutritional status.
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CHAPTER 3

STATEMENT OF THE PROBLEM

To date only a few studies have examined the potential mechanisms involved in PDK

up-regulation following high fat feeding in humans. It is clear that PDK activity is

increased in response to high fat feeding, but the mechanisms responsible for this

increase remains to be fully elucidated. The changes in PDK4 mRNA and protein content

appear to be somewhat divorced from PDK enzyme activity, and in rat skeletal muscle,

the changes in PDK2 appear to be slower. However, the changes in PDK activity and

isoform protein content and the time course of the response following re-feeding have not

been examined in human skeletal muscle.

The present study employed a 6d, high fat/low carbohydrate diet (5:75:20% -

CHO:fat:protein) to elicit previously observed responses in PDK activity. The primary

purpose of this study was to determine the extent and the time course for the reversal of

the expected adaptive up-regulation in PDK activity in response to a standardized, high

carbohydrate/low fat re-feed meal following a 6d high fat diet. The second purpose was

to identify which PDK isoforms are primarily responsible for the changes in PDK

activity, since the changes in PDK2 and PDK4 have not been determined in human

skeletal muscle following a diet longer then 3d.
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HYPOTHESES

The major hypothesis of the study was that PDK activity would decrease significantly

with carbohydrate re-feeding following the high fat diet. While the precise time course of

the response is somewhat elusive, unpublished data from cell culture work indicated that

this reversal should likely occur within hours of re-feeding (Harris, personal

communication).

Specific hypotheses to be tested included: .;,., Uv. j.; '

1

.

PDK activity would increase with 6d of high fat feeding, and would decrease with 3h

of carbohydrate re-feeding.

2. PDHa would decrease following 6d of high fat feeding, and would increase with 3h

of carbohydrate re-feeding.

3. PDK4 protein content would increase 6d of high fat feeding, and would drop during

3h of carbohydrate re-feeding

4. PDK2 protein would increase following 6d of high fat feeding, and would remain

elevated during carbohydrate re-feeding.
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CHAPTER 4

METHODS

Eight healthy men (mean age and weight 21.5 ± 1.5y and 71.4 ± 16.3 kg) volunteered

for the study. All of the subjects were recreationally active (2-5 times-wk'') but none

participated in regimented exercise or sports programs. All subjects were informed of the

study protocol and associated risks before giving written informed consent. The Human

Research Ethics Boards of McMaster University and Brock University approved the

study.

Pre-experimentalprotocol.

Prior to the experiment, each subject monitored and recorded his diet for 3d. Each

subject then submitted a 3d diet record, which was analyzed using Nutripro Diet Analysis

Software (West Publishing, Salem, OR). Using this software, "control" diets were

formulated in order to simulate each subject's habitual mixed diet (50:30:20% -

CHO:fat:protein). A high fat/low CHO diet was also designed for each subject and

formulated to provide 5:75:20% - CHO:fat:protein. The two diets were designed to be

eucaloric. Each subject was given specific dietary instructions with specific quantities of

food for CON and HF feeding. Compliance was monitored on a daily basis and only

slight modifications were permitted following subsequent dietary analysis and approval.

Experimental protocol.

The subjects reported to the laboratory on two separate occasions. For 3d prior to their

first visit, subjects consumed the standardized control (CON). The subjects were

restricted to activities of daily living, and instructed to refrain from exercise and alcohol

consumption during the course of the study. -.
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On the first visit, the subjects reported to the laboratory first thing in the morning

following a typical overnight fast (10-12h). A single blood sample was obtained from an

antecubital vein of one arm using a vacutainer. One leg was prepared for two,

percutaneous needle biopsies from the vastus lateralis muscle under local anesthetic, as

previously described [5]. Subjects were anesthetized just below the skin surface.

Incisions were then made and anesthetic was injected a second time to ensure that the

entire area above the biopsy site was frozen. The first biopsy sample obtained was

dissected free of blood and connective tissue, and processed for mitochondrial extraction

for the determination of PDK activity and isofonn protein. A second biopsy sample was

taken immediately following the first, and frozen in liquid nitrogen (N2) for

determination of PDHa activity. This process was followed for each pair of muscle

biopsies at each time point.

The subjects began the 6d high fat/low CHO (HF) diet the morning following the first

laboratory visit. Following the HF diet, the subjects fasted overnight (10-12h) and

returned to the laboratory the following morning (day 7). A teflon catheter was inserted

into an antecubital vein of one arm. A blood sample was obtained (0 time) and patency

was maintained with a sterile non-heparinized isotonic solution. This time both legs were

prepared for percutaneous muscle biopsies, as previously described [5].

Upon completion of the muscle and blood sampling, the subjects were re-fed a

standardized high CHO meal (88:5:7% - CHO:fat:protein) consisting of high glycemic

index foods (English muffins, jam, bananas, and orange juice). Since a normal meal

consumption pattern consists of approximately three food intakes daily, the re-feeding

meal was designed to represent approximately one third of each subject's habitual caloric
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intake. In our subjects, the energy content of the meal ranged from 854 to 1316 Kcal,

with an average intake of 1041 ±69 Kcal. The time points for the muscle biopsies were

determined following a pilot study involving two subjects. Blood samples were obtained

every 30 min for the first hour, and then every hour for the remaining 6h. Muscle biopsy

samples were obtained 3h following the re-feeding. Subjects again consumed the mixed

CHO meal and biopsies were obtained 3h following the second bout of re-feeding. The

pilot study data revealed that PDK activity had returned to baseline by 3h in both

subjects. As a result, the protocol was changed by eliminating the 6h time point and

adding a 45 min post re-feeding sampling point, while maintaining the 3h time point. Our

remaining six subjects returned to the laboratory following the high fat/low CHO diet and

overnight fast (10 - 12h) (day 7). A catheter was inserted into an antecubital vein on one

arm. A blood sample was obtained (0 time) and patency was maintained with a sterile

non-heparinized isotonic solution. Both legs were prepared for percutaneous muscle

biopsies, as previously described [5]. Two biopsy samples were obtained from one leg. as

described above. Upon completion of the muscle and blood sampling, the subjects were

re-fed the standardized meal of mixed CHO that was equivalent to approximately one

third of their daily caloric requirement. Blood samples were obtained every 15 min for

the first hour, and every 30 min for the remaining 2h. A second set of muscle biopsy

samples were obtained 45 min post re-feeding from the opposite leg, and a third set of

biopsy samples were taken 3h post re-feeding.

Blood analyses. ^-l

Blood samples (4-5 ml) were drawn using a standard syringe during the pre-

experimental protocol and from the indwelling catheter during the experimental protocol.
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One portion of whole blood (200 ^il) was added to 0.6 N perchloric acid (1 ml), vortexed

and centrifuged at 10 000 rpm for 3 min. The supernatant was removed and subsequently

analyzed for glucose, glycerol, lactate, and P-hydroxybutyrate (P-HB)

spectrophotometrically as previously described [4]. A second portion of whole blood was

centrifuged and approximately 1 ml of plasma was removed for measurement of plasma

FFA and insulin. Plasma FFA concentration was measurd using a Wako NEFA C test kit

(Wako Chemicals, Richmond, VA). The remaining aliquot of plasma was analyzed for

insulin using a Coat-a-Count Insulin test kit (Diagnostics Products, Los Angeles, CA).

Muscle analyses.

The first muscle sample (~75- 100 mg) at each time point was used for fresh muscle

extraction of mitochondria, and subsequently, for the measurement of PDK and citrate

synthase (CS) activities, as well as for PDK protein content. The second muscle sample

from each time point was immediately frozen in liquid N2 for analysis of PDHa activity,

total homogenate CS, and total homogenate creatine (TCr). CS activites were used to

calculate mitochondrial recovery and the quality of mitochondrial extraction. TCr was

measured to correct for blood and connective tissue in the wet muscle homogemate.

Mitochondrialpreparation for PDK activity.

Intact mitochondria were extracted from the fresh muscle homogenate using

differential centrifugation, as previously described [28, 41]. Briefly, 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
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14,000g (lOmin). The pellet was washed, re-suspended, and pelleted twice (7,000 g,

lOmin) in 10 volumes of 100 mM KCl, 40 mM Tris • HCl, 10 mM 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 |il of

sucrose and mannitol). This was partitioned for PDK, extra-mitochondrial CS (CSem) and

total mitochondrial suspension CS (CS,s). The PDK suspension was incubated at 30° C

for 20 min in a buffer containing 1 )aM carbonyl cyanide «?-chlorophenyl-hydrazone (a

mitochondrial uncoupler), 20 mM Tris-HCl, 120 mM potassium chloride, 2 mM EGTA,

and 5mM potassium phosphate at a pH of 7.4. This incubation drives the ATP

concentration in the intact mitochondria to zero, by forcing the mitochondria to respire

due to uncoupling. This results in the complete conversion of PDH to the active form of

PDHa. Mitochondria were then pelleted at 7000g for 10-min and stored in liquid N: for

future analysis of PDK activity.

PDK activity.

PDK activity was measured according to the protocol outlined by Peters et al. [48].

Mitochondria were re-suspended in a phosphate buffer containing 30 mM KH2PO4, 5mM

EGTA, 5mM DTT, 10% BSA, 25 mM oligomycin B, 1 mM tosyl-lypsyl-chloro-methyl-

ketone (protease inhibitor), and 10% Triton X-100 (detergent), pH 7.0. Mitochondria

were freeze-thawed twice following re-suspension to break all of the mitochondria. The

mito-chondrial extract suspension was then warmed to 30°C and two aliquots were

removed and added to a buffer containing dichloroacetate and sodium fluoride (NaF), pH

33



iVu



7.8. This buffer locks PDHa activity via PDK and PDP inhibition respectively. These

initial samples represent total PDH at zero time. The reaction was then initiated by

adding magnesium-ATP (3 mM concentration) to the remaining suspension. Timed

samples were removed every 30s for the first 2 min, and then every minute up to 4 min

for the pre-high fat diet muscle biopsy samples (PRE). Timed samples were removed

every 30s for the first 3 min, and again at 4 min for the three post-high fat diet biopsy

samples (POST) as it was expected that the PDK activity would be elevated. Each sample

was immediately placed in the dichloracetate-NaF buffer and stored on ice for analysis of

PDHa activity by the radioisotopic measurement of acetyl-CoA production, as previously

described [12, 57]. PDK activity is reported as the apparent first-order rate constant of the

inactivation of PDH (min'') or as the slope of ln[%(PDHa activity with ATP

addition)/(total PDH without ATP addition)] vs. time [16, 79]. The slope was determined

using linear regression analysis.

Mitochondrial and total homogenate CS activity.

CS activity was measured with a spectrophotometer using the enzymatic method to

link the release of CoASH to the colourometric agent dithiobis-2-nitrobenzoate, as

previously described [67]. CS activifies in the mitochondrial suspensions and total muscle

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

mitochondrial preparations [48]. Following mitochondrial suspension, CSts and CSem

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

the mitochondria.

% Fractional Recovery = (CSts - CSem) / CShm

% Intact Mitochondria = 1 00 x (CSts - CSem) / CS,s
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PDHa activity.

Approximately 1 mg of frozen wet muscle was chipped from the frozen biopsies

under liquid N2 for the determination of PDHa, as previously described [12, 57]. To

summarize, muscle samples were homogenized in a buffer (pH 7.8) that contained

dichloroacetate and NaF to inhibit PDK and PDF respectively. A volume corresponding

to the ratio 30 \i.\ buffer: 1 mg muscle was used for homogenizing. PDHa activity was

determined by adding 30 ^1 of muscle homogenate to a reagent mixture at 37°. The

reagent mixture contained the necessary coenzymes (3mM NAD, ImM CoA, and ImM

TPP) to drive the PDHa reaction as formerly outlined [57]. 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 \x\ 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 [10, 12, 57]. Linear regression

analysis of acetyl-CoA vs. time plots were perfomied to the determine reaction rates for

PDHa. • '
'

• '

Total Creatine. '

TCr content was measured spectrophotometrically in PDHa muscle homogenate

extracts neutralized with PCA according to the method of Bergmeyer and co-workers [4].

In order to control for the presence of blood and connective tissue in the muscle samples,

the highest creatine concentration in each subject's set of biopsy samples was used as a

correction factor for the PDHa activity.
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PDK2 and PDK4 Protein.

PDK protein content was measured using Western blotting analysis, as previously

described [50]. Briefly, mitochondria were diluted to a final protein concentration of 1

\xgl\\\ in 50mM Tris-HCl, pH 6.8, containing 2% (wt/vol) SDS, 0.1 M dithiothreitol, 0.1%

(wt/vol) bromophenol blue, 10% (vol/vol) glycerol, 1 mM benzamidine, 0.1 mg/ml

trypsin inhibitor, 1 ng/ml aprotinin, 0.1 mM tosyl-lysyl phenylmethyl ketone, 1 fiM

leupeptin, and 1 |iM pepstatin A. Samples were solubilized by boiling for 5 min and then

cooled on ice for 5 min. Samples of mitochondrial preparations (18-19 \ig protein/lane)

were subjected to SDS-PAGE (12% running and 4% stacking), electro-blotting and

immuno-detection by enhanced chemiluminescence (ECL-plus, Amersham Biosciences,

NJ, USA). Primary polyclonal antibodies for PDK2 and PDK4 were obtained from Santa

Cruz Biotechnology (CA, USA) and used as recommended by the supplier (1:200

dilution). Blots were blocked using 5% skim milk in TBST (20 mM Tris base, 137 mM

NaCl, 0.1% (v/v) Tween 20, pH 7.5) for Ih, and incubated overnight with primary

antibody at +4''C. The secondary antibody was peroxidase conjugated bovine anti-goat

IgG (Santa Cruz Biotechnology, CA, USA) at 1 :20000 in 5% skim milk/TBST. Protein

was analyzed and quantified using Scion Imaging Software (Scion Corporation,

Frederick, Md, USA).

StatisticalAnalyses.

Muscle data and blood data results were analyzed using a one-way ANOVA with a

Fisher-protected post-hoc test. All blood and muscle data are presented as means ± SE.

Significance was accepted at p<0.05.
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CHAPTER 5

RESULTS

Diet Analysis.
*

Dietary analyses on the CON diet revealed that subjects consumed 51.7 ± 0.9 % CHO,

28.7 ± 1 .0 % fat, and 19.4 ± 0.7 % protein on the CON diet. The subjects consumed 4.2 ±

0.2 % CHO, 75.6 ± 0.4 % fat, and 20.3 ± 0.4 % protein on the HF diet (Table 1). Total

energy intake was eucaloric compared to each subject's habitual diet.

Table 1. Summary of the total energy intake and breakdown for each of the diets.

Variable





Blood Variables.

The concentrations for the various blood variables are listed for both pre- and post-HF

diet time points in Table 2. There were no significant differences in the plasma

concentrations of glucose, lactate, and P-HB. Glycerol and FFA were significantly

increased with high fat feeding while insulin significantly decreased (Table 2).

Table 2. Summary of blood glucose, lactate, glycerol, P-HB, and plasma insulin and
FFA concentrations. *, signiflcantly different atp<0.05.





Figure 4. Venous blood glucose concentrations for 3h following re-feeding of a high

CHO meal. Values are mean ± SE. *, significantly different at p< 0.05.
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Figure 6. Venous plasma insulin concentrations for 3h following re-feeding of a high

CHO meal. Values are mean ± SE. * significantly different at p< 0.05.
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Figure 8. Venous plasma FFA concentration for 3h following re-feeding of a high

CHO meal. Values are mean ± SE. *, significantly different atp<0.05.
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Muscle Biopsies.

PDK

PDK activity was higher following the HF diet compared to baseline (0.247 ± 0.025

min"' HF vs. 0.081 ± 0.008 min"' in CON at p< 0.005). With CHO re-feeding, PDK

activity started to decrease at 45 min post-meal (0.167 ± 0.051 min'') and had returned to

baseline within 3h (0.1 1 1 ± 0.014 min''). PDK activity at 6h was 0.1 16 ± 0.037 min'

(n=2, Figure 10).

PDHa

PDHa activity decreased significantly from 0.89 ± 0.21 mmol-min'kg w.w. in CON

to 0.32 ± 0.05 mmolmin"'-kg w.w. following HF. With re-feeding, PDHa increased at 45

min (0.74 ±0.19 mmol-min''-kg w.w.), and remained elevated at 3 h (0.43 ± 0.08

mmol-min''-kg w.w.). Similarly, PDHa remained elevated at 6h (0.53 ± 0.00 mmol-min'

'•kg W.W.). Only the post-HF PDHa activity was significantly different from all other

time points (Figure 10).

PDK2 and PDK4 Protein

PDK2 protein was unchanged both following the diet and in response to re-feeding

(mean values (n=8) for pre and post, 45 min, and 3h: 6150 ± 31; 6309 ± 215; 6230 ± 42;

6164 ± 287 arbitrary units, respectively). PDK4 protein increased approximately 31%

following the high fat diet and returned to baseline by 3h (mean value (n=2) for CON =

4298 and post HF = 6200 arbitrary units, respectively).

6h
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Figure 10. PDK and PDHa activities. PDK activity (top panel) was measured in

intact mitochondria following each diet and following re-feeding. PDHa (bottom

panel) was measured from frozen muscle following each diet and re-feeding. Bars
with the same letter are not significantly different.
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Figure 11. PDK2 and PDK4 protein concentrations. Representative blots of two

subjects for each isoform.

Pre Post 45 min 3 h

Pre Post 3 h 6 h

PDK2

PDK4

Citrate Synthase (CS)

The percent fractional mitochondrial recovery averaged 3 1 ± 5%, and the quality of

the preparation was 83 ± 4%. This value was lower than expected, which may have been

due to the need to process several samples simultaneously. This created the potential for

some samples to sit without treatment for longer than recommended periods of time. As

a result, some mitochondria may have been damaged or lost.

CHAPTER 6

DISCUSSION
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The primary purpose of this study was to examine the time course for the reversal of

the adaptive up-regulation in PDK activity following the high fat diet through

administration of a standardized, high carbohydrate/low fat meal. The main findings of

the study were that PDK activity decreased rapidly following carbohydrate re-feeding and

returned to baseline within 3h. This was accompanied by a corresponding decrease in

PDK4 protein. PDHa activity was rapidly increased following carbohydrate re-feeding

and returned to baseline within 45 min of the re-fed meal.

Re-feeding protocol.

The pilot study data from two subjects revealed that the reversal in PDK activity

occurred within the first 3h. As a result, the 6h time point was deemed to be "too late" to

be of use in describing the time course and therefore a sampling point was established at

45 min post re-feeding, and the 3h time point was maintained. It was rationalized that the

45 min time point would be more reasonable in terms of timing to determine the time

course for the reversal of the increase in PDK activity, which resulted from the re-

feeding. It was assumed that this reversal would mirror, or would be inversely correlated

with the expected increase in blood glucose and plasma insulin concentrations that are

typically observed with an oral glucose tolerance test. In a study analyzing glucose

disposal following a HF diet, Pehleman et al. showed that blood glucose peaked at 30

min following an oral glucose tolerance test in both control and HF treatments (6.30 ±

0.72 vs. 5.32 ± 0.16) [47]. Insulin meanwhile peaked at 30 min following the pre-diet

(86.44 ± 12.67) and at 60 min with the HF diet (98.38 ± 16.08) [47]. As a result, the 45

min time point for PDK acfivity was selected in order to follow the expected 30 min peak

in blood glucose following re-feeding.

4$



.:^ .«i i:

•'>'.'
'>*!(':: iC--



Bloodparameters.

With the high fat diet perturbation, the reHance on fat utihzation was dramatically

increased as evidenced by the observed increase in glycerol and plasma FFA

concentrations, as well as a 4-fold increase in P-HB, which was not significant. Similar

changes in these blood constituents have been reported previously, and were

accompanied by an immediate drop in the respiratory exchange ratio to -0.7 (-100% fat

oxidation) in as little as 24h on a high fat diet [50].

Following re-feeding, there was an abrupt decrease in blood glycerol, P-HB, and

plasma FFA, indicating a rapid shift toward higher CHO oxidation. Blood glucose and

plasma insulin concentrations showed a marked increase with re-feeding. The increase in

lactate following re-feeding suggests an increased flux rate through the glycolytic

pathway. High glycolytic flux rates following re-feeding would result in increased

pyruvate production, which would exceed the capacity for oxidation through PDH.

Therefore, through a mass action effect, pyruvate was converted to lactate and released

into the bloodstream. Although it cannot be determined from this study whether this

increase in lactate was greater after the HF diet, it is possible that this is consistent with

the observed increase in the pyruvate-insensitive isofomi PDK4 [73, 75, 82]. To fully

examine this possibility, a subsequent study would have to be designed in which muscle

pyruvate and blood lactate are measured during the re-feeding process, following both the

pre-diet and HF diet.
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PDK activity andPDK isoforms.

An increased PDK activity in response to high fat feeding has been shown previously

in human skeletal muscle [48, 50]. However, the mechanism(s) responsible for the

observed increase in PDK activity were not fully understood. Possible explanations

included an increase in the specific activity or protein concentration of PDK4, or both.

Changes in the specific activity could be mediated by changes in acute mitochondrial

effectors due to high fat feeding and increased FFA availability. The changes in these

effectors could increase PDK activity by enhancing PDK binding to the E2 core of the

PDH complex [58, 62]. An improved association with the E2 component has been shown

to significantly enhance PDK activity [84]. \''

An increased PDK protein concentration could also be mediated through an increased

FFA availability as FFA function as natural ligands for PPARs. PPARs have been shown

to act as transcriptional activators for the genes associated with FFA metabolism [38, 43,

75, 83]. Evidence for PPAR involvement in PDK4 activation is strong, yet the precise

mechanism remains unclear. While Wu et al. demonstrated an increased PDK4 mRNA,

protein concentration, and activity in rat skeletal muscle through PPARa activation, other

work has shown PPARS as a possible activator of PDK4 [43, 83]. More recent evidence

however, suggests a diminished role for PPAR involvement in the regulation of PDK4

transcriptional activity. Pilegaard et al. showed an increase in PDK4 transcriptional rate

and mRNA content following carbohydrate re-feeding in humans [53]. This treatment

would likely minimize FFA availability, which would suggest an alternate mechanism for

PDK4 gene activation independent of FFA-activated PPARa or PPARS.
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Insulin could also play a role in regulating the observed increase in PDK expression

and/or activity. With high fat feeding, the associated increase in fat oxidation has been

shown to correlate with an increased insulin resistance in both human and rat skeletal

muscle [47, 63, 75]. For example, in a similar diet study, Pehleman et al. demonstrated a

measurable increase in the area under the curve for insulin and glucose in healthy

subjects during an oral glucose tolerance test (suggesting a decreased insulin sensitivity)

following only 72h on a similar high-fat diet [47]. Although there did not appear to be

any change in plasma insulin concentration between the pre- and post-diet conditions in

this study, there may have been a decrease in the sensitivity of the hormone at the target

sites in skeletal muscle. This resistance to insulin would be expected to enhance PDK

activity, since insulin has been shown to play a role in the suppression of PDK4 and

PDK2 gene expression [23, 26, 40]. . ,.

Contrary to our fourth hypothesis, PDK2 protein concentration did not increase in this

study in response to the HF diet. This hypothesis was generated based on the fact that

PDK2 mRNA had been shown to increase in rats and humans in more prolonged

situations of FFA reliance. Peters and co-workers demonstrated a 2 to 3-fold increase in

PDK2 mRNA, but not in PDK2 protein, in fast oxidative muscles of rats fasted for just

24h following a high fat diet. However, Sugden et al. observed an increase in PDK2

protein content in rat anterior tibialis, a typical fast twitch muscle following a longer, 48h

fast [72]. Using a 28d high fat diet, Holness and others showed an increased PDK2

protein content in rat soleus (slow) and anterior tibialis (fast) muscles [23]. Taken

together, these data suggest that an expanded time frame of high fat feeding could lead to

an increased expression of PDK2 in humans; interestingly, previous research work has
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shown no change in PDK2 protein or mRNA following a 3d diet [50]. Although there are

no human studies to date to suggest that an increase in PDK2 protein would occur in

situations of prolonged fat reliance, it is possible that even a 6d diet is insufficient to

stimulate changes in the PDK2 isoform. In terms of gene expression, however, with

chronic reliance on fat oxidation due to impaired insulin sensitivity, Majer et al. did

observe an increase in PDK2 mRNA, which was positively correlated to body fat

percentage in otherwise healthy non-diabetic subjects [40]. There was, however, a great

degree of inter-subject variability in the PDK2 mRNA content in their study, which

precluded statistical significance [40].

In contrast to PDK4, which appears to respond to dietary stress, there is evidence that

the PDK2 isoform responds to the energy status of the cell. Hiromasa and Roche have

recently demonstrated decreased affinity of PDK2 for the E2 core of the PDH complex in

the presence of ATP [22]. PDK association with the E2 component of the PDH complex

significantly enhances PDK activity and catalytic efficiency [1, 84]. In addition, a recent

study by LeBlanc and co-workers has demonstrated that it is the PDK2, and not the

PDK4, isoform, which is up-regulated in response to exercise training in human skeletal

muscle [34]. This change would allow for carbohydrate sparing without any

compromised function in PDHa since PDK2 is sensitive to pyruvate inhibition. Our

subjects consumed a high fat diet that was eucaloric with their habitual diets and did not

exercise. It is thus reasonable to suggest that muscle energy charge remained unchanged

in our subjects, which according to Hiromasa and Roche would limit PDK2 interaction

with the E2 core. The maintenance of the muscle energy charge coupled with the lack of
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exercise in our subjects would presumably limit the stimulus for increases in PDK2

protein. It does however warrant further investigation. 'r

As expected, PDK4 protein content increased following high fat feeding. Previous

work from this lab reported mean increases of 70% following a 3d HF diet [50]. The

present study demonstrated an average increase of 44% in PDK4 protein content. One

subject increased 6-fold, while another increased 1.4-fold, suggesting that in a greater

sample size, we could expect a large inter-subject variability. Regardless, PDK4 would

be the isoform expected to change, as it appears to be responsive to changes in lipid

status via dietary stress, and it is also the least sensitive to pyruvate inhibition [75]. This

would prohibit PDH activation even in the face of higher glycolytic flux, thereby

allowing for pyruvate diversion through alternate pathways and sparing of three-carbon

molecules for gluconeogensis [73, 75]. The large increase in venous lactate concentration

in the first hour of re-feeding (up to ~3 mM in a resting situation) corroborates this

supposition, as discussed earlier.
,

. v'

.

With re-feeding, PDK activity was fully reversed by 3h. PDK4 protein content was

also reversed following re-feeding. In a recent study by Pilegaard et al., transcriptional

regulation was examined in human skeletal muscle following a 20h fast [53]. PDK4

transcription rate increased 9-fold following the fast, continued to increase to 60 to 80-

fold above control levels with re-feeding, and was independent of re-feeding meal type

(CHO or fat) [53]. Unfortunately, neither PDK4 protein content nor PDK activity were

measured in their study. The increase in PDK4 mRNA with re-feeding was surprising,

given that the PDK4 isoform is more responsive to lipid supply and FFA oxidation. The

observation of Pilegaard's group contrasts the decrease in PDK activity and PDK4
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protein that was demonstrated in the present study. If the transcription rate increased with

re-feeding, it would be reasonable to expect an increase in protein content and/or PDK

activity, but our data showed a decrease in protein following re-feeding of CHO. While

we had complete Western blots for only two subjects, both demonstrated the same

decrease at 3h with re-feeding. Clearly, there is dissociation between transcriptional

regulation of the PDK4 gene, and what is actually more physiologically relevant with

respect to alterations in protein expression and PDK activity in human skeletal muscle.

Sugden et al. demonstrated a reversal in PDK activity and PDK4 protein in rat muscle

with re-feeding following a 48h fast [72]. In slow-twitch muscle, they observed a 41%

decrease in PDK activity with re-feeding, while only a 33% decrease was observed in

fast-twitch muscle [72]. With regard to protein content, PDK4 decreased by 39% and

20% in slow- and fast-twitch muscle, respectively [72]. These observations occurred over

a 4h span. The data from the present study showed complete reversal within 3h.

The possible mechanisms behind this reversal are complex and not fully understood.

Re-feeding may have altered the specific activity of PDK by altering its association with

the E2 core of the PDH complex. Based on the observed decrease in PDK4 protein, it

might be expected that activity would also decrease as a result of there being less enzyme

present to catalyze the inactivation of PDHa. It is unclear, however, whether the observed

decrease in PDK activity is entirely due to there being less PDK4 protein or less specific

activity of the existing isoforms, or a combination of both.

PDHa activity.

PDH activity is acutely regulated covalently through the PDK/PDP-dependent

phosphorylation state and through acute effectors such as the ATP/ADP, acetyl CoA/CoA
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and NADH/NAD^ ratios, as well as pyruvate and insulin [3, 36, 75]. PDHa activity

decreased significantly following the HF diet, but returned to baseline within 45 min of

re-feeding. With re-feeding, the increase in PDHa activity would be due to changes in the

acute effectors, particularly pyruvate and insulin. Given the increase in lactate formation

that was observed with re-feeding, it is reasonable to conclude that the glycolytic flux

was escalated, and that muscle pyruvate concentration was elevated, although this was

not measured in this study. With the observed decrease in PDK activity, and the reduction

in the pyruvate-insensitive PDK4 isoform protein with re-feeding, pyruvate inhibition of

PDK would be augmented, allowing for an increased PDHa formation and flux of

pyruvate to oxidation. ''

Insulin would be expected to play a role in the activation of PDH with re-feeding by

aiding in the suppression of PDK expression by down-regulating PDK2 and PDK4

mRNA [23, 26, 40]. Evidence from animal work suggests that insulin acutely stimulates

PDP2 in rat heart and kidney, which activates the complex [27]. Although PDPl

concentration dominates in skeletal muscle, there is evidence that insulin is able to

acutely activate the complex [17]. Given the anabolic role of insulin in metabolism,

insulin-stimulated glucose uptake would have been enhanced with re-feeding, in response

to the significant increase in plasma insulin concentration. This increase in uptake would

have augmented both glycolytic flux and muscle pyruvate production as discussed above.

Future studies. v ir t t

Building on the results reported in this thesis, future research aimed at elaborating on

the mechanisms involved in the up-regulation of PDK activity with carbohydrate re-

feeding should include measures of pyruvate sensitivity both pre- and post-diet
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perturbation. By measuring muscle and blood lactate, as well as muscle pyruvate, the

potential effect of diet on lactate production could be elucidated.

Gender differences in muscle oxidative metabolism have been reported previously

[64]. The present study focused exclusively on PDK activity in male subjects only. It is

not clear whether there is a gender difference with respect to changes in PDK activity in

response to diet or re-feeding. The PDH complex occupies a pivotal role in oxidative

carbohydrate disposal, and its regulation by PDK through diet perturbations could vary

between genders.

Ethnic differences in PDK activity and isoform expression could also be a potential

area of exploration. Impairments in insulin sensitivity are common among ethnic

populations, such as the Pima Indians of Arizona [40], and comparisons could also be

made using diabetic subjects. Insulin plays a crucial role in carbohydrate and FFA uptake

and oxidation in skeletal muscle. It also appears to influence PDHa activity through

PDP2. How these factors affect PDK activity or PDK isoform expression between

populations, and within individuals, with clinical diabetes could be a fruitful area of

study. . -:r x

Similarly, examining subjects who would be considered clinically healthy, but who

may show impaired glucose tolerance might yield valuable insight into the development

of type II diabetes. The participants of this study showed tremendous variability in their

plasma insulin response to re-feeding. Two subjects peaked well above 100 uU ml' at the

30 min point following re-feeding, although the mean was 75.8 ± 28.74 (Figure 6). These

values are extremely high for subjects who are in their mid-twenties and considered

recreationally active. Other subjects were extremely efficient in handling the
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carbohydrate load during re-feeding, and only demonstrated modest increases in plasma

insulin concentrations. The potential differences between highly active and recreationally

active individuals in glucose tolerance and the associated effects on PDK activity could

prove rewarding.

Altering the composition of the diet could also prove useful in determining if there is a

differential response among the PDK isoforms to diet. The present study employed a diet

perturbation with very little carbohydrate content (-5%) to induce changes in PDK

activity. With such a high proportion of calories derived from fat, PDK4 was the most

responsive (lipid status isoform). Perhaps a diet with slightly more carbohydrate and

protein, or one that is calorie-reduced could induce changes in PDK2 (energy status

isoform) gene expression, or protein content over a prolonged period of time.

Summaiy and Conclusions.

This study examined the time course for the reversal of the observed increase in high

fat feeding induced up-regulation of PDK activity with carbohydrate re-feeding. It is

concluded that this reversal is complete within 3h of carbohydrate consumption. In

addition, PDHa activity was increased with re-feeding and returned to baseline 45 min

following re-feeding, accompanied by a decrease in PDK4 protein. These results are in

stark contrast to previous work, which demonstrated an increase in PDK4 mRNA in

response to re-feeding, which might have suggested that PDK4 protein, would increase as

well [53]. PDK2 however, was unaltered by the HF diet perturbation and re-feeding. The

reduction in PDK activity and PDK4 protein would have allowed for an increased flux

through PDH and an increase in CHO oxidation with re-feeding. It is clear that in

metabolically healthy individuals, this up-regulation in PDK would act as a defense

54



bto'

'.i';;l

'At * .r'' *1 ..-.'ijM

..'
' .'ftiims '•



mechanism to inhibit CHO oxidation, and allow for glucose sparing when exogenous

glucose is scarce. However, in individuals who face metabolic deficiencies, such as type

II diabetes, this apparent defense mechanism would only exacerbate their impairment in

glucose disposal. The present study demonstrates that CHO re-feeding plays a pivotal

role in maintaining an open pathway for glucose oxidation and disposal, and that the

effect of re-feeding CHO on PDH and PDK activity, as well as PDK4 protein, is very

rapid, occurring in less than 3h.
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APPENDIX

DIET ANALYSES

Pre-Diet and HF diet percentages.

PRE DIET

PERCENT
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Pre-diet breakdown in grams.





High fat diet breakdown in grams.
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Diet Summary.

PRE HF/LC

% CARBOHYDRATE
% TOTAL FAT

% PROTEIN

51.74 ±0.92

28.67 ± 0.98

19.42 ±0.68

4.21 ± 0.16

75.58 ± 0.43

19.50 ±0.77

TOTAL CALORIES 2456.79 ± 114.96 3046.75 ± 98.59
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