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ABSTRACT

Regulation of the flux-generating enzyme complex pyruvate dehydrogenase (PDHc)
was examined in the context of its physiological function in human skeletal muscle. In the
first two studies, the role of PDHc in intramuscular fuel selection and the mechanisms
regulating PDHc transformation from its inactive form (PDHDb) to its active form (PDHa)
and PDHa activity were examined. In a third study, the role of PDHc in muscle lactate
production during exercise and recovery was assessed and the factors controlling
transformation to PDHa were also examined.

In the first study, 5 subjects were examined during rest and cycling exercise at 75%
of VO;max after 3 days of consuming a low-carbohydrate (LCD) or high-carbohydrate
(HCD) diet. In the second study, 8 subjects were examined at rest and during cycling exercise
at 40% and 80% VO,max while they were infused with sodium acetate (ACE) or sodium
bicarbonate (BIC). At rest, consumption of a LCD and ACE infusion increased the
intramuscular acetylCoA-to-CoASH ratio and citrate, as a result of increased oxidation of
available fat fuels and acetate, respectively. Elevation of the acetylCoA-t0-CoASH ratio and
citrate inhibited PDHa and phosphofructokinase activity, respectively. Consequently, the rates
of pyruvate oxidation by PDHa and pyruvate production by glycolysis were reduced
preventing the oxidation of intramuscular glucose. The resting results of these two studies
were consistent with the operation of a reciprocal cycle of glucose and fat oxidation for
intramuscular energy production. The events leading to glucose restriction were initiated by
changes in acetylCoA accumulation which caused an increase in the acetylCoA-to-CoASH
ratio and citrate concentration which induced the transformation of PDHa to PDHb and

inhibition of glycolytic flux, respectively.



In contrast, during exercise at 40%, 75% and 80% VOzmax, transformation from
PDHb to PDHa was determined by Ca?* and was not restricted in any of the conditions
except the LCD condition. Lower PDHa activity and incomplete transformation to PDHa
occurred in this condition, placing a restriction on intramuscular glucose utilization. However,
the acetylCoA-t0-CoASH ratio actually decreased in this condition, suggesting that the lower
rate of transformation was independent of alterations in the acetylCoA-to-CoASH ratio. In
contrast, when transformation to PDHa was not limited in any other condition there was an
increase in the acetylCoA-to-CoASH ratio which should have limited transformation. Thus,
during exercise, the restriction on muscle glucose oxidation occurred only after a LCD
indicating that this reciprocal cycle of fuel selection and utilization was also operating during
exercise and that PDHc transformation was an integral part of its operation. However, during
exercise, the regulatory factors controlling PDHa differed from those that determined the
activity of this enzyme at rest. Lower PDHa during exercise in the LCD condition was
consistent with an increase in the PDH-kinase/PDH-phosphatase activity ratio, in the 3 day
period before exercise, increasing the occupancy of monophosphate esters on both the
transformation site and the inhibitory sites of the E1& components. Incomplete removal of
these additional phosphate esters by PDH-phosphatase during exercise may have then
resulted in lower PDHa and glucose conservation later on during exercise.

In a third study, ihe role of PDHa in muscle lactate production during exercise and
recovery was examined and the factors controlling PDHc transformation were determined
in 7 subjects. During repeated 30 second bouts of maximal isokinetic cycling exercise,
complete transformation to PDHa occurred concurrently with muscle lactate accumulation
and increased mitochondrial oxidation, indicating that lactate production was not dependent
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on the development of tissue hypoxia. Instead, during exercise muscle lactate production
resulted from a rate of glycolytic pyruvate production that was greater than PDHa activity.
Conversely, during recovery, net lactate oxidation occurred as the lactate dehydrogenase
equilibrium shifted more toward pyruvate production and PDHa remained partially active
due to attenuation of the acetylCoA-to-CoASH ratio, reductions in the ratios of NADH-to-
NAD and ATP-to-ADP and elevated concentrations of hydrogen ion and pyruvate.

The present studies extend the analysis of PDHc regulation from in vitro and in situ
studies to human skeletal muscle in vivo. The findings of the present studies suggest that the
during muscle contraction, the most important factor regulating PDHc transformation in
human muscle is probably Ca?*, while the other regulatory factors perform secondary roles.
In contrast, during rest and recovery from maximal exercise, PDHc transformation to PDHa
and PDHa activity are determined by the intramuscular ratios of acetylCoA-to-CoASH,

NADH-to-NAD, ATP-to-ADP and the concentrations of hydrogen ion and pyruvate.



PERSONAL ACKNOWLEDGEMENTS

The present work was completed with the support and assistance of many other
individuals. I would like to express my appreciation and gratitude to my supervisory
committee, Dr. George J.F. Heigenhauser, Dr. Norman L. Jones and Dr. C.J. Toews, for
their encouragement and counsel throughout the completion of this thesis. I would especiaily
like to thank my supervisor 214 friend, Dr. George J.F. Heigenhauser, for his advice, support
and unwavering enthusiasm throughout the completion of this thesis. His commitment to
students and dedication to scientific excellence has been exemplary.

In addition to those on my supervisory committee, I have had the good fortune to
work with some other exceptional scientists throughout the course of my studies. I would like
to thank Dr. Lawrence Spriet, Dr. Eric Hultman and Dr. Gitten Cederblad for the
opportunity to work and learn in their laboratories. I am indebted to you for the experiences
and opportunities that you provided, and for your special contributions to the present work.

I would also like to thank those who lent their individual expertise to the completion
of the studies contained in this thesis. To George Obminski, Dr. M Ganagaragah, Dr. Robert
McKelvie, Dr. Larry Lands, Janet Burke, Tina Bragg, Sandra Peters, Premila Sathasivam,
Agneta Laveskog and Dr. Dumitru Constantin-Teodosiu, I thank you for your varied yet
equally important contributions to the completion of these studies. It would not have been
possible to complete the studies that comprise this thesis if not for the participation of the
subjects who took part in them. To each of them I extend a special note of appreciation.

Finally, T thank my beloved Michelle, and my parents, Charles and Karen, for their
unwavering support and understanding throughout. Your contributions may not be quite su
tangible but they were just as important to the completion of this thesis.

vi



ACKNOWLEDGEMENT OF FINANCIAL SUPPORT

I acknowledge and thank the Medical Research Council of Canada Studentship
Program and the Ontario Graduate Scholarship Program for the generous financial support
provided during my graduate studies. All of the studies contained in this thesis were funded
by the Medical Research Council of Canada and McMaster University. The first two studies
(Chapters 2 and 3) were also funded in part by the Natural Sciences and Engineering
Council of Canada, :he Swedish Medical Research Council, the Swedish Sports Research

Council and the Karolinska Institute.

COPYRIGHT ACKNOWLEDGEMENTS

Copyright of chapters 2, 3 and 4, and appendices B and C is held by the American
Physiological Society and they are reprinted in this thesis with the express written permission

of the American Physiological Society and the American Journal of Physiology.



TABLE OF CONTENTS

Chapter Section

1.1

12
1.21
1.2.2
1.3

1.4
1.4.1
1.4.1.1
1.4.1.2
1.4.1.3
1.4.2
1.4.3
1.5

1.6
1.6.1
1.6.2
1.63
1.7

1.8

1.9

2

21
2.2
23
231

Title Page

Thesis Description

Abstract

Personal Acknowledgements
Acknowledgement of Financial Support
Copyright Acknowledgements

Table of Contents

List of Figures

List of Tables

List of Symbols and Abbreviations
Format and Organization of Thesis
Contributions To Multi-Authored Papers

The Pyruvate Dehydrogenase Complex
Introduction
Theoretical Concepts in Metabolic Regulation
Regulation of Glucose Metabolism in Skeletal Muscle
Pyruvate Dehydrogenase as a Flux Generating Enzyme
Structure and Function of the Pyruvate Dehydrogenase Complex
Regulation of the Pyruvate Dehydrogenase Complex
PDHCc Regulation by Metabolite Concentration Ratios
The NADH-to-NAD Concentration Ratio
The AcetylCoA-to-CoASH Concentration Ratio
The ATP-to-ADP Concentration Ratio
Regulation by Pyruvate and [H*]
Regulation by Ca?*
Physiological Importance of PDHc
Role of PDHc in Intramuscular Fuel Selection
The Glucose-Fatty Acid Cycle
The Role of PDHc in Fuel Selection in Animal Models
The Role of PDHc in Fuel Selection in Human Muscle
Role of PDHc in Muscle Lactate Production
Rationale for Studying PDHc in Human Muscle
References

Pyruvate Dehydrogenase Activity and Acetyl-Group
Accumulation During Exercise After Different Diets
Abstract
Introduction
Methods
Subjects

O BN e Eggzu Esé‘égézé:s-Eim"" g

47
47

50
50



TABLE OF CONTENTS

Chapter Section

232
233
234
235

236
24
24.1

242
2421
2422
2423
243
24.3.1
2432
2433
244
2.5
235.1
252
253
254
2.6

31
3.2
33
3.3.1
3.3.2
333
3.34
335
3.3.6
3.3.7
34
3.4.1
3.4.2
3421

Experimental Protocol
Muscle Sampling
Analysis of Muscle
Blood Sampling, Blood Analysis
and Calculation of Blood Flow
Statistical Analysis
Results
Exercise Performance, Respiratory
Gas Exchange and Blood Flow
Blood Metabolites
Glucose
Lactate
Free Fatty Acids and Glycerol
Muscle Metabolites
Glycogen
Glucose, Glucose-6-Phosphate, Lactate, Pyruvate and Citrate
Acetyl-Group Accumulation
Pyruvate Dehydrogenase Complex
Discussion
PDHa
Acetyl-Group Accumulation
Glucose-Fatty Acid Cycle
Summary
References

Skeletal Muscle Pyruvate Debydrogenase Activity
During Acetate Infusion In Humans
Abstract
Introduction
Methods
Subjects
Pre-experimental Protocol
Experimental Protocol
Muscle Sampling
Analysis of Muscle
Blood Sampling and Analysis
Statistical Analysis
Results ]
Plasma Acetate Concentration, Plasma pH and VO,
Blood Metabolites
Glucose

50
52
52

53
54
57

57
57
57
58
58
58
58
59

61
73
73
76
78

31

BRERRR

89

91

95
95
95
95



TABLE OF CONTENTS

Chapter Section

34.22
3423
343

3.43.1
3432
3433
3.4.4

3441
3442
35
3.5.1
352
3.5.2.1
3522
3523
35.24
353
3.54
3.6

4

4.1
4.2
4.3
43.1
43.2

433
43.4
4.3.5
436
43.7
438
439
4.4

4.4.1
44.2
443
4.4.4

Lactate
Free Fatty Acids and Glycerol
Muscle Metabolites
Glycogen
Glucose-6-Phosphate, Lactate, Citrate, ATP and PCr
Acetyl-Group Accumulation
Pyruvate Dehydrogenase Complex and
The AcetylCoA-to-CoASH Ratio
Rest
Exercise
Discussion
Glucose-Fatty Acid Cycle
PDHa Regulation
Rest
Exercise
Rest-to-Work Transition
PDHa Flux
Acetate Metabolism and Acetyl-Group Accumulation
Summary
References

Skeletal Muscle Pyruvate Dehydrogenase Activity
During Maximal Exercise In Humans

Abstract

Introduction

Methods
Subjects
Experimental Protocol and Determination
of Muscle Performance
Pre-experimental Protocol
Muscle Sampling
PDHc Analysis
Metabolite Analysis
Calculations
Correlation and Multilinear Regression Analysis
Statistical Analysis

Results
Total Work
VO, ,VCO, and RER
PDHc Transformation to PDHa
AcetylCoA-to-CoASH Ratio

97

97
97

115
115
116
117
118
119
121
122
125
126

130
130
131
133
133

133
134
134
135
136
136
137
138
141
141
141
142
142



Chapter

445
44.6
44.7
4438
4.49
4.5
4.5.1
45.1.1
4.5.1.2
452
45.2.1
4522
4.5.2.3
4.5.2.4
4.52.5
45.2.6
4.5.2.7
4528
453
4.5.4
4.6

4.7

5.1
52

.21
522
S5.221

523
5231

3.3
5.3.1
5.4

54.1

TABLE OF CONTENTS
Section

ATP-to-ADP Ratio
Mitochondrial and Cytosclic Redox State
Lactate, Pyruvate and [H*]
Acetyl-Group Accumulation
Correlation and Multilinear Regression Analyses
Discussion
Lactate Metabolism
Oxygen Availability
Glycolytic Rate, PDHa Activity and Lactate Production
PDHc Regulation
Rate of PDHc Transformation
AcetylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP Ratios
AcetylCoA-to-CoASH Ratio
NADH-to-NAD Ratio
ATP-to-ADP Ratio
Pyruvate
[H*]
PDHa Flux
Contribution of PDHa Flux to ATP Production
Summary of PDHa Regulation
Summary
References

General Discussion
Introduction
PDHc Regulation by the AcetylCoA-to-CoASH, NADH-to-NAD
and ATP-to-ADP Ratios
PDHc Regulation by the AcetylCoA-to-CoASH Ratio
PDHc Regulation by the NADH-to-NAD Ratio
Future Directions for the Study of PDHc Regulation
by the AcetylCoA-to-CoASH and NADH-to-NAD Ratios
PDHc Regulation by the ATP-to-ADP Ratio
Future Directions for the Study of PDHc Regulation
by the ATP-to-ADP Ratio
PDHc Regulation by Pyruvate
Future Directions for the Study of PDHc Regulation by Pyruvate
The Role of PDHc in the Selection and Oxidation
of Metabolic Fuels in Human Skeletal Muscle
Future Directions for Studying the Role
of PDHc in the Selection and Oxidation of
Metabolic Fuels in Human Skeletal Muscle

xi

143
143
144
145
146
160
160
160
162
164
164
165
166
167
168
169
169
170
172
174
175
176

179
179

180
181
183

184
184

186
187
188

189

191



Chapter

5.5
5.5.1

5.6
5.6.1
5.6.2
5.7

Appendix A: A Comparison of Radiometric Methods For Determination

6.1

6.2

6.3
6.3.1
6.3.2
6.3.2.1
6.3.2.2
6.3.2.3
6.3.24
6.3.2.5
6.3.2.6
6.3.2.7
6.3.28
6.3.2.9
6.3.2.10
6.3.2.11

6.3.2.12
6.3.3

6.3.3.1
6.3.3.2

6.3.4
6.3.5
6.4

6.4.1

6.4.2

TABLE OF CONTENTS

Section

The Role of PDHc in Muscle Lactate Production

Future Directions for Studying the Role of
PDHc in Skeletal Muscle Lactate Production

Summary and Conclusions

Biochemical Regulatory Properties
Physiological Relevance

References

Of PDHa and PDHt In Skeletal Muscle

Abstract
Introduction
Methods

Muscle Sampling

14C0O, Method of PDHa and PDHt Determination

Reagents

Preparation of 1-1*C-Na-pyruvate

PDHa Homogenizing Buffer (HB,.)

PDHt Bomogenizing Buffer (HBu))

Assay Buffer

Acid Reagent

Preparation of Tissue Homogenate

PDHa and PDHt Assays

Pyruvate Requirement of PDHt
CO, Recovery
Linearity of The PDHa and PDHt Assays As
A Function of Homogenate Volume
Effects of Freezing and Thawing, Triton
X-100 and NaF

The AcetylCoA Method of PDHa and PDHt

Determination

PDHc Analysis

Linearity of PDHa and PDHt Assays With Time

and Concentration

Calculations

Statistical Analysis

Results

Pyruvate Requirement for the “CO, Method

of PDHt Determination

Capacity for CO, Recovery for the *CO, Method
of PDHa and PDHt Determination

xii

193

195
196
196
197
199

204
205
207
207
208
208
208
208
209
209
210
210
210
211
212

213
213

214
214

215
216
216
217
217

217



TABLE OF CONTENTS

Chapter Section
6.4.3 Linearity of the PDHa and PDHt Assays As a Function of
Homogenate Volume for the ¥CO, Method of Determination
6.4.4 Effects of freezing and thawing, Triton X-100
and NaF
6.4.5 Linearitv of PDHa and PDHt Assays With Tizne
and Concentration for the AcetylCoA Method
of Determination
6.4.6 Comparison of Two Radiometric Methods of
PDHc Determination
6.5 Discussion
6.5.1 1“CO, Method of PDHa and PDHt Determination
6.5.1.1 Pyruvate Requirement for the #*CO,

Method of PDHt Determination
6.5.1.2 Capacity for CO, Recovery for the “CO,

Method of PDHa and PDHt Determination
6.5.1.3 Linearity of the Assay With Homogenate Volume
6.5.14 Effects of Freezing and Thawing, Triton X-100 and NaF
6.5.1.5 Determination of PDHt Using the “CO, Method
6.5.1.6 Source of Variability in the ¥CQO, Method

of PDHa and PDHt Determination
6.5.2 AcetylCoA Method of PDHa and PDHt Determination
6.5.2.1 Linearity of PDHa and PDHt Assays

With Time and Concentration
6.5.2.2 Determination of PDHt Using the AcetylCoA Method
6.53 Comparison of Two Radiometric Methods

of PDHc Determination
6.5.4 Summary and Conclusions
6.6 References
Appendix B: Regulation of Fat-Carbohydrate Interaction In
Human Skeletal Muscle During Intense Cycling
Appendix C: Plasma Volume and Ion Regulation During Exercise

After Low- and High Carbohydrate Diets

218

219

219

221
239
239

239

241
242
243
245

245
246

246
247

250
251
252



Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

LIST OF FIGURES

Chapter 1

The location of PDHc in intermediary metabolism.
The mechanism of PDHa catalysis.

PDHc regulation by a phosphorylation
and dephosphorylation cycle.

The glucose-fatty acid cycle.

Chapter 2

Experimental protocol.

Muscle glycogen content during exercise to
exhaustion in the LCD condition and for the
same duration in the HCD condition.

Muscle CoASH, acetylCoA, carnitine, and acetylcarnitine
content during exercise to exhaustion in the LCD condition
and for the same duration in the HCD condition.

Muscle pyruvate dehydrogenase activity and the muscle
acetyl-CoA:CoASH ratio during exercise to exhaustion
in the LCD condition and for the same duration in the
HCD condition.

xiv

Page

14

17

26

Page

55

67

69

7



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

LIST OF FIGURES

Chapter 3

Experimental Protocol.

Concentration of plasma acetate during 20 min of Na-acetate
infusion at rest, during cycling exercise at 40% of VO,max and
during cycling exercise at 80% of VO,max.

Concentration of glucose and lactate in arterialized-venous
blood samples at rest, during cycling exercise at 40% of
VO,max and during cycling exercise at 80% of VO,max while
Na-Acetate or Na-Bicarbonate was infused.

Concentration of FFA and glycerol in arterialized-venous
blood samples at rest, during cycling exercise at 40% of
VO,max and during cycling exercise at 80% of VO,max while
Na-Acetate or Na-Bicarbonate was infused.

Muscle acetylCoA and citrate content at rest, during cycling
exercise at 40% of VO,max and during cycling exercise at
80% of VO,max while Na-Acetate or Na-Bicarbonate was
infused.

Muscle CoASH and acetylcarnitine content at rest, during
cycling exercise at 40% of VO,max and during cycling exercise
at 80% of VO,max while Na-Acetate or Na-Bicarbonate was
infused.

Muscle acetylCoA-to-CoASH ratio and pyruvate dehydrogenase
activity at rest, during cycling exercise at 40% of VO,max and
during cycling exercise at 80% of VO,max while Na-Acetate or
Na-Bicarbonate was infused.

Page
93

101

103

105

107

109

111



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

LIST OF FIGURES

Chapter 4

Experimental Protocol.

Oxygen uptake carbon dioxide output and respiratory exchange
ratio during 1 minute of rest before commencement of exercise,
rest recovery and during 30 seconds of maximal isokinetic
cycling exercise.

Muscle pyruvate dehydrogenase activity during maximal
isokinetic cycling and during rest recovery.

Mitochondrial acetylCoA-to-CoASH, ATP-to-ADP and
mitochondrial NADH-to-NAD ratios during maximal isokinetic
cycling and during rest recovery.

Muscle lactate, pyruvate and intracellular [H*] during maximal
isokinetic cycling and during rest recovery.

Total CoA, acetylCoA and free CoA during maximal isokinetic
cycling and during rest recovery.

Total camitine, acetylcarnitine and free carnitine during
maximal isokinetic cycling and during rest recovery.

Page
139

147

149

151

153

155

157



Figure 1.

Figure 2.

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

LIST OF FIGURES

Pyruvate requirement for the *CO, method of PDHt
determination.

Capacity for CO, recovery for the “CO, method of
PDHa and PDHt determination 1.

Capacity for CO, recovery for the #CO, method of
PDHa and PDHt determination II.

Linearity of the PDHa and PDHt assays with homogenate
volume, for the 1¥CQO, method of determination.

Linearity of PDHa assays with time for the acetylCoA
method of determination.

Linearity of PDHt assays with time for the acetylCoA
method of determination.

Linearity of PDHt assays with homogenate volume for
the acetylCoA method of determination.

224

226

231

233

235



Table 1.

Table 2.

Table 3.

Table 4.

Table 1.

Table 2.

LIST OF TABLES

Chapter 2

Oxygen uptake, carbon dioxide production, respiratory
exchange ratio, ventilation, oxygen content and blood flow
during cycle ergometry at 75% of VO,max following either
a low carbohydrate diet or a high carbohydrate diet for
three days.

Arterial concentration of blood borpe substrates during
cycle ergometry at 75% of VO, max following either a low
carbohydrate diet or a high carbohydrate diet for three
days.

Arterial-Venous concentration difference of blood borne
substrates during cycie ergometry at 75% of VO,max
following either a low carbohydrate diet or a high
carbohydrate diet for three days.

Muscle metabolite content in the vastus lateralis during
cycle ergometry at 75% of VO;max following either a
low carbohydrate diet or a high carbohydrate diet for
three days.

Chapter 3

Plasma pH in arterialized venous blood samples at rest and
during cycle ergometry at 40% of VO,max and at 80% of
VO,max during infusion of Na-Acetate or Na-Bicarbonate.

Muscle metabolite content in vastus lateralis at rest and
during cycle ergometry at 40% VO,max and 80% VO,max
during infusion of Na-acetate or Na-bicarbonate.

Page
63

65

Page
113

114



Table 1.

Table 2.

Table 1.

Table 2.

Table 3.

LIST OF TABLES

Chapter 4

Muscle metabolite content in the vastus lateralis
at rest and during intermittent isokinetic cycling.

Sources of ATP generation during 3 consecutive 30
second bouts of maximal isokinetic cycling exercise,
each separated by 4 minutes of rest recovery.

Appendix A

The effects of freezing and thawing, and triton X-100 on
PDHa and PDHt, and the effect of NaF on PDHa, for the
¥CO, method of determination.

Characterization of variation, accuracy and precision
for the ¥CO, method of PDHa and PDHt determination.

Characterization of variation, accuracy and precision
for the acetylCoA method of PDHa and PDHt determination.

159

173

Page
230

237

238



ACE
acetyl-TPP
acetylCoA
ADP
AMP
ATP
BIC

°C

Ca?+
CaCl,
CO,
Con

s
CoASH
Cv
DCA
DPM
DTT
El

E2

E3
EDTA
EE
EGTA
EX

Exp
8-AcDHL
FAD
FADH,
F-1,6-DP
FFA
F-6-P
G-1-P
G-6-P
HCD

H +

HCl
HE-TPP
ICDHc
KCl
KHCO,

LIST OF SYMBOLS AND ABBREVIATIONS

acctate infusion condition
acetyl-thiamine pyrophosphate
acetyl-Coenzyme A

adenosine diphosphate
adenosine monophosphate
adenosine triphosphate
bicarbonate infusion condition
degrees celsius

calcium

calcium chioride

carbon dioxide

control condition

citrate synthetase

coenzyme A

coefficient of variation
dichloroacetic acid
disintegrations per minute
dithiothreitol

pyruvate decarboxylase (E.C. 1.2.4.1}

dihydrolipoamide acetyltransferase (E.C. 2.3.1.12)

dihydrolipoamide dehydrogenase (E.C. 1.6.4.3)
ethylene diamine tetraacetic acid
end of exercise

ethylene glycol bis(p-aminoethyl ether)-N,N,N "N ’-tetraacetate

exhaustion

experimental condition
8-S-acetyldihydrolipoate

flavin adenine dinucleotide

reduced flavin adenine dinucleotide
fructose-1,6-diphosphate

free fatty acids
fructose-6-phosphate
glucose-1-phosphate
glucose-6-phosphate

high carbohydrate diet condition
hydrogen ion

hydrochloric acid
hydroxyethyl-thiamine-pyrophosphate
isocitrate dehydrogenase complex
potassium chloride

potassium bicarbonate



LIST OF SYMBOLS AND ABBREVIATIONS

K,CO,4 potassium carbonate

K;HPO, potassium phosphate

1 liter

LCD low carbohydrate diet condition

LDH lactate dehydrogenase

Liquid N, liquid nitrogen

Mg?* magnesium

MgCl, magnesium chloride

mCi millicurie

min minutes

mM millimoles per liter

mmol millimoles

NAD+ nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleotide
NaF sodium fluoride

Na,HPO, sodium phosphate

NaHCO, sodium bicarbonate

nmol nanomoles

OGDHc oxoglutarate dehydrogenase complex

O, oxygen

PCA perchloric acid

PCr phosphocreatine

PDHa active form of the pyruvate dehydrogenase complex
PDHb inactive form of the pyruvate dehydrogenase complex
PDHc pyruvate dehydrogenase complex

PDHt total activity of the pyruvate dehydrogenase compiex
PEP phosphoenolpyruvate

P; inorganic phosptate

pmol picomoles

SDH succinate dehydrogenase

TG triglyceride

TGL triglyceride lipase

TPP thiamine pyrophosphate

nCi microcurie

ul microliter

M micromoles per liter

Vo maximum enzyme activity

vCO, rate of carbon dioxide production

VO, rate of oxygen consumption

VO;max maximum oxygen uptake



FORMAT AND ORGANIZATION OF THESIS

The present thesis was prepared in the "open face” format as outlined in the School
of Graduate Studies Calendar, section 2, sub-section 2.7, "Theses". This thesis is comprised
of three published original research papers (Chapters 2, 3 and 4) and a fourth paper that has
been prepared for publication but has not yet been submitted (Appendix A). In addition,
appendices B and C each contain copies of original research papers that the author
collaborated on with others. Each of chapters 2, 3 and 4 are referenced as an individual
papers in the other chapters of this thesis. The paper of appendix A is referred to as
"Appendix A"



CONTRIBUTION TO MULTFAUTHORED PAPERS

Chapter 2
Publication

Putman, CT, LL Spriet, E. Hultman, MI Lindinger, LC Lands, RS McKelvie, G Cederblad,
NL Jones and GJF Heigenhauser. Pyruvate dehydrogenase activity and acetyl-group
accumulation during exercise after different diets. .Amercan Journal of Physiology, 265
(Endocrinology and Metabolism 28): E752-E760, 1993.

Contributions

Experiments were conducted and samples were collected by CT Putman with the assistance
of the co-authors. Special medical assistance was provided by Dr.’s RS McKelvie, L.C Lands
and G Cederblad who inserted and maintained brachial arterial and femoral venous lines and
extracted blood samples from each of the subjects. They were also responsible for regulating
glucose infusion into the antecubital vein of each subject. Special medical assistance was also
provided by Dr. E Hultman and Dr. NL Jones who took muscle biopsies of the vastus
lateralis and monitored arterial blood glucose for each subject, respectively.

The primary supervisor for this study was Dr. GJF Heigenhauser. This study was also
supervised by Dr.’s NL Jones and LL Spriet. The data contained in this paper were
generated through biochemical analysis that was completed by CT Putman with the following
exception. Muscle glycoget. : d pyruvate, and plasma free fatty acid determinations were
completed by the staff of Dr. LL Spriet’s laboratory. The data were analyzed and the paper
was written by CT Putman.

Chapter 3
Publication

Putman, CT, LL Spriet, E. Hultman, DJ Dyck and GJF Heigenhauser. Skeletal muscle
pyruvate dehydrogenase activity during acetate infusion in humans. American Journal of
Physiology 268, (Endocrinology and Metabolism 31): E1007-E1017, 1995.

Contributions

The experiments were conducted and samples were collected by CT Putman with the
assistance of the co-authors. The primary supervisor for this study was Dr. GJF
Heigenhauser. This study was also supervised by Dr. LI Spriet. PDHa and PDHt
measurements were completed by CT Putman. The remaining analysis was completed by the
technical staff of Dr. LL Spriet’s laboratory. The data were analyzed and the paper was
written by CT Putman.



CONTRIBUTION TO MULTF-AUTHORED PAPERS

Chapter 4
Publication

Putman, CT, NL Jones, LC Lands, TM Bragg, MG Hollidge-Horvat and GJF Heigenhauser.
Skeletal muscle pyruvate dehydrogenase activity during maximal exercise in humans.
American Journal of Physiology, (Endocrinology and Metabolism ): In Press, 1995

Contributions

The experiments were conducted and samples were collected by CT Putman with the
assistance of Dr. GJF Heigenhauser and Dr. LC Lands, who took the biopsies from each
subject. The primary supervisor for this study Dr. GJF Heigenhauser. This study was also
supervised by Dr. NL Jones. Biochemical analysis was completed entirely by CT Putman.
Technical ascistance was provided by TM Bragg and MG Hollidge-Horvat. The data were
analyzed and the paper was written by CT Putman.

Appendix A

A comparison of radiometric methods for determination of PDHa and PDHLt in skeletal
muscle.

Contributions

The experiments were conducted and data were generated by CT Putman. The primary
supervisor for these experiments was Dr. GJF Heigenhauser. These experiments were also
supervised by Dr.’s NL Jones and CJ Toews. The data were analyzed apd the paper was
written by CT Putman.

This study was completed to establish a reliable and sensitive method for determination of
PDHa and PDHt in small skeletal muscle samples before the other studies of this thesis
(Chapters 24 and Appendix B) were completed.



CHAFTER 1

THE PYRUVATE DEHYDROGENASE COMPLEX

11  Introduction

Skeletal muscle is a dynamic and highly adaptable tissue that comprises approximately
40% of the total body mass of humans. Its primary function is to generate movement,
permitting purposeful interaction with the environment, a requisite of which is the capacity
to draw on a variety of fuels to furnish the necessary chemical energy. This is achieved by
a variety of metabolic pathways that oxidize a number of different substrates.

Despite the presence of a variety of metabolic pathways in muscle and the ability to
draw on several different types of fuel, ATP remains the only chemical currency of energy
transfer available to the contractile apparatus. Moreover, the available pool of ATP within
skeletal muscle is small and if it were not for the combined ability of those pathways to
match the rate of ATP production to ATP demand in an integrated and controlled manner,
ATP stores would become depleted very rapidly. Thus, elaborate mechanisms exist to control
the rate of each metabolic pathway, ensuring integrated and appropriate use of available
fuels. The end result is the controlled release of chemical energy from glucose, fat and other
fuels as they are broken down by a series of linked reactions within the cytosol and
mitochondria to produce ATP. In skeletal muscle, enzyme regulation is the major means by
which energy pathways are not only controlled to match ATP production to ATP demand
but the means by which the selection of some fuels are determined.

The present chapter reviews the theoretical construct of a metabolic pathway and



2

basic mechanisms of regulation. This is followed by a summary of the pathways leading to
intramuscular glucose oxidation and an examination of the pyruvate dehydrogenase complex
(PDHc) and its regulation. In addition, the physiological importance of PDHc to energy
metabolism in human and animal skeletal muscle is examined during rest and exercise.
Finally, this chapter concludes with a description of the rationale for examining the regulation

of PDHc in human skeletal muscle.

12  Theoretical Concepts in Mectabolic Regulation

The theoretical construct of a metabolic pathway and the types and functions of
various enzymes within a pathway have been extensively reviewed in recent years by
Newsholme et al (77,78,79,80,81). According to the accounts of these authors there are three
types of enzymes that exist within a metabolic pathway: flux-generating, near-equilibrium and
pseudo-flux-generating enzymes. A pathway is initiated by 2 flux-generating enzyme, which
also controls the overall rate at which substrate flows through a pathway, and it typically ends
with either the beginning of a new pathway controlled by another flux-generating enzyme or
the release of the pathway product into a physiological reservoir, where it may form the
substrate for another pathway.

The flux-generating enzyme of a pathway is saturated with its substrate and is
regulated by external factors other than the concentration of its substrate. Since it is
saturated with its substrate at all times, alterations in activity often result in a reciprocal
change in the concentration of its substrate. In addition, to control the overall rate of the
pathway, its activity must be the lowest in the series of linked reactions and the reaction it

catalyzes must be irreversible, requiring another separate enzyme or series of enzymes to



catalyze the reverse reaction.

The flux generating enzyme in a pathway is followed by a series of enzymes that
catalyze near-equilibrium reactions, where the rate of each reaction is dependent only on
changes in their respective substrate and product concentrations. The forward and reverse
catalytic activity of these enzymes proceed at rates that are much greater than that of the
flux generating reaction but their net activity is determined by the balance of the catalytic
activity of the flux generating enzyme and the rate of pathway substrate oxidation down
stream. In short, changes in the substrate concentration for one reaction in a series is
communicated to the mext reaction by a similar change in product formation, which is the
substrate for the next reaction. Thus, the flow of pathway substrate through a series of linked
near-equilibrium reactions occurs almost passively, depending only on the initial substrate
concentration, which is determined by the catalytic activity of the flux-generating reaction,
and the rate of oxidation or removal of the final product in the pathway.

Finally, like the flux generating enzyme, the activities of a third class of regulatory”
enzymes are also determined by external allosteric modulators. This class of enzymes has also
been described by Newsholme et al (77,78) as "pseudo-flux-generating enzymes” but are
simply referred to as regulatory enzymes, in this chapter. Unlike flux-generating enzymes, the
reactions catalyzed by regulatory enzymes in a pathway are reversible and they are not
saturated with their substrate. Consequently, variations in substrate and product
concentrations are also very important determinants of their net catalytic activity.
Coincidentally, the nature of the allosteric regulators that affect a regulatory enzyme are
similar to those that regulate the flux-generating reaction of the pathway but they may differ

in the sensitivity to the signal and they remain highly dependent on substrate concentration



to determine activity.

The importance of regulatory enzymes lies in their ability to co-ordinate flux through
their respective pathways, assisting the flux-generating enzyme by further modulating the flow
o_f pathway substrate. Allosteric regulation of these enzymes acts in an additive manner with
changes in substrate and product concentrations. As substrate concentration increases and/or
product concentration decreases, enzyme activity will also increase proportionally according
to Michaelis-Menton enzyme kinetics. However, when a positive allosteric modulator is
present it will also serve to increase the activity of regulatory enzymes and allow the same
increase in activity and flux to be achieved but at a lower substrate concentration and/or a
higher product concentration. Similarly, when an negative modulator is present in sufficient
quantity to effect a decrease in activity of a regulatory enzyme, the decrease in substrate
concentration and increase in product concentration, that alone would be required to reduce
enzyme activity are also attenuated. In effect, extreme variations in the concentrations of
pathway intermediates are minimized, allowing better regulation of cell osmolarity and

improving the responsiveness of the entire pathway to changes in flux.

1.21 Regulation of Glucose Metabolism in Skeletal Muscle

Glucose oxidation is an important source of fuel for the production of ATP in skeletal
muscle. In the post-absorptive state, there are two physiological pathways leading to the
oxidation of glucose to pyruvate, producing ATP in the process. A third common pathway
also exists for the complete oxidation of glucose. The functional characteristics of these
pathways are illustrated in Figure 1. The key regulatory steps are highlighted in bold, the

reactions catalyzed by regulatory enzymes are indicated by single white arrows and the
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equilibrium steps are indicated by forward and reverse arrows. The first of these pathways
begins with muscle glycogen and the second begins with the release of glucose from liver
glycogen stores into the blood (81). The common reactions for each of these pathways are
a series of reactions known as glycolysis (81). The first pathway begins with the breakdown
of muscle glycogen to glucose-1-phosphate by the flux generating enzyme giycogen
phosphorylase, whose activity is increased by Ca?*, AMP and P; and decreased in their
absence (12,101,102). This pathway ends in the production of pyruvate which is then
converted to lactate by the near-equilibrium enzyme lactate dehydrogenase (LDH), which
maintains lactate concentration 1-2 orders of magnitude above pyruvate (81). Lactate is then
free to leave the muscle cell for a larger physiological reservoir of extracellular fluid.
Alternatively, pyruvate can be utilized by the flux-generating enzyme of the TCA cycle.

The glycolytic pathway also has two additional regulatory enzymes that assist in the
regulation of pathway flux: phosphofructokinase (PFK) and pyruvate kinase (PK) (81). In
addition to being activated by their respective substrates, each is inhibited by its product and
further regulated by a number of allosteric modulators which reflect the energy status of the
cell. Both enzymes are inhibited by ATP and PCr and reduce fiux when energy status is high
(31,41,77,81,83). In addition, a number of metabolites that reflect the decreasing energy
status of the cell activate these enzymes: ADP activates PK (77,81), while ADP, AMP, NH,*,
and P; are known to activate PFK (31,41).

The second pathway leading to glucose oxidation in skeletal muscle derives its
substrate from the blood. The rate of blood glucose utilization by skeletal muscle is

determined by the rate of hepatic glucose production which is ultimately regulated by the



Figure 1:

The location of PDHc in intermediary metabolism. PDHc links the pathways
of glycolysis and the TCA cycle. The end-product of glycolysis, pyruvate, is in
equilibrium with lactate due to the catalytic activity of the equilibrium enzyme
lactate dehydrogenase (LDH). LDH maintains lactate concentrations 1-2
orders of magnitude above that of pyruvate. Oxidation of alternative
substrates also result in acetylCoA production and oxidation in the TCA
cycle. Shown here are several possible sources which include fatty acids,

ketone bodies and intramuscular triglycerides.
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catalytic rate of hepatic glycogen phosphorylase (3,8,82). In addition to the regulatory

reactions previously described for glycolysis, when glucose oxidation proceeds from blood
glucose there is an additional regulatory step that modulates mcmbrane transport of glucose
(64,81). While it can also be allosterically regulated it remains highly dependent on changes
in blood glucose concentration. ATP production from either of these pathways alone yields
comparatively little ATP: 2 ATP are produced per molecule of glucose derived from blood
and 3 ATP are produced per glucose liberated from glycogen (55,81).

In contrast, complete glucose oxidation from either blood glucose reserves or from
muscle glycogen yields an additional 36 ATP (55,81). The greater ATP production is achieved
by a third pathway, the tricarboxylic acid (TCA) cycle. In this final pathway leading to
complete glucose oxidation, acetylCoA is completely oxidized to CO, and H;O resulting in
the generation of NADH + H* and FADH, for electron transport which then drives
oxidative phosphorylation and produces the additional ATP.

When glycolytically generated pyruvate is the available substrate, the flux-generating
enzyme of the TCA cycle is a complex of enzymes known as the pyruvate dehydrogenase
complex (PDHc). This highly regulated enzyme integrates a variety of metabolic signals, that
reflect the energy status of the cell, to control the flow of glucose-derived-acetylCoA into the
TCA cycle. In addition, it integrates the flow of pathway substrate from glicose and various
fat fuels into the TCA cycle. By virtue of its spatial relationship with the near-equilibrium
enzyme lactate dehydrogenase, which catalyzes the reversible conversion of lactate to
pyruvate, PDHa activity also directly affects muscle lactate production and utilization. Four
additional regulatory enzymes catalyze regulatory reactions that assist in regulating the flow

of pathway substrate: citrate synthetase (CS), isocitrate dehydrogenase complex (ICDHc),
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oxoglutarate dehydrogenase complex (OGDHCc) and succinate dehydrogenase (SDH) (81).

122 Pyruvate Dehpdrogenase as & Flux Generating Enzyme

A flux generating enzyme is fundamental to the operation of a metabolic pathway and
central to energy production in vivo. The four criteriz of a flux-generating enzyme, as
described by Newsholme et af (78,80), are met by PDHc. The first requirement of a flux
generating enzyme is that it must be non-equilibrium. This is determined by comparing the
in vivo mass action ratio ( I' = facetylCoA] / [pyruvate] ) to the experimentally determined
equilibrium constant for the reaction. If the former value is much less than the latter, the
enzyme is said to be non-equilibrium and if the two are approximately equal the enzyme is
said to be near-equilibrium. Under resting conditions in human muscle, the content of
acetylCoA can vary between 12 (16,17,18) and 38 pmolkg dry wgt.! (91), depending on
dietary state. Under similar conditions pyruvate content is approximately 0.5 mmolkg dry
wgt.1 (89,91,117,122) resulting in a mass action ratio of 24-72. During heavy and maximal
exercise acetylCoA can vary from 30 to 55 umolkg dry wgt.? (16,17,89,90,91) and pyruvate
levels from 2 to 4 mmolkg dry wgt.? (89,117,122), resulting mass action ratio of 7-15. From
these data it is clear that in human skeletal muscle, during rest and exercise, the mass action
ratio is much less than the equilibrium constant (K,,=8.4 X 10%) for this reaction and that
the reaction catalyzed be PDHc is far removed from equilibrium in vivo.

The second requirement of a flux-generating enzyme is that it must be saturated with
its substrate under all conditions. At rest pyruvate content is approximately 0.5 mmolkg dry
wet.? (89,122), or 166 pM, in human skeletal muscle which is approximately 5 times the K

(36 uM) for pyruvate (128). During heavy and maximal exercise, pyruvate concentration can
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increase to between 667 pM and 1333 M in human skeletal (117), which is approximately
18-37 times the concentration necessary for half-maximal activity of isolated enzyme
preparations. Thus, these data suggest that in human skeletal muscle PDHc is saturated with
its substrate during exercise but may not be saturated at rest. However, the K, of pyruvate
for E1 of PDHc has not been determined under conditions that mimic the intramitochondrial
milieu or the intracellular compartmentation of pyruvate. The fact that pyruvate
concentration increases as PDHa increases also suggests that PDHc is, at the very least, rate
limiting and is probably saturated at rest as well.

The third requirement of a flux-generating enzyme is that it be modifiable in a
reversible manner by physiological concentrations of metabolites. Extensive in vitro study of
PDHc has shown that it is allosterically regulated by a multitude of metabolic intermediates
and ions that reflect the prevailing energy status and activity state of the cell. These include
regulation by the ratios of acetylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP as well
as regulation by Ca?*, Mg?* and pyruvate (see (6,100,128) for reviews). The combined effect
of all these regulatory species on PDHc, creates the potential for in vivo flux to be precisely
controlled and matched to the energy requirement of the cell. The mechanisms by which
these regulatory factors control PDHc are described in detail in the following sections.

The fourth requirement of a flux-generating enzyme is that it should initiate flux to
subsequent reactions of the pathway by internal regulation and provide direction to the
pathway. PDHc determines the rate of pyruvate-derived-acetylCoA entry into the TCA cycle.
As acetylCoA production increases, the cumulative effect results in a greater rate of enzyme
activity of subsequent reactions in the pathway. The effect is transmitted to neighboring

enzymes in succession and are assisted by the regulatory enzymes, CS, ICDHc, OGDHe and
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SDH. As the flux generating enzyme of this pathway, PDHc has the lowest activity of all

other enzymes in this cycle and, consequently, determines the maximal rate of the TCA cycle.
The maximum rate the TCA cycle (2-3 mmol'min'kg ww?), as estimated from maximum O,
consumption, is similar to the measured total PDHc activity (PDHt) (2-3 mmol'minkg ww!)
from muscle homogenates (16,17,18,89,90,91). Only the OGDHc has a similarly low activity
(105) but the substrate concentration for this enzyme is subsaturating, leaving it dependent
on changes in its substrate concentration to alter activity. In addition, both PDHc and
OGDHc have similar sensitivities to external allosteric modulators such as Ca?*
(27,28,71,72,108), NADH-to-NAD ratio (124) and CoASH (124) which further coordinates
their respective activities to ensure the smooth flow of pathway substrate.

In summary, PDHc meets all of the requirements of a flux generating enzyme in
human skeletal muscle. It catalyzes 2 non-equilibrium reaction that is irreversible and is
saturated with its substrate throughout the physiological spectra of skeletal muscle activity.
It is allosterically modifiable in a reversible manner by physiological concentrations external
modulators that reflect the energy status and contractile activity of skeletal muscle. Finally,
it initiates and regulates the flux of pyruvate-derived-acetylCoA into the TCA cycle and
determines the maximal activity of this pathway during the oxidation of glucose. Thus, these
unique regulatory characteristics not only allow PDHc to finely regulate glucose oxidation but
to also determine the maximal rate of oxidation by the TCA cycle.

The physiological consequences of these properties of PDHc are highlighted in its
role in intramuscular fuel selection and in muscle lactate production. The importance of
PDHc to ATP production becomes apparent when a balance must be struck between the

oxidation of glucose and fat fuels, or during maximal exercise. When whole body glucose
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reserves are low, PDHc will restrict glucose oxidation in favor of greater fat fuel utilization.
Similarly, during maximal exercise PDHc places an upper limit on complete glucose
oxidation, resulting in significant lactate accumulation as the rate of pyruvate production
exceeds the rate of pyruvat: oxidation. Consequently, the rapid depletion of whole body

glucose stores is circumvented in both cases.

13  Structure and Function of the Pyruvate Dehydrogenase Complex

Y{uman skeletal muscle pyruvate dehydrogenase is a multi-enzyme complex composed
of three main catalytic subunits, pyruvate decarboxylase-E1 (E.C. 1.2.4.1.), dihydrolipoamide
acetyltransferase-E2 (E.C. 2.3.1.12) and dihydrolipoamide dehydrogenase-E3 (E.C. 1.6.4.3.)
as well as the two regulatory subunits, PDH-kinase (E.C. 2.7.1.99) and PDH-phosphatase
(E.C. 3.1.3.43) (6,29,47,85,99,100,128). Located within the inner mitochondnia membrane
(1,85,114,128) and centrally in the chemical conversion of glucose to ATP (Figure 1) this
enzyme catalyzes the oxidative decarboxylation of pyruvate to acetylCoA and is the flux
generating step for entry of pyruvate derived acetylCoA into the TCA cycle.

The reaction catalyzed by PDHc can be summarized as follows;

pyruvate + NAD* + CoASH —. acetylCoA + NADH + H* + CO,

The mechanism of catalysis has also been extensively reviewed
(6,23,29,35,47,85,87,100,125,128) and is illustrated in Figure 2.
The three catalytic subunits, (E1, E2 and E3) act sequentially to remove the alpha-

terminal carboxyl group from pyruvate and subsequently pass the remaining acetyl-group on
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to CoASH where it is further oxidized in the TCA cycle. The mechanism, illustrated in Figure

2, begins with the binding of the second carbon of pyruvate to the second carbon of thiazole
ring of thiamine pyrophosphate (TPP) which is contained on any one of the thirty E1
tetrameres of the enzyme and are in turn noncovalently bound to the edges of a pentagonal
dodecahedron shaped E2 core. Ionization of thiamine pyrophosphate at physiological pH
forms a highly reactive nucleophilic carbanion species that attacks the second carbon of
pyruvate forming the tranmsition state species, l-carboxyl-2-hydroxybutyl-TPP. Through
resonance stabilization decarboxylation occurs, generating CO, and forming hydroxyethyl-TPP
(HE-TPP). HE-TPP is then converted to acetyl-TPP via resonance stabilization. Acetyl-TPP
has a negative charge which acts as a nucleophile, reacting with the eletrophilic disulphide
of lipoamide to form a highly reactive tetrahedral transition state species (not shown). This
then results in the formation of 8-S-acetyldihydrolipoate (8-AcDHL) that extends from the
E2 core atop a flexible lysine "arm" (35).

Although it is not entirely resolved, this step may occur through an alternative
mechanism: 1) reduction of lipoamide to lipoic acid by HE-TPP which is converted to acetyl-
TPP in the process and 2) nucleophilic attack of the sulphydryl-group of lipoic acid (carbon
8) on the acetyl-group of acetyl-TPP, forming a thioester with lipoic acid and producing 8-
AcDHL (35).

Movement of 8-AcDHL atop the lipolysine arm to the second catalytic site on E2
leads to a nucleophilic attack of the sulphydryl of CoASH on the keto-carbon of
8-AcDHL, resulting in the transfer of the acetyl-group to CoASH, forming acetylCoA and

reducing the sulphydryl of liopamide to lipoic acid. Lipoic acid is then oxidized, regenerating
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Figure 2: The mechanism of PDHa catalysis. See text for description of each step. E1
= pyruvate decarboxylase, E2 = dihydrolipoamide acetyltransferase, E3 =

dihydrolipoamide dehydrogenase.
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the disulfide bridge of the lipoy! residue. This cccurs by the action of one of the twelve FAD

containing E3 subunits, generating FADH, in the process. The newly reduced flavin adenine
nucleotide then passes its reducing equivalents on to NAD* regenerating FAD and producing
1 NADH + H* for oxidative phosphorylation.

A phosphorylation-dephosphorylation cycle (Figure 3} catalyzed by the regulatory
subunits, PDH-kinase and PDH-phosphatase, adds an additional degree of control to this
already elaborate catalytic mechanism (6,29,85,93,95,99,100,128). Both of these regulatory
subunits are noncovalently bound to the E2 compor=nt but are in close proximity to the E1
component upon which they direct their catalytic activity. These regulatory subunits are
further controlled by a multitude of alosteric modulators. Unlike other intracellular kinases
which facilitate and in fact amplify intracellular signals, PDH-kinase reduces the activity of
PDHa, transforming it to its inactive form (PDHDb), by phosphorylating three distinct serine
residues on the «-subunits of the El tetrameres (sites 1, 2 and 3). Conversely, PDH-
phosphatase hydrolyses these mono-phosphate esters causing PDHc transformation from
PDHb to PDHa and increasing the rate of PDHa catalysis.

Within this phosphorylation/dephosphorylation cycle is yet another level of control
that determines the rate and extent of PDHc transformation. By following a sequential
pattern of phosphate addition and removal on the e-subunits of the E1 tetrameres
(20,36,62,93,95,99,109,110,111,112,121), the rate of PDHc transformation can be further
regulated. PDHc transformation to lower or higher levels of PDHa is the result of only site
1 (inactivating site) phosphorylation and dephosphorylation, mediated by increased PDH-
kinase and PDH-phosphatase activities, respectively. The remaining sites, 2 and 3, serve as

barrier sites which restrict the access of PDH-phosphatase to site 1. As stimulatory signals
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Figure 3:

PDHc regulation by a phosphorylation and dephosphorylation cycle. PDH-
phosphatase removes mono-phosphate-esters on the E1 component,
transforming PDHa to a higher level and allowing the conversion of pyruvate
to acetylCoA to proceed. Several allosteric modulators of PDH-phosphatase
exist which increase or decrease its activity. In contrast, increased PDH-kinase
activity results in phosphorylation of the E1 components, converting PDHc
to its inactive " b-form ". Phosphorylation proceeds through sites 1, 2 and 3
if the activity of PDH-kinase is much greater than PDH-phosphatase for a
long enough period. PDH-kinase is also allosterically modulated by a number
of intracellular signals that result in either an increase or decrease in activity.
At any one time the relative activities of PDH-kinase and PDH-phosphatase
determine the phosphorylation state and the potential for flux through the

PDHa reaction.
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are applied to PDH-kinase, phosphorylation proceeds increasing site 1 occupancy on the El

components and trapsforming PDHa to PDHb and decreasing the proportion of PDHc¢ in
its active (PDHa) form. As phosphorylation proceeds further to increase site 2 and then site
3 occupancy, an ever increasing degree of inhibitory control is placed on transformation
preventing conversion of PDHb back to PDHa. In effect, the additional site 2 and site 3
phosphorylations place a lock on the level of PDHa, constructing an ever more arduous
barrier to dephosphorylation by PDH-phosphatase. Consequently, the activating stimuli to
PDH-phosphatase must also increase in both severity and duration to first hydrolyze mono-
phosphate esters on the barrier sites 3 and then 2. Thereafter, it is free to dephosphorylate

site 1 and effect transformation of PDHb to PDHa.

14  Regulation of the Pyruvate Dehydrogenase Complex
14.1 PDHc Regulation by Metabolite Concentration Ratios

The mitochondrial ratios of NADH-to-NAD, acetylCoA-to-CoASH and ATP-to-ADP
result from the prevailing balance of substrate supply, tissue O, availability and the demand
for cellular ATP. Approprately, they are also important signals influencing PDHa
transformation and the rate of aerobic glucose metabolism. In this capacity they assist in
coordinating the rate of aerobic glucose production with the rate of ATP utilization at the
actin-myosin ATPase. The ratios of NADH-to-NAD, acetylCoA-to-CoASH and ATP-to-ADP
demonstrate potent regulatory effects, contributing to the control of both PDHa
transformation and flux. Alterations in these ratios have direct effects on both of the
regulatory subunits PDH-kinase and PDH-phosphatase together, or on PDH-kinase alone.

Therefore, they assist in determining the net phosphorylation state of PDHc and in turn the
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potential for flux through the PDHa reaction. In addition, the NADH-to-NAD and

acetylCoA-io-CoASH ratios may further regulate PDHa flux in vivo by substrate-production
competition. This dual aspect of control by these ratios creates a regulatory system which not
only assists in determining PDHa transformation, via the regulatory subunits, but also

contributes an added measure of control by monitoring in vivo PDHa flux.

1.4.1.1 The NADH-to-NAD Concentration Ratio

The regulatory action of the NADH-to-NAD concentration ratio is two fold,
demonstrating regulatory characteristics of both end-product inhibition (10,107) and allosteric
regulation (20,61,62,63,88). The events of end-product inhibition begin as the concentration
of NADH rises, displacing NAD* from its binding site on the E3 component of PDHc.
Consequently, the flavin adenine nucleotide associated with this subunit remains primarily
in a reduced state, since the catalytic steps associated with FADH, are reversible. The PDHa
reaction is halted as the transfer of reducing equivalents from FADH, to the lipoyl moiety
of the E2 component produces lipoic acid. Lingering molecules of acetylCoA can then react
with the lipoic acid, transferring an acetyl-group to lipoic acid creating a situation were the
lipolysyl arm remains primarily in a reduced state and is unavailable for further transfer of
acetyl groups from TPP. Since the decarboxylation step is irreversible, the acetyl group atop
the lipolysyl arm can not rejoin CO, to regenerate pyruvate and must remain predominately
in this reduced state until NADH levels fall or NAD* levels rise.

A more complex level of regulation also exists for the NADH-to-NAD ratio via its
direct allosteric effect on PDH-phosphatase and PDH-kinase. The allosteric effects of this

ratio can be summarized as follows: NADH (20,88,92) acts by directly inhibiting PDH-
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phosphatase and increasing the activity of PDH-kinase, while NAD (20,88,92) activates PDH-

phosphatase and decreases the activity of PDH-kinase. Thus, an increase in this ratio has the
potential to activate PDH-kinase and inhibit PDH-phosphatase, while a decrease in this ratio
will inhibit PDH-kinase and activate PDH-phosphatase. These changes would then result in
a decrease or increase in PDHa, respectively. When considered as a whole, alterations in this
ratio appear to have the dual function of: 1) assisting to set the maximum limit for flux via
alterations in PDHa transformation and 2) further regulating the actual in vivo PDHa flux

by end-product inhibition.

1412 The AcetylCoA-to-CoASH Conceptration Ratio

Changes to the mitochondrial acetylCoA-to-CoASH ratio also affect PDHa activity
and PDHa transformation in a manner similar to the NADH-to-NAD ratio. The acetylCoA-
to-CoASH ratio demonstrates regulatory aspects that are consistent with end-product
inhibition of PDHa and allosteric regulation of PDHa by the direct effect of this ratio on the
regulatory enzymes PDH-kinase and PDH-phosphatase. It has previously been demonstrated
that a high ratio of acetylCoA-to-CoASH inhibits PDHa (29,33,39,88). Additionally, it has
also been suggested (29) that the mechanism by which this inhibition occurs is competition
between acetylCoA and CoASH in the following manner. As acetylCoA accumulates there
is a reversal of the step involving the transfer of the acetyl-group to CoASH. Consequently,
a larger proportion of the lipoyl moieties atop the flexible lysine arm begin to accumulate
in this acetylated state halting any further production of acetylCoA.

Allosteric regulation by the acetylCoA-to-CoASH ratio is also an important aspect

of PDHa regulation and appears to operate in a similar if not identical fashion to the
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NADH-t0-NAD ratio. AcetylCoA inhibits PDH-phosphatase activity and increases the activity

of PDH-kinase (20,61,62,88,107). Conversely, CoASH activates PDH-phosphatase and
decreases the activity of PDH-kinase (20,61,62,88). Thus, the net effect of an increase in this
ratio is similar to that of the NADH-to-NAD ratio: lower PDHa results from a decrease in
PDH-phosphatase and increase in PDH-kinase. A decrease in this ratio has the opposite
effect, resulting in greater PDHa transformation. When these two aspect of PDHa regulation
by the acetylCoA-to-CoASH ratio are considered together, they also appear to have the dual
function of: 1) assisting to set the maximum limit for flux via alterations in PDHa
transformation and 2) further regulating the actual in vivo PDHa flux by end-product

inhibition.

1.4.1.3 The ATP-to-ADP Concentration Ratio

Unlike the previous two ratios, the effect of the ATP-to-ADP ratio on PDHa
regulation is limited to its influence on the regulatory subunit, PDH-kinase. The ATP-to-ADP
ratio affects PDH-kinase activity by competition betwieen its substrate, ATP, and its product
ADP (19,61,62,63,66,107). A rise in this ratio results in an increase in PDH-kinase activity,
while a decrease in the ratio results in lower PDH-kinase activity. If the stimulus for
increased PDH-kinase activity is sufficiently large and remains for a sufficiently long period,
PDHc will become sequentially phosphorylated on three distinct serine residues, on each of
the E1 components (36,62,75,109,110,111,112,121). This process is highly dependent on the
cellular ATP levels. Once all three sites have been phosphorylated it becomes increasingly
difficult to remove these phosphate groups by PDH-phosphatase. Thus a more potent

stimulus is required for PDH-phosphatase and/or an inhibitory stimulus must be applied to



PDH-kinase.

1.42 Regulation by Pyruvate and [H*]

As the principal substrate of PDHa, pyruvate is aiso an important determinant of
both PDHa transformation and flux. It exerts its regulatory effects in two ways. The first is
through simple substrate binding to the El components of PDHc, ensuring adequate
substrate binding and preventing a limitation to PDHa flux. The second is allosteric
regulation and inhibition of PDH-kinase directly with an estimated K; of 0.5-2.8 mM
(19,54,62), which is within the range of physiological concentrations of intramuscular pyruvate
at rest (74,91) and during exercise (74,91,117). As pyruvate concentration increases during
increased muscular activity the inhibitory effect of pyruvate on PDH-kinase will also increase,
eventually reducing PDH-kinase activity below that of PDH-phosphatase and alowing
transformation to a higher level.

Variations in the concentration of hydrogen ion may represent another important
regulatory mechanism of PDHa transformation. Alterations in the intracellular pH have been
shown to be important in the maintenance of proper protein function, the level of
responsiveness of a protein (ie. conformational changes, reversible dissociation/association
and phosphorylation) and the stability of the protein structure (116). In large multisubunit
proteins such as PDHc, OGDHc and PFK these factors become increasingly important. Small
changes in the pH; by as little as one tenth of a pH unit can have a dramatic effect on the
catalytic rate of such enzymes. Thus, the effect of such changes on a flux generating enzyme
may assist in determining flux through a metabolic pathway.

Pearce et al (86) demonstrated greater PDHa in perfused rat heart during acidosis,
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suggesting that acidosis alone was responsible for this effect. Several possible mechanism may
be responsible which include alteration to the affinity of the regulatory metabolites for PDHc
leading to greater PDH-phosphatase or lower PDH-kinase activity. Increased affinity of
pyruvate for the catalytic site and/or the allosteric regulatory site on PDH-kinase may also
result from alterations in pH. Alternatively, acidosis may alter the distribution of pyruvate
across the mitochondrial membrane (6) such that the mitochondrial pyruvate concentration
increases as cytosolic pH decreases.

During intense exercise, H* accumulation results primarily from the accumulation of
lactate but also results from changes in other independent variables (119). The resulting
acidosis can have a profound effect on the rate of muscle glucose oxidation. When the rate
of lactate production exceeds the capacity for its oxidation, the accompanying acidosis will
inhibit glycogen phosphorylase (31) and PFK (31) at the same time it may serve as a stimulus
for greater PDHa activity (86). The physiological consequence of the relationship of H* with
these enzymes is inhibition of lactate production at the same time the stimulus for oxidation
is increased. In this way, lactate can serve as negative feedback signal on the regulatory
points controlling its production at the same time it serves as a positive feed forward signal

on the flux geperating step which controls its oxidation and removal.

143 Regulation By Ca**

Regulation by Ca?* appears to be an even more important aspect of PDHc
transformation than the concentration ratios or other allosteric regulators. Release of Ca?*
from the sarcoplasmic reticulum not only serves to cause muscle contraction, but it also

invokes the transformation of PDHa and activation other key regulatory enzymes (45,73),
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increasing aerobic ATP production to meet cnergy demand at the actin-myosin ATPase. The
effect of Ca** on PDHc transformation is to increase the activity of PDH-phosphatase and
reduce PDH-kinase activity (26,27,73,115), by increasing and decreasing the affinity for their
respective substrates, phosphorylated E1 and dephosphorylated E1. Calcium causes half-
maximal transformation at a concentration of 0.2-0.3 #M in skeletal muscle (2,45) and 0.3-0.6
uM in heart muscle (27,28,75), which is within the range of estimates of intramitochondrial
Ca?* concentration for both of these tissues at rest (2,26,73). Moreover, the affinity of PDHc
for Ca** is sufficiently high to ensure Ca?* is present in saturating quantities during muscle
contraction (2,26,73). Thus, the importance of Ca?* on PDHa transformation lies in the co-
ordination of ATP production from aerobic glycolysis with the rate of ATP utilization at the

actin-myosin ATPase during muscle contraction.

15  The Physiological Importance PDHc

As a consequence of its flux generating characteristics, PDHc it thought to have two
important physiological roles in human skeletal muscle. First, PDHa may play a pivotal role
in the selection of intramuscular fuels, as summarized in a theory of metabolic regulation
termed the " glucose-fatty acid cycle " This theory describes the reciprocal relationship
between the use of glucose and fat fuel in skeletal muscle. PDHc is thought to act as a
reversible barrier to reduce the flow of pyruvate-derived acetylCoA into the TCA cycle when
the availability fat fue!l increases and removing it when the availability of glucose increases.
The second important aspect of PDHc lies in the role of this enzyme in the control of muscle

lactate concentration during exercise and recovery from exercise.



1.6  Role of PDHc in Intramuscular Fuel Selection
161 The Glucose-Fatty Acid Cycle

The glucose-fatty acid cycle was first proposed by Randle et al (96) to explain the
reciprocal relationship that existed between glucose and fat oxidation by rat heart and
diaphragm muscles and has been previously reviewed (76,94,95,97) (Figure 4). In this theory
of metabolic regulation, it is suggested that glucose utilization by muscle is down regulated
in proportion to the increased availability and utilization of exogenous and endogenous fat
fuels, placing a restriction on carbohydrate utilization and conserving muscle and whole body
carbohydrate reserves. Elevated fat availability and utilization restricts the oxidation of
glucose and glycogen by muscle. Conversely, elevation of blood glucose increases uptake and
utilization, and inhibits fat utilization. When fat fuel availability is increased, as occurs after
the consumption of a high fat meal, after a period of chronic starvation or uncontrolled
diabetes, fat oxidation proceeds in muscle leading to the accumulation of the end product
of B-oxidation, acetylCoA Enhanced uptake of free fatty acids (FFA) and conversion to
ketones in the liver also enhances their delivery to the muscle, contributing to this mechanism
of fuel selection by also contributing to the increase in muscle acetylCoA.

The sequence of events are illustrated in Figure 4. They start as the availability and
utilization of alternative fat fuels, such as FFA, ketone bodies or triglycerides are increased.
This may occur after: 1) consumption of a high fat meal, 2) a period of chronic starvation
or 3) uncontrolled diabetes, Oxidztion of these fat fuels leads to accumulation of acetylCoA
and is accompanied by a corresponding decrease in CoASH, resulting in an increase in the
ratio of acetylCoA-to-CoASH. In addition, a similar increase in the ratio of NADH-to-NAD

also occurs as the rate at which reducing equivalents enter the mitochondria also increases.
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Figure 4:

The glucose-fatty acid cycle. See text for explanation.
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The ratios of acetylCoA-to-CoASH and NADH-to-NAD inhibit PDH-phosphatase and

increase the activity of PDH-kinase causing lower PDHa and inhibition of pyruvate oxidation.
Consequently, glucose reserves are conserved at this first and most important site of glucose
restriction. Accumuilated pyruvate and lactate can then be recycled into glucose as they are
transported systemically to the liver where they enter the gluconeogenic pathway.

As acetylCoA accumulates, it reacts with oxaloacetate to form citrate which, upon
traversing the mitochondrial membrane, inhibits PFK in the cytosol. Newsholme et al (83)
showed that this effect is most marked, in skeletal muscles of a variety of animal models, in
the presence of physiological concentrations of ATP (7.5 mM): PFK activity was reduced to
between one-fourth and one-tenth of the activity that was observed in the absence of citrate.
As a consequence of this effect, glycolytic flux and glucose utilization are restricted at a
second site in the pathway of glucose oxidation. An additional result of PFK inhibition is the
accumulation of glucose-6-phosphate upstream, further inhibiting glucose phosphoiylation
by hexokinase which places a third level of restriction on glucose utilization by restricting
slucose uptake. In addition, the parallel accumulation of glucose-1-phosphate also holds the
potential to inhibit glycogen phosphorylase activity and conserve intramuscular glycogen
stores.

The fourth level of contro! over this metabolic cycle extends to the hormonal level
and is regulated by blood catecholamine and insulin levels. Acceleration of lipolysis in fat and
muscle tissue by increased catecholamine levels increases the availability of fat fuel to muscle
and sets into motion the events that culminate in glucose restriction. Conversely, an clevation
of the anti-lipolytic hormone, insulin, results in increased glucose uptake and greater PDHa.

The simultaneous reduction in pyruvate oxidation by PDHa and production by glycolysis by
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this mechanism ensures that intramuscular lactate accumulation is kept to a minimum.

1.62 The Role of PDHc in Fuel Selection in Animal Models

Initiai evidence for the glucose-fatty acid cycle was based on observations that
starvation, diabetes and prolonged carbohydrate deprivation in rats resulted in elevation of
plasma free fatty acids (FFA) and reciprocal reductions in the rates of glucose uptake,
glycolysis and pyruvate oxidation by beart and diaphragm muscles (see (94,97) for reviews).
This prompted further study of the relationship between the availability of exogenous fat fuel
and glucose oxidation in skeletal muscle. Much of the initial work was completed by Randle
and co-workers (37,38,39,40,97,98) who demonstrated increased oxidation of fat fuel resulted
in decreased rates of glucose uptake and phosphorylation (38,39,98), glycolysis
(37,38,39,40,41,98) and pyruvate oxidation (37,38,39,40,41,98) in heart and diaphragm
muscles.

More recent studies that have examined this mechanism of fuel selection in rat
skeletal musclz have shown acetylCoA accumulation (42) and a lower rate of lactate
oxidation during starvation (7,42,53,69), diabztes (7,42), and during infusion of acetoacetate
(7,69) and FFA (7,106). Coupled with the fact that PDHa is significantly lower in rat skeletal
muscle under similar conditions during rest (30,48,52,53,68,120) and intense muscular
contractjons (48), suggests that this mechanism is operating in skeletal muscle and that PDHe
is an integral part of intramuscular fuel selection in these models.

An additional factor is also known to contribute to glucose restriction. Using models
of starvation and diabetes, Fuller et al (36) showed that prolonged elevation of fat availability

and oxidation resulted in increased site 2 and site 3 phosphorylation of the e-subunits on the
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E1 components of PDHc from rat skeletal muscle. Like the effects in rat (109,110,111,112)

and pig beart (121), phosphorylation of these additional sites did not lower PDHa
transformation further but they did place a more restrictive barrier to greater PDHa
transformation, slowing the rate of transformation during repeated contractions. This suggests
that PDHa could remain lower during exercise, independent of changes in the regulatory
ratios. However, inhibition of transformation by this mechanism would be dependent on a
prolonged period of high ratios of acetylCoA-to-CoASH and NADH-to-NAD (61,62,73) at

rest before exercise to ensure a high PDH-kinase/PDH-phosphatase activity ratio (61,62).

163 The Role of PDHc in Fuel Selection in Human Muscle

Despite the large body of evidence for the operation of the glucose-fatty acid cycle
in skeletal and heart muscle of several different animal models, there are qualitative and
quantitative metabolic differences between these tissues and human skeletal muscle. By
comparison human skeletal muscle has a lower capacity for oxidation of fat fuels, is less
dependent of exogenous fuel sources and much more dependent on endogenous stores of
muscle glycogen. Therefore, it remains to be determined if this reciprocal metabolic cycle
exist in buman skeletal muscle and if the mechanisms of operation are similar to that
reported in animal models.

Studies examining the operation of the glucose-fatty acid cycle in human skeletal
muscle have been very limited in scope. While several studies have examined carbohydrate
utilization by skeletal muscle in the presence of increased fat fuel availability, none havc
provided a detailed examination of the underlying mechanisms. Previous studics have been

able to demonstrate glycogen conservation (21,49,56,57,65), reduced muscle glucose uptake
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(5.34,44,46,59,65,67,113,123,126,127) and reduced whole body glucose metabolism (4,59) in
response to dietary carbohydrate restriction {44,56,65), diabetes mellitus (44,126), infusion
of FFA/heparin (5,34,46,49,113,123,127), infusion of acetate (59,67) or after consumption of
a high fat meal (4,21,34,65). Despite evidence for operation of the glucose-fatty acid cycle
in human skeletal muscle, the underlying mechanisms of operation remain largely unexplored.
Specifically, the presence of the initiating signal of acetylCoA accumulation and the
concomitant rise in the acetylCoA-to-CoASH ratio have not been demonstrated, and the role

of PDHc in fuel selection has not been characterized.

17  Role of PDHc in Muscle Lactate Production

Skeletal muscle lactate production during contraction has been attributed to the
acceleration of glycolysis secondary to the development of tissue hypoxic (25,50,51,60). The
development of tissue hypoxia is thought to result in a substrate limitation at cytochrome
oxidase which in turn leads to cytosolic and mitochondrial accumulation of NADH and ADP
with reciprocal decreases in NAD and ATP, respectively. As a result of the myokinase
reaction, a corresponding increase in cytosolic AMP and P; accompanies ADP accumulation.
ADP, AMP and P, then activate glycogen phosphorylase and phosphofructokinase resulting
in an increased rate of glycolysis and lactate accumulation which provides an additional
anaerobic source of ATP. This entire explanation of muscle lactate production during
exercise is based on the assumption of tissue hypoxia.

However, it has recently been demonstrated that during exercise, under normoxic
conditions, human skeletal muscle does not become hypoxic but in fact actually becomes

oxidized (43). However, this point remains in dispute as researchers debate the best manner
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in which to determine muscle mitochondrial O, concentration. Using surface fluorometry,
Jobsis and Stainsby provided the first evidence that skeletal muscle actually became more
oxidized in stimulated dog skeletal muscle (58,118) and that tissue O, was not limiting for the
electron transport chain and oxidative phosphorylation. Their findings were later supported
by the work of Connet et al (14,15) who measured myoglobin saturation and showed that O,
was not limiting for function of the electron transport chain in stimulated dog muscle. Similar
findings have been reported in human skeletal muscle during submaximal exercise (11,58).
Measures of mitochondrial redox state (58) and tissue PO, (11) in human muscle during
exercise have shown increased mitochondrial oxidation (58) and that tissue PO, (11) was not
limiting for oxidative phosphorylation.

In contrast to these findings, others (see (60) for review) have reported the
development of tissue hypoxia in human skeletal muscle during incremental exercise and in
various animal models of lactate production. However, the conclusions of these studies must
be viewed with skepticism, as they measured whole cell redox state which does not reflect
the mitochondrial redox state or tissue O, availability (58,84,129), as originally assumed.
Thus, there is evidence that tissue and mitochondrial O, levels may remain well above the
critical level for the electron transport chain and cytochrome oxidase to function adequately,
and that O, levels do not pose a limitation to aerobic glucose metabolism during exercise in
normoxia. When considered together, these findings suggest that other factors control muscle
lactate production in humans during exercise.

Recent studies of human PDHc place the maximal activity (PDHt) at 2-3 mmol'min’
ke ww'! (16,17,18,90,91) which is low compared to maximal estimates of glycogen

phosphorylase activity and glycolytic pyruvate production whicn can exceed 70
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(12,13,102,103,104) and 40 mmolmin™kg ww (55,70,117), respectively. This suggests that the
production of muscle lactate in humans during exercise may simply be a function of widely
different capacities between the ability to generate and to oxidize pyruvate, leading to lactate
accumulation as the equilibrium enzyme lactate dehydrogenase (9,22,32) maintains lactate

concentration 1-2 orders of magnitude above pyruvate concentration (26,24,89,91).

1.8  Rational for Studying PDHc in Human Muscle

The purpose of the present work was two fold. It was first necessary to determine a
precise and sensitive means of PDHa and PDHt measurement in very small muscle samples
that are typically obtained from a biopsy of human skeletal muscle. The second purpose of
the present work was to assess the physiological role of PDHc in human skeletal muscle.

The first purpose was achieved by comparing available radiometric assay systems for
determination of PDHa and PDHt and by characterizing their utility for analytical use in
skeletal muscle (Appendix A). The second purpose of the present work was met by
examining the role of PDHc in the reciprocal cycle of intramuscular fuel utilization known
as the glucose-fatty acid cycle and in muscle lactate production.

The role of PDHc in the glucose-fatty acid cycle was investigated in two separate
studies. In the first study, a model of dietary manipulation was employed to increase the
availability of fat fuel for a prolonged period (Chapter 2). An exercise protocol of glycogen
depletion followed by three days of carbohydrate deprivation and consumption of a high fat
diet resuited in elevated fat fuel availability and oxidation. This approach induced a
prolonged increase in blood borne fat fuel and allowed examination of intramuscular fuel

utilization and PDHa at rest and during prolonged heavy exercise. In the second study
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(Chapter 3), a method was employed that allowed acute manipulation of the primary signal

thought to initiate this mechanism of intramuscular fuel selection. Constant infusion of
acetate during rest and incremental exercise was used to acutely elevate the intramuscular
acetylCoA-to-CoASH ratio and examine the effect on PDHa and intramuscular fuel use
during rest and exercise.

In a third study, the role of PDHc in skeletal muscle lactate production (Chapter 4)
was examined using a model of 3 repeated 30 second bouts of maximal isokinetic exercise,
each separated by 4 minutes of rest recovery. This protoco! induced very large and repeated
changes in muscle lactate accumulation and allowed simultaneous examination of the
mitochondrial redox state, lactate accumulation and the regulatory factors that determined

PDHa transformation.



36
19 References

1. ADDINK, D.F.,, P. BOER, T. WAKABAYASHI, AND D. E. GREEN. Enzyme
localization in beef heart mitochondria: A biochemical and electron - microscopic study. Eur.
J. Biochem. 29: 47-59, 1972.

2. ASHOUR, B. AND R. G. HANSFORD. Effect of fatty acids and ketones on the activity
of pyruvate dehydrogenase in skeletal muscle mitochondria. Biochem. J. 214: 725-736, 1983.

3. BAGBY, G.J., H. J. GREEN, S. KATSUTA, AND P. D. GOLLNICK. Glycogen depletion
in exercising rats infused with glucose, lactate, or pyruvate. J. Appl Physiol. 45(3): 425-429,
1978.

4. BALASSE, EO. AND M. A. NEEF. Operation of the glucose-fatty acid cycle during
experimental elevations of plasma free fatty acid levels in man. Europ. J. Clin. Invest. 4:
247-252, 1974.

5. BARON, A.D., G. BRECGTEL, AND S. V. EDELMAN. Effects of free fatty acids and
ketone bodies on in vivo non-insulin-mediated glucose utilization and production in humans.
Metabolism 38: 1056-1061, 1989.

6. BEHAL, R.H., D. B. BUXTON, J. G. ROBERTSON, AND M. S. OLSON. Regulation
of the pyruvate dehydrogenase multienzyme complex. Ann. Rev. Nutr. 13: 497-520, 1993.

7. BERGER, M., S. A. HAGG, M. N. GOODMAN, AND N. B. RUDERMAN. Effects of
starvation, diabetes, fatty acids, acetoacetate, insulin and exercise on glucose uptake and
disposition. Biochem. J. 158: 191-202, 1976.

8. BERGSTROM, J. AND E. HULTMAN. A study of glycogen metabolism during exercise
in man. Scand. J. clin. Lab. Invest. 19: 218-228, 1967.

9. BRDICZKA, A.B.D,, P. E. S. HOFER, AND D. PETTE. Metabolic differentiation of
distinct muscle types at the level of enzymatic organization. Eur. J. Biochem. 10: 198-206,
1969.

10. BREMER, J. Pyruvate dehydrogenase, substrate specificity and end product inhibition.
Eur. J. Biochem. 8: 535-540, 1969.

11. BYLUND-FELLENIUS, A.C., P. M. WALKER, A. ELANDER, S. HOLM, J. HOLM,
AND T. SCHERSTEN. Energy metabolism in relation to oxygen partial pressure in human
skeletal muscle during exercise. Biochem. J. 200: 247-2355, 1981,

12. CHASIOTIS, D. The regulation of glycogen phosphorylase and glycogen breakdown in
human skeletal muscle. Acta Physiol. Scand. 518 (Suppl.): 1-68, 1983.



37

13. CHASIOTIS, D., K SAHLIN, AND E. HULTMAN. Regulation of glycogenolysis in
human muscle at rest and during exercise. J. Appl. Physiol. 53 (3): 708-715, 1982

14. CONNETT, R.J,, T. E. J. GAYESKI, AND C. R. HONIG. Lactate accumulation in fully
aerobic, working dog gracilis muscle. Am. J. Physiol. 246: H120-H128, 1984,

15. CONNETT, R.J., T. E. . GAYESKI, AND C. R. HONIG. Lactate efflux is unrelated to
intracellular PO, in a working red muscle in situ. J. Appl. Physiol. 61: 402-408, 1986.

16. CONSTANTIN-TEODOSIU, D., J.I1. CARLIN, G. CEDERBLAD, R. C. HARRIS AND
E. HULTMAN. Acetyl group accumulation and pyruvate dehydrogenase activity in human
muscle during incremental exercise. Acta Physiol. Scand. 143: 367-372, 1991.

17. CONSTANTIN-TEODOSIU, D., G. CEDERBLAD, AND E. HULTMAN. PDC activity

and acetyl group accumulation in skeletal muscle during prolonged exercise. J. Appl. Physiol.
73 (6): 2403-2407, 1992.

18. CONSTANTIN-TEODGSIU, D., G. CEDERBLAD, AND E. HULTMAN. Pyruvate
dehydrogenase complex and acetyl-group accumulation in skeletal muscle during isometric
contractions. J. Appl. Physiol. 74 (4): 1712-1718, 1993.

19. COOPER, R.H., P. J. RANDLE, AND R. M. DENTON. Regulation of heart muscle
pyruvate dehydrogenase kinase. Biochem. J. 143: 625-641, 1974.

20. COOPER, R.H., P. J. RANDLE, AND R. M. DENTON. Stimulation of phosphorylation

and inactivation of pyruvate dehydrogenase by physiological inhibitors of the pyruvate
dehydrogenase reaction. Nature 257: 808-809, 1975.

21. COSTILL, D.L., E. COYLE, G. DALSKY, W. EVANS, W. FINK, AND D. HOOPES.
Effects of elevated plasma FFA and insulib on muscle glycogen usage during exercise. J.
Appl. Physiol. 43: 695-699, 1977.

22, CRABTREE, B. AND E. A. NEWSHOLME. The activities of phosphorylase, hexokinase,
phosphofructokinase, lactate dehydrogenase and glycerol 3-phosphate dehydrogenase in
muscles from vertebrates and invertebrates. Biochem. J. 126: 49-58, 1972.

23. DAS, ML, M. KOIKE, AND L. J. REED. On the role of thiamine pyrophosphate in
oxidative decarboxylation of alpha-keto acids. Proc. Natl. Acad. Sci. USA 47: 753759, 1961.

24. DAVIES, S.F., C. IBER, S. A. KEENE, C. D. MCARTHUR, AND M. J. PATH. Effect
of alkalosis during exercise on blood lactate. J. Appl. Physiol 61(3): 948-952, 1986.

25. DAVIS, J A, M. H. FRANK, B. J. WHIPP, AND K. WASSERMAN. Anacrobic
threshold changes caused by endurance training in middle aged men. J. Appl. Physiol. 146(6):



38
1039-1046, 1979.

26. DENTON, R.M. AND J. G. MCCORMACK. On the role of calcium transpott cycle in
rat heart and other mammalian mitochondria. FEBS Lett. 119(1): 1-9, 1980.

27. DENTON, R.M. AND J. G. MCCORMACK. The calcium sensitive dehydrogenases of
vertebrate mitochondra. Cell Calcium 7: 377-386, 1986.

28. DENTON, R.M,, J. G. MCCORMACK, AND N. J. EDGELL. Role of calcium ions in
the regulation of intramitochondrial metabolism: Effects of Na*, Mg?* and ruthenium red on
the Ca?* stimulated oxidation of oxoglutarate and on pyruvate dehydrogenase activity in
intact rat heart mitochondria. Biochem. J. 190: 107-117, 1980.

29. DENTON, R.M,, P. I. RANDLE, B. J. BRIDGES, R. H. COOPER, A. L- KERBY, H.
T. PASK, D. L. SEVERSON, D. STANSBIE, AND S. WHITEHOUSE. Regulation of
mammalian pyruvate dehydrogenase. Mol. Cell. Biochem. 9 (1): 27-53, 1975.

30. DENYER, G.S,, D. LAM, G. J. COONEY, AND L D. CATERSON. Effect of starvation
and insulin in vivo on the activity of the pyruvate dehydrogenase complex in rat skeletal
muscles. FEBS Lett. 250: 464-468, 1989.

31. DOBSON, G.B,, Y. ETSUOQO, AND P. W. HOCHACHKA. Phosphofructokinase control
in muscle: nature and reversal of pH-dependent ATP inhibition. Am. J. Physiol 250:
R71-R76, 1986.

32. DONOVAN, CM. AND G. A. BROOKS. Endurance training affects lactate clearance,
not lactate production. Am. J. Physiol. 244(7): E83-E92, 1983.

33. ERFLE, J.D. AND F. SAUR. The inhibitory effects of acyl-coenzyme A esters on the
pyruvate and alpha-oxoglutarate dehydrogenase complexes. Biochim. Biophys. Acta. 178:
441-452, 1969.

34. FERRARNINL, E,, E. J. BARRET, S. BEVILACQUA, AND R. DEFRONZO. Effect
of fatty acids on glucose production and utilization in man. J. Clin. Iavest. 11: 1737-1747,
1983.

35. FREY, P.A., D. S. FLOURNOY, K. GRUYS, AND Y. S. YANG. Intermediates in
reductive transacetylation catalyzed by pyruvate dehydrogenase complex. Ann. N. Y. Acad.
Sci. 573: 21-35, 1989.

36. FULLER, SJ. AND P. J. RANDILE. Reversible phosphorylation of pyruvate
dehydrogenase in rat skeletal-muscle mitochondria: effects of starvation and diabetes.
Biochem. J. 219: 635-646, 1984.

37. GARLAND, PB,, E. A NEWSHOLME, AND P. J. RANDLE. Regulation of glucose
uptake by muscle: effects of fatty acids and ketone bodies, and of alloxan-diabetes and



39

starvation, on pyruvate metabolism and on lactate/pyruvate and L-glycerol
3-phosphate/dihydroxyacetone phosphate concentration ratios in rat heart and rat diaphragm
muscles. Biochem. J. 93; 665-678, 1964,

38. GARLAND, P.B. AND P. J. RANDLE. Effects of alloxan diabetes and adrenaline on

concentrations of free fatty acids in rat heart and diaphragm muscles. Nature 199: 381-382,
1963.

39. GARLAND, P.B. AND P. J. RANDLE. Control of pyruvate dehydrogenase in the

perfused rat heart by intracellular concentrations of acetyl-coenzyme A. Biochem. J. 91:
6c-7c, 1964.

40. GARLAND, P.B. AND P. J. RANDLE. Regulation of glucose uptake by muscle. Effects
of alloxan-diabetes, starvation, hypophysectomy, adrenalectomy, and of fatty acids, ketone
bodies and pyruvate, on glycerol output and concentrations of free fatty acids, long-chain

fatty acyl-coenzyme A, glycerol phosphate and citratecycle intermediates in rat heart and
diaphragm muscles. Biochem. J. 93: 678-687, 1964.

41. GARLAND, P.B., P. . RANDLE, AND E. AL NEWSHOLME. Citrate as an
intermediary in the inhibition of phosphofructokinase in rat heart muscle by fatty acids,
ketone bodies, pyruvate, diabetes and starvation. Nature 200: 169-170, 1963.

42, GOODMAN, M.N,, M. BERGER, AND N. B. RUDERMAN. Glucose metabolism in
rat skeletal muscle at rest: effect of starvation, diabetes, ketone bodies and free fatty acids.
Diabetes 23 (11): 8381-888, 1974.

43. GRAHAM, T.E. AND B. SALTIN. Estimation of mitochondrial redox state in hvgian
skeletal muscle during exercise. J. Appl. Physiol 66: 561-566, 1989,

44. HALES, CN. AND P. J. RANDLE. Effects of low-carbohydrate diet and diabetes
mellitus on plasma concentrations of glucose, non-esterified fatty-acid, and insulin during oral
glucose-tolerance tests. Lancet it 790-794, 1963.

45. HANSFORD, R.G. Role of calcium in respiratory control. Med. Sci. Sports Exerc. 26:
44-51, 1994.

46. HARGREAVES, M., B. KIENS, AND E. A. RICHTER. Effect of increased plasma free

fatty acid concentrations on muscle metabolism in exercising men. J. Appl. Physiol. 70:
194-201, 1991.

47. HAYAKAWA, T., T. KANZAKI, T. KITAMURA, Y. FUKUYOSHI, Y. SAKURAL K.
KOIKE, T. SUEMATSU, AND M. KOIKE. Mammalian alpha-keto acid dehydrogenase
complexes: Resolution and reconstitution studies of the pig heart pyruvate dehydrogenase
complex. J. Biol Chem. 244 (13): 3660-3670, 1969.



40

48. HENNIG, G., G. LOFFLER, AND O. H. WIELAND. Active and inactive forms of
pyruvate dehydrogenase in skeletal muscle as related to the metabolic and functional state
of the muscle cell. FEBS Lett. 59(2): 142-145, 1975.

49. HICKSON, R.C, M. J. RENNIE, R. K. CONLEE, W. W. WINDER, AND J. O.
HOLLOSZY. Effects of increased plasma fatty acids on glycogen utilization and endurance.
J. Appl. Physiol. 43: 829-833, 1977.

50. HILL, A.V., C. N. H. LONG, AND H. LUPTON. Muscular exercise, lactic acid, and the
supply and utilization of oxygen. Part VI: The oxygen dept at the end of exercise. Proc. R
Soc. Lond. Ser. B. 97: 127-137, 1924.

51. HILL, AV. AND H. LUPTON. Muscular exercise, lactic acid and the supply and
utilization of oxygen. Quart. J. Med. 16: 135-171, 1923,

52. HOLNESS, M.J,, Y. L. LIU, AND M. C. SUGDEN. Time courses of the responses of
pyruvate dehydrogenase activities to short-term starvation in diaphragm and selected skeletal
muscles of the rat. Biochem. J. 264: 771-776, 1989.

53. HOLNESS, M.J. AND M. C. SUGDEN. Glucose utilization in heart, diaphragm and
skeletal muscle during the fed-to-starved transition. Biochem. J. 270: 245-249, 1990.

54. HUCHO, F., D. D. RANDELL, T. E. ROCHE, M. W. BURGETT, J. W. PELLEY,
AND L. J. REED. Alpha-keto acid dehydrogenase complexes: XVII kinetic and regulatory
properties of pyruvate dehydrogenase kinase and pyruvate dehydrogenase phosphatase from
bovine kidney. Arch. Biochem. Biophys. 151: 328-340, 1972.

55. HULTMAN, E. AND R. C. HARRIS. Carbohydrate metabolism. In: Principles of
exercise biochemistry, edited by J. R. Poortmans. New York: Medicine and Sport Science,
Krager, 1988, p. 78-119.

56. JANSSON, E. AND L. KAIJSER. Effect of diet on muscle glycogen and blood glucose
utilization during short-term exercise in man. Acta Physiol. Scand. 115: 341-347, 1982.

57. JANSSON, E. AND L. KAIJSER. Effects of diet on the utilization of tiood-borne and
intramuscular substrates during exercise in man. Acta Physiol. Scand. 115: 19-30, 1982.

58. JOBSIS, F.F. AND W. N. STAINSBY. Oxidation of NADH during contraction of
circulated mammalian skeletal muscle. Respir. Physiol. 4: 292-300, 1968.

59. JORFELDT, L. AND A. JUHLIN-DANNFELT. The infiuerce of ethanol on splanchnic
and skeletal muscle metabolism in man. Metabolism 27 (1): 97-106, 1978.

60. KATZ, A. AND K. SAHLIN. Role of oxygen in regulation of glycolysis and lactate
production in human skeletal muscle. Exer. Spor. Sci. Rev. 18: 1-28, 19%0.



41

61. KERBY, AL, P. M. RADCLIFFE, AND P. J. RANDLE. Diabetes and the control of
pyruvate dehydrogenase in rat heart mitochondria by concentration ratios of adenosine
triphosphate/adenosine diphosphate, of reduced/oxidized nicotinamide adenine dinucleotide
and acetylCoA/coenzyme A. Biochem. J. 164: 509-519, 1977.

62. KERBY, A.L, P. M. RADCLIFFE, AND P. J. RANDLE. Regulation of kinase reactions
in pig heart pyruvate dehydrogenase complex. Biochem. J. 181: 427-433, 1979.

63. KERBY, AL, P. J. RANDLE, R. H. COOPER, S. WHITEHOUSE, H. T. PASK, AND

R. M. DENTON. Regulation of pyruvate dehydrogenase in rat heart. Biochem. J. 154:
327-348, 1976.

64. KLIP, A., T. TSAKIRIDIS, A. MARETTE, AND P. A. ORTIZ. Regulation of expression

of glucose transporters by glucose: a review of studies in vivo and in cell cultures. FASEB
J. 8: 43-53, 1994.

65. KNAPIK, 1.J,, C. N. MEREDITH, B. H. JONES, L. SUEK, V. R. YOUNG, AND W.
J. EVANS. Influence of fasting on carbohydrate and fat metabolism during rest and exercise
in men. J. Appl Physiol. 64: 1923-1929, 1988.

66. LINN, T.C,, F. H. PETTIT, F. HUCHO, AND L. ). REED. Alpha-keto acid
dehydrogenase complexes, XI. Comparative studies of regulatory properties of the pyruvate

dehydrogenase complexes from kidney, heart, and liver mitochondria. Proc. Natl. Acad. Sci.
USA 64: 227-234, 1969.

67. LUNDQUIST, F, L. SESTOFT, S. E. DAMGAARD, J. P. CLAUSEN, AND 1J.
TRAP-JENSEN. Utilization of acetate in human forearm during exercise after ethanol
ingestion. J. Clin. Invest. 52: 3231-3235, 1973.

63. MADAR, Z. Pyruvate dehydrogenase and glycogen synthase activity at transition from
fasted to fed state. Biochem. Med. Metabol. Biol. 41: 93-104, 1989.

69. MAIZELS, E.Z, N. B. RUDERMAN, M. N. GOODMAN, AND D. LAU. Effcct of
acetoacetate on glucose metabolism in the soleus and extensor digitorum longus muscles of
the rat. Biochem. J. 162: 557-568, 1977.

70. MCCARTNEY, N,, L. L. SPRIET, G. J. F. HEIGENHAUSER, J. M. KOWALCHUK,
J. R. SUTTON, AND N. L. JONES. Muscle power and metabolism in maximal intcrmittent
exercise. J. Appl. Physiol. 60(4): 1164-1169, 1986.

71. MCCORMACK, 1.G. AND R. M. DENTON. The effects of calcium ions and adenine

nucleotides on the activity of pig heart 2-oxoglutarate dehydrogenase complex. Biochem. J.
180: 533-544, 1979.



42

72. MCCORMACK, J.G. AND R. M. DENTON. A comparative study of the regulation by
Ca?* of the activities of the 2-oxoglutarate dehydrogenase complex and NAD*-isocitrate
dehydrogenase from a variety of sources. Biochem. J. 196: 619-624, 1981.

73. MCCORMACK, 1.G., A. P. HALESTRAP, AND R. M. DENTON. Role of calcium in
the regulation of mammalian intramitochondrial metabolism. Physiol. Rev. 70 (2): 391-425,
1990.

74. MENDENHALL, L A., S. C. SWANSON, D. L. HABASH, AND A. R. COGGAN. Ten
days of exercise training reduces glucose production and utilization during moderate-intensity
exercise. Am. J. Physiol 266 (29): E136-E143, 1994.

75. MIDGLEY, PJ.W., G. A. RUTTER, A. P. THOMAS, AND R. M. DENTON. Effects
of Ca?* and Mg?* on the activity of pyruvate dehydrogenase phosphate phosphatase within
toluene-permeabilized mitochondria. Biochem. J. 241: 371-377, 1987.

76. NEWSHOLME, E.A. The contro! of fuel utilization by muscle during exercise and
starvation. Diabetes 28 (Suppl. 1): 1-7, 1979.

77. NEWSHOLME, E.A. Basic aspects of metabolic regulation and their application to
provision of energy in exercise. In: Principles of exercise biochemistry, edited by J. R.
Poortmans. New York: Medicine and Sport Science, Krager, 1988, p. 40-77.

78. NEWSHOLME, E.A. AND B. CRABTREE. Theoretical principles in the approaches
to control of metabolic pathways and their application to glycolysis in muscle. J. Mol. Cell.
Cardiol. 11 (9): 839-856, 1979.

79. NEWSHOLME, E.A. AND N. L. JONES. Intermediary Metabolism. Seminars in
Respiratory Medicine 3(2): 80-87, 1981.

80. NEWSHOLME, E.A. AND C. START. Introduction to regulation in metabclic pathways.
In: Regulation in metabolism, London, England: John Wiley & Sons, 1973, p. 1-33.

81. NEWSHOLME, E.A. AND C. START. Regulation of carbohydrate metabolism in
muscle. In: Regulation in metabolism, London: John Wiley & Sons, 1973, p. 88-145.

82. NEWSHOLME, E.A. AND C. START. Regulation of carbohydrate metabolism in liver.
In: Regulation in metabolism, London: John Wiley & Sons, 1973, p. 247-292.

83. NEWSHOLME, E.A., M. C. SUGDEN, AND T. WILLIAMS. Effect of citrate on the
activities of 6-phosphofructokinase from nervous and muscle tissue from different animals
and its relationship to the regulation of glycolysis. Biochem. J. 166: 123-129, 1977.

84. NUUTINEN, EM, J. K HILTUNEN, AND 1. E. HASSINEN. The glutamate
dehydrogenase system and the redox state of mitochondrial free nicotinamide adenine



43
dinucleotide in myocardium. FEBS Lett. 128: 356-360, 1981.

85. PATEL, M.S. AND T. E. ROCHE. Molecular biology and biochemistry of pyruvate
dehydrogenase complexes. FASEB J. 4: 3224-3233, 1990.

86. FEARCE, F.J., E. WALAJTYS-RODE, AND J. R. WILLIAMSON. Effects of work and

acidosis on pyruvate dehydrogenase activity in perfused rat hearts. J. Mol. Cell. Cardiol. 12:
499-510, 1980.

87. PERHAM, R.N. AND L C. PACKMAN. 2-oxo acid dehydrogenase multienzyme
complexes: domains, dynamics and design. Ann. N. Y. Acad. Sci. 573: 1-20, 1989.

88. PETTIT, F.H., J. W. PELLEY, AND L. I. REED. Regulation of pyruvate dehydrogenase

kinase and phosphatase by acetyl-CoA/CoA and NADH/NAD ratios. Biochem. Biophy. Res.
Commun. 65 (2): 575-582, 1975.

89. PUTMAN, CT, N. L. JONES, L. C. LANDS, T. M. BRAGG, M. G
HOLILIDGE-HORVAT, AND G. J. F. HEIGENHAUSER. Skeletal muscle pyruvate
dehydrogenase activity during maximal exercise in bumans. Am. J. Physiol. In Press: 1995.

90, PUTMAN, C.T., L. L SPRIET, E. HULTMAN, D. J. DYCK, AND G. J. F.
HEIGENHAUSER. Skeletal muscle pyruvate dehydrogenase activity during acetate infusion
in humans. Am. J. Physiol. In Press: 1995.

91. PUTMAN, C.T., L. L. SPRIET, E. HULTMAN, M. L. LINDINGER, L. C. LANDS, R.
S. MCKELVIE, G. CEDERBLAD, N. L. JONES, AND G. J. F. HEIGENHAUSER.
Pyruvate dehydrogenase activity and acetyl-group accumulatioa during exercise after differcnt
diets. Am. J. Physiol. 265 (28): E752-E760, 1993.

92. RAHMATULLAH, M. AND T. E. ROCHE. Component requirements for NADH
inhibition and spermine stimulation of pyruvate dehydrogenase phosphatase activity. J. Biol.
Chem. 263: 8106-8110, 1988.

93. RANDLE, P.J. Phosphorylation-dephosphorylation cycles and the regulation of fucl
selection in mammals. Curr. Top. Cell. Reg. 18: 107-129, 1981.

94, RANDLE, P.J. Molecular mechanisms regulating fuel selection in muscle. In:
Biochemistry of exercise, edited by J. Poortmans and G. Niset. Baltimore: University Park
Press, 1981, p. 13-26.

95. RANDLE, P.1. Fuel selection in animals. Biochem. Soc. Trans. 14: 799-806, 1986.
96. RANDLE, P.J., P. B. GARLAND, C. N. HALES, AND E. A. NEWSHOLME. The

glucose-fatty acid cycle: its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus. Lancet i: 785-789, 1963.



44

97. RANDLE, P.J., P. B. GARLAND, E. A NEWSHOLME, AND C. N. HALES. The
glucose fatty acid cycle in obesity and maturity onset diabetes mellitus. Ann. N. Y. Acad. Sci.
131: 324-333, 1965.

98. RANDLE, P.J.,, E. A. NEWSHOLME, AND P. B. GARLAND. Regulation of glucose
uptake by muscle: effects of fatty acids, ketone bodies and pyruvate, and of alloxan-diabetes
and starvation, on the uptake and metabolic fate of glucose in rat heart and diaphragm
muscles. Biochem. J. 93: 652-663, 1964.

99, REED, LJ. Regulation of pyruvate dehydrogenase complex by a
phosphorylation-dephosphorylation cycle. Curr. Top. Cell. Reg. 18: 95-106, 1981.

100. REED, L.J. AND S. J. YEAMAN. Pyruvate dehydrogenase. In: The enzymes, edited
by P. D. Boyer and E. G. Krebs. Toronto: Academic Press Inc., 1987, p. 77-95.

101. REN, J.M. Control of glycogenolysis, glucolysis and contraction force in human skeletal
muscle. Acta Physiol. Scand. 1989.

102. REN, .M., D. CHASIOTIS, M. BERGSTROM, AND E. HULTMAN. Skeletal muscle
glucolysis, glycogenolysis and glycogen phosphorylase during electrical stimulation in man.
Acta Physiol. Scand. 133: 101-107, 1983.

103. REN, J.M. AND E. HULTMAN. Regulation of glycogenolysis in human skeletal muscle.
J. Appl. Physfol. 67(6): 2243-2248, 1989.

104. REN, J.M. AND E. HULTMAN. Regulation of phosphorylase a activity in human
skeletal muscle. J. Appl Physiol. 69(3): 919-923, 1990.

105. RENNIE, M.J. AND R. H. T. EDWARDS. Carbohydrate metabolism of skeletal muscle
and its disorders. In: Carbohydrate metabolism and its disorders, edited by P. J. Randle, D.
F. Steiner, and W. J. Whelan. London: Academic Press, 1981, p. 1-120.

106. RENNIE, M.J. AND J. O. HOLLOSZY. Inhibition of glucose uptake and glycogenolysis
by availability of oleate in well-oxygenated perfused skeletal muscle. Biochem. J. 168:
161-170, 1977.

107. ROCHE, T.E. AND R. L. CATE. Purification of Porcine liver pyruvate dehydrogenase
complex and characterization of its catalytic and rcgulatory properties. Arch. Biochem.
Biophys. 183: 664-677, 1977.

108. RUTTER, G.A,, J. G. MCCORMACK, P. J. MI_GLEY, AND R. M. DENTON. The
role of Ca®* in the hormonal regulation of the activities of pyruvate dehydrogenase and
oxoglutarate dehydrogenase complexes. Aan. N. Y. Acad. Sci. 573: 206-217, 1989.



45

109. SALE, G.J. AND P. J. RANDLE. Incorporation of [32P]phosphate into the pyruvate
dehydrogenase complex in rat heart mitochondria. Brochem. J. 188: 409-421, 1980.

110. SALE, GJ. AND P. J. RANDLE. Occupancy of sites of phosphorylation in inactive rat
heart pyruvate dehydrogenase phosphate in vivo. Biochem. J. 193: 935-946, 1981.

111. SALE, G.J. AND P. J. RANDLE. Role of individual phosphorylation sites in inactivation
of pyruvate dehydrogenase complex in rat heart mitochondria. Biochem. J. 203: 99-108, 1982.

112. SALE, GJ. AND P. J. RANDLE. Occupancy of phosphorylation sites in pyruvate
dehydrogenase phosphate complex in rat heart in vivo. Biochem. J. 206: 221-229, 1982.

113. SALORANTA, C., V.KOIVISTO, E. WIDEN, K. FALHOLT, R. A DEFRONZO, M.
HARKONEN, AND L. GROOP. Contribution of muscle and liver to glucose-fatty acid cycle
in humans. Am. J. Physiol. 264 (27): ES99-E605, 1993.

114. SCHNAITMAN, C. AND J. W. GREENWALT. Enzymatic properties of the inner and
outer membranes of rat liver mitochondria. J. Celf Biol, 38: 158-175, 1968.

115. SEVERSON, D.L,, R. M. DENTON, H. T. PASK, AND P. J. RANDLE. Calcium and
magnesium ions as effectors of adipose tissue pyruvate dehydrogenase phosphate
phosphatase. Biochem. J. 140: 225-237, 1974.

116. SOMERO, G.N. Protons, osmolytes and fitness of internal milieu for protein function.
Am. J. Physiol. 251: R197-R213, 1986.

117. SPRIET, L.L,, M. 1. LINDINGER, R. S. MCKELVIE, G. J. F. HEIGENHAUSER,
AND N. L. JONES. Muscle glycogenolysis and H* concentration during maximal intermittent
cycling. J. Appl. Physiol. 66(1): 8-13, 1989.

118. STAINSBY, W.N. AND A. B. OTIS. Blood flow, blood oxygen tension, oxygen uptake
and oxygen transport in skeletal muscle. Am. J. Physiol. 206 (4): 858-866, 1964.

119. STEWART, P.A. How (o understand acid-base: A quantitative acid-base primer for
biology and medicine. New York: Elsevier, 1981, p. 1-186.

120. SUGDEN, M.C. AND M. J. HOLNESS. Effects of re-feeding after prolonged starvation
on pyruvate dehydrogenase activities in heart, diaphragm and selected skeletal muscles of the
rat. Biochem. J. 262: 669-672, 1989.

121. SUGDEN, P.H., N. J. HUTSON, A. L. KERBEY, AND P. J. RANDLE.
Phosphorylation of additional sites on pyruvate dehydrogenase inhibits its re-activation by
pyruvate dehydrogenase phosphate dehydrogenase. Biochem. J. 169: 433-435, 1978.



46

122. SUTTON, J.R., N. L. JONES, AND C. J. TOEWS. Effect of pH on muscle glycolysis
during exercise. Clin. Sci. 61: 331-338, 1981.

123. THIEBAUD, D., R. A. DEFRONZO, E. JACOT, K. ACHESON, E. MAEDER, E.
JEQIER, AND J. P. FELBER. Effect of long chain triglyceride infusion on glucose
metabolism in man. Metabolism 31: 1128-1136, 1982.

124. TSAI, C.S., M. W. BURGETT, AND L. J. REED. Alpha-keto acid dehydrogenase
complexes: a kinetic study of the pyruvate dehydrogenase complex from bovine kidney. J.
Biol. Chem. 248(24): 8348-8352, 1973.

125. ULLRICH, J. AND A MANNSCHRECK. Studies on the properties of
2-alpha-hydroxyethyl-thiamine pyrophosphate (“active aldehyde”). Eur. J. Biochem. 1:
110-116, 1967.

126. WAHREN, J., L. HAGENFELDT, AND P. FELIG. Spianchnic and leg exchange of
glucose, amino acids, and free fatty acids during exercise in diabetes mellitus. J. Clin. Invest.
55: 1303-1314, 1975.

127. WALKER, M, G. R. FULCHER, C. F. SUM, H. ORSKOV, AND K G. M. M.
ALBERTL Effect of glycemia and nonesterified fatty acids on forearm glucose uptake in
normal humans. Am. J. Physiol. 261 (24): E304-E311, 1991.

128. WIELAND, O.H. The mammalian pyruvate dehydrogenase complex: structure and
regulation. Rev. Physiol. Biochem. Pharmacol 96: 123-170, 1983.

129. WILLIAMSON, D.H., P. LUND, AND H. A. KREBS. The redox state of free
nicotinamide-adenine dinucleotide in the cytoplasm and mitochondria of rat liver. Biochem.
J. 103: 514-527, 1967.



47
CHAFIER 2

PYRUVATE DEHYDROGENASE ACTIVITY AND ACETYL-GROUP

ACCUMULATION DURING EXERCISE AFTER DIFFERENT DIETS

(published in Am. J. Physiol. 265 (Endocrinology and Metabolism 28): E752-E760, 1993)

21  Abstract
Pyruvate dehydrogenase activity (PDHa) and acetyl-group accumulation were examined in
human skeletal muscle at rest and during exercise after different diets. Five males cycled at
75% VOymax to exhaustion after consuming a low carbohydrate diet (LCD) for 3 d, and
again 1 to 2 wk later for the same duration after consuming a high carbohydrate diet (HCD)
for 3 d. Resting PDHa was lower after a LCD (0.20 + 0.04 vs. 0.69 = 0.05 mmol/min/kg wet
weight (ww); P < 0.05) and coincided with a greater intramuscular acetylCoA-to-CoASH
ratio, acetyl-CoA and acetylcarnitine. PDHa increased during exercise in both conditions but
at a lower rate in the LCD condition compared to the HCD condition (1.46 = 0.2% vs. 2.65
*+ (.23 mmol.min'kg ww! at 16 min, and 1.88 = 0.20 vs. 3.11 % 0.14 at the end of exercise;
P < 0.05). During exercise muscle acetyl-CoA, acetylcarnitine and the acetylCoA-to-CoASH
ratio decreased in the LCD condition but increased in the HCD condition.

Under resting conditions PDHa was influenced mainly by the availability of fat or
carbohydrate fuels acting through changes in the acetylCoA-to-CoASH ratio. However during
exercise the activation of PDHa occurred independent of changes in the acetylCoA-to-

CoASH ratio suggesting that other factors are more important.



22  Introduction

Skeletal muscle pyruvate dehydrogenase is a multi-enzyme complex (PDHc), located
within the inner mitochondrial membrane. This enzyme catalyzes the oxidative
decarboxylation of pyruvate to acetyl-CoA and thus controls the flux of pyruvate derived
acetyl-CoA into the TCA cycle. The phosphorylatice ciate and hence the activity of PDHc
is largely regulated by the concerted action of PDH-kinase and PDH-phosphatase.
Dephosphorylation of PDHc by PDH-phosphatase produces the active form (PDHa) and this
transformation is dependent on the simultaneous reduction in activity of PDH-kinase. The
in vivo activity expressed by the PDHa form is also dependent on the availability of
substrates and accumulation of products (33).

The in vivo regulation of skeletal muscle PDHa is believed to be important to the
integration of carbohydrate and fat oxidation within this tissue. The role of PDHa in this
regard has been summarized in a theory of metabolic regulation proposed by Randle et al
(31,32) which they termed the glucose-fatty acid cycle (G-FA). During starvation or
carbohydrate deprivation PDHa is lowered when the ratio of acetyl-CoA-to-CoASH increases
secondary to increased oxidation of fat fuels. The resultant physiological benefit is decreased
PDHa flux and conservation of intramuscular and whole body glucose stores in the face of
decreasing carbohydrate availability.

To date few studies have examined the role of skeletal muscle PDHa in intramuscular
fuel selection. Henning et al (23) and Hagg et al (19) reported a lower PDHa in rat hindlimb
muscles of starved and diabetic rats at rest and during direct stimulation of the sciatic nerve.
Additionally, Hagg et al (19) demonstrated lower PDHa after infusion of acetoacetate. More

recently, a decrease in PDHa was observed in rat skeletal muscle as a result of prolonged
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moderate exercise when fuel dependence was shifted toward increased fat oxidation (14) and
after 48 hr of starvation (24,36). In all of these investigations, increased oxidation of fat fuels
coincided with lower PDHa. Studies of isolated intact skeletal muscle mitochondria have
confirmed that inhibition of PDHa under these conditions resuits from the inhibitory effect
of increased acetyl-CoA accumulation (1,16).

The role of PDHa in the selection of fuel in human skeletal muscle remains to be
explored. The transformation of skeletal muscle PDHc to the active form during low intensity
(10) and heavy aerobic exercise (10,38,39) has been established. Furthermore, previous
reports examining intramuscular fuel selection in the presence of increased blood borne fat
fuels, are consistent with reduced carbohydrate and increased fat oxidation at rest (2,17,20)
and during beavy aerobic exercise (13,17), which should coincide with lower PDHa.
Nevertheless, to date no study has examined the role of PDHa in intramuscular fuel selection
in humans at rest or during heavy aerobic exercise. Therefore the primary purpose of this
study was to examine intramuscular PDHa in humans at rest and during prolonged cycling
at 75% of VO,max, while in a state of prolonged carbohydrate deprivation. It was
hypothesized that PDHa would be lower at rest and during exercise after consuming a low
carbohydrate diet (LCD) for three days, as compared to consuming a high carbohydrate diet
(HCD) for three days. Muscle acetyl-CoA and CoASH accumulation were measured at rest
and during heavy aerobic exercise to determine the importance of these metabolites as
regulatory signals in determining PDHa in humans.

A secondary purpose of this study was to determine if acetyl-CoA and acetylcarnitine
would become depleted at exhaustion and if depletion was related to fatigue in carbohydrate

deprived muscle exercised to exhaustion. It has previously been demonstrated that muscle
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acetyl-CoA and acetylcarnitine levels do not fall below resting levels at exhaustion (35), which
suggests that acetyl-CoA depletion is not related to fatigue during prolonged aerobic exercise
in subjects consuming a mixed diet. However, it is not known what effect pre-exercise
depletion of muscle glycogen would have on acetyl-group accumulation at exhaustion in

prolonged exercise.

23  Methods
231 Subjects

Five trained young males {mean = 5. VO,max: 61.1 = 8.1 ml kg! min; age 22.8
#+ 1.9 yr; height 181.6 = 2.9 cm, and weight 78.3 + 9.2 kg) participated in this study. This
study had the approval of The Ethics Committee of McMaster University. Written informed
consent was obtained from each subject following a presentation of the study and its

attendant risks.

232 Experimental Protocol

Subjects visited the lab on two occasions separated by 1-2 wk. Prior to each visit,
subjects underwent an exercise protocol to deplete intramuscular glycogen in the quadriceps
muscles. This was followed by 3 d on a LCD that was composed of 46% rrotein, 51% fat,
and 3% carbohydrate, prior to the first visit. Prior to the second visit, each subject consumed
a HCD for 3 d that was composed 10% protein, 4% fat and 86% carbohydrate. A dietary
record was kept for each subject.

On the morning of the experiment, the brachial artery was catheterized

nercutaneously with a teflon catheter (20 gauge, 3.2 cm; Parke Davis and Co.) following local
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anesthesia with 0.5 ml of 2% xylocaine without epinephrine as described by Bernéus et al (6).

The femoral vein was catheterized percutaneously (VC FN 7.5 Cook Co., Bloomington, IN)
using the Seldinger technique, following administration of 3-4 ml of xylocaine, also by the
method of Bernéus et al (6). The catheters were maintained patent with sterile non-
heparinized isotonic saline.

On each visit, one thigh was prepared for needle biopsy of the vastus lateralis with
incisions of the skin through to the deep fascia (four on the first visit and three on the
second), under local anesthesia (2% xylocaine without epinephrine) as described by
Bergstrom (4). Subjects exercised to exhaustion (EX) at 75% VOzmax on an electronically
braked bicycle ergometer (Corival 400; Lode, Netherlands) in the LCD condition, and for
the same duration (End Exercise: EE) 1-2 wk later in the HCD condition (Fig 1).
Measurements of O, uptake and CO, output were made intermittently using a Quinton
metabolic cart (Quintor Q-plex 1; Quinton Instrument Co., WA, USA).

A 20% steqile glucose solution was infused at EX in the LCD condition using the
euglycemic clamp method of Coggan and Coyle (8). Briefly, assuming a glucose space equal
to 20% of body weight, an initial bolus of 20% glucose was infused to return arterial blood
glucose te the initial resting level or higher. This was maintained by the continuous glucose
infusion at a rate of 6 ml/min during 6 min of rest and during 7 min of exercise at the same
power output (Fig 1). Arterial blood glucose was monitored using an automatic glucosc
analyzer (Accu-chek IT; BMC Canada) throughout the exercise period. EX was indicated
when the subject could no longer maintain a pedalling frequency of 60 rpm. Arterial and
femoral venous blood samples, and mus.ie biopsies were taken at the times indicated in

Figure 1. Muscle biopsies were taken from the vastus lateralis at the times indicated in
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Figure 1.

233 Muscle Sampling

Muscle biopsies were immediately frozen in liquid N,, removed from the needle while
frozen and stored in nguid N, until analyzed. A total of 10-35 mg was chipped from each
biopsy and dissected free of blood and connective tissue, under liquid N, using a
stereomicroscope with paired 10X wide-field eyepieces. From this, two clean 5-20 mg
portions were stored separately in liquid N,: one for the measurement of total pyruvate
dehydrogenase activity (PDHt) and the other for measurement of the active fraction (PDHa).
The remaining frozen muscle was freeze dried, dissected free of blood and connective tissue,
and stored dry at -80°C. A portion of the powdered muscle (4-10 mg) was alkaline extracted
and used for glycogen determination and the remaining powdered muscle was extracted in
a solution of 0.5 M perchloric acid (PCA) and 1 mM EDTA, neutralized to pH 7.0 with 2.2

M KHCQ, and stored at -80°C until analyzed for metabolites.

234 Analyis of Muscle

PDHa and total PDH activity (PDHt) were measured in muscle homogenates using
the method of Constantin-Teodosiu et al (11) with the following modifications. For the
measurement of PDHt, the sample was homogenized in a buffer similar to PDHa with the
following differences: exclusion of 50 mM NaF, inclusion of 10 mM CaCl,, 25 mM MgCl,,
4 U/m] hexokinase, 10 mM glucose, 10 mM dichloroacetic acid (DCA), and 0.1% (v:v) triton
X-100. No preincubation reagent was used for the measurement of PDHt, as prior

preincubation at 37°C led to a loss of activity.
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The assay buffer for PDHa and PDHt was slightly modified by increasing the

concentration of all coenzymes: NAD* to 3.0 mM, CoASH to 1.0 mM, and thiamine
pyrophosphate (TPP) to 1.0 mM. During the assay, 200 pl aliquots sampled at 1, 2, and 3
min intervals. The reaction was stopped by addition of each aliquot to 40 pl of 0.5 M PCA.
After 5 min each aliquot was neutralized with 1.0 M K,CO;, centrifuged for 3 min at
15,900xG (Beckman microcentrifuge E) and the resulting supernatant was stored at -50°C
until analyzed for acetyl-CoA by the method of Cederblad et al (7). Plots of acetyl-CoA as
a function of time were used to determine the reaction rates.

Muscle glycogen was measured enzymatically as described by Harris et al (22).
Neutralized PCA muscle cxtracts were analyzed for CoASH, acetyl-CoA, carnitine,

acetylcarmitine (7), citrate (3), and glucose, glucose-6-phosphate (G-6-P), pyruvate and lactate

(22).

235 Blood Sampling, Blood Analysis and Calculation of Blood Flow

Blood samples (~ 6 ml) were drawn from the brachial artery and femoral vein in
heparinized plastic syringes and placed on ice. One portion of each blood sample was
deproteinized in two volumes of 6% PCA, stored at -20°C and subsequently analyzed for
lactate, glycerol, glucose and citrate as described in Bergmeyer (3). A second portion was
centrifuged at 15,900xG for 2 min and the plasma supernatant was analyzed for free fatty
acids using the Wako NEFA C test kit supplied by Wako Chemical Inc. (VA, USA). Blood
flow was calculated from pulmonary VO, and arterio-venous O, difference (Table 1) as

described by Jorfeldt and Wahren (26).
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236 Statistical Analysis
Analysis of muscle metabolite data and blood substrate data were carried out by a
two way analysis of variance (ANOVA) with repeated measures to compare measurements
over time. When a significant F-ratio was found the Newman-Keuls post hoc test was used
to compare means. Respiratory measures, arterial minus venous O, content difference, blood
flow and muscle pyruvate content measures were compared between conditions using a
paired dependent samples t-test as no comparisons were made over time. Results were

considered significant at a p<0.05.
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FIGURE 1. Experimental protocol. Arterial and venous blood samples were taken at the
times indicated. Muscle biopsies were taken as indicated. EX, indicates exhaustion in the low
carbohydrate diet (LCD) condition. EE, indicates the end of the exercise period in the high

carbohydrate diet (HCD) condition.
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24 Results

24.1 Exercise Performance, Respiratory Gas Exchapge and Blood Flow

Cycling time to EX in the LCD condition was 47.7 = 5.5 min (mean * SEM) and
exercise was terminated at the same time in the HCD condition. Whole body VO, was
similar in the two conditions (Table 1), but VCOZ and RER were both lower in the LCD
condition at 5 min and at steady state (Table 1). At steady state the RER was 0.80 = 0.03
and 0.90 + 0.02 in the LCD and HCD conditions, respectively. Ventilation (\:’E) was lower
in the LCD condition at 5 min but did not differ between conditions during the first min or
during steady state (Table 1). Estimated blood flow to the lower limbs during steady state
exercisewas ~13.5 and ~14.5 l/min (Table 1) in the LCD and HCD conditions, respectively.
No significant differences were observed between the LCD and HCD -.onditions except

during the first minute.

242 Blood Metabolites
24.2.1 Glucose

Arterial and venous samples were not corrected for fluid shifts as there was no
significant difference in hemoglobin or hematocrit between the two conditions (data not
shown). In the LCD condition, [glucose] was 4.47 + 0.10 mM at rest and decreased to 3.79
= 0.70 mM at 30 mm exercise and to 2.38 * 0.21 mM at EX (Table 2). There was a net
uptake of glucose throughout exercise in LCD except for the first 5 min (Table 3). Infusion
of glucose during the second exercise period following EX elevated [glucose] to 6.48 = 0.31
mM at 5 min (Table 2). In the HCD condition, [glucose] was 5.27 # 0.29 mM at rest and did

not change throughout the exercise period (Table 2).
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2422 Lactate

Arterial [Lac] increased in the LCD condition from 0.50 % 0.03 mM at rest to a
maximum of 3.9¢ = 0.73 mM at 5 min of exercise and continuously declined to 2.59 + (.81
mM at EX. In the HCD condition arterial blood [Lac?] increased from a resting level of 0.97
+ 0.17 mM to 590 £ (.69 mM by the fifth min of exercise and remained elevated

throughout the exercise period (Table 2).

2423 Free Fatty Acids and Glycerol

In the LCD condition [FFA] was 1.26 = 0.13 mM at rest and decreased to 0.57 %
0.04 mM at 5 min and remained at this level until increasing to 0.81 * 0.10 mM at 30 min
and 0.98 = 0.16 mM at EX. There was a net uptake of FFA during this time (Table 3). In
the HCD condition, the arterial [FFA] was 0.56 = 0.15 mM at rest, decreased to 0.36 * 0.11
mM at 2 min and did not change thereafter during the exercise period (Table 2). A net
uptake of FFA was observed during exercise (Table 3).

Arterial [glycerol] also increased in the LCD condition during the exercise period, ~3
fold over rest at 10 min and almost 32 fold at EX (Table 2). [Glycerol] was significantly
greater in the LCD condition as compared to the HCD condition, from 10 min until the end

of the exercise period. There was a net release of glycerol in both conditions (Table 3).

243 Muscle Metabolites
24.3.1 Giyogen
Glycogen content was significantly greater in the HCD condition at all time points

studied (Figure 2). In the LCD condition, glycogen content decreased from 185.0 = 21.6
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mmol glucosyl U/kg dry weight (dw) at rest, to 69.6 % 19.6 at 16 min and to 32.4 * 18.0 at

EX and did not change during the glucose infusion period (38.5 = 19.9 mmol/kg dw). In the
HCD condition glycogen content was 655.3 = 79.6 mmol’kg dw at rest, decreased to 489.3
+ 43.6 at 16 min and further to 253.2 * 44.4 mmol/kg dw at the end of the exercise period.
The rate of glycogen degradation during exercise was significantly greater (p<0.01) in the
HCD condition (9.5 + 1.08 mmol/kg dw/min) than in the LCD condition (3.5 + 0.65 mmol/kg
dw/min). During the period 16 min to EX the glycogenolytic rate was reduced to ~1.2
mmol/min/kg dw (0.3 mmol/min/kg wet weight (ww)) in the LCD condition and 7.5

mmol/min/kg dw (1.7 mmol'min’kg ww™) in the HCD condition.

2432 Glucose, Glucose-6-phosphate (G-6-P), Lactate, Pyruvate and Citrate

Muscle glucose content was lower in the LCD condition but this difference was
significant only during exercise (Table 4). At 16 min exercise glucose content increased to
239 + 037 mmol’kg dw ir LCD condition and 532 * 1.22 mmol/kg dw in the HCD
cond’  Glucose content decreased to 0.69 * 0.16 mmol/kg dw at EX in the LCD
condition, but continued to rise in the HCD condition. G-6-P content was similar in the two
conditions at rest but decreased during exercise in the LCD condition and increased in the
HCD condition (Table 4).

Both pyruvate and lactate content were lower in the LCD condition during exercise
(Table 4). Resting muscle citrate content was 40% greater after consuming a LCD for 3 d
as compared to consuming a HCD for 3 d (Table 4) and rose to similar values in the two
conditions during exercise. At the end of the glucose infusion period citrate content tended

to be lower than at rest.



24.3.3 Acetyd Group Accumulation

Resting muscle acetyl-CoA content (Figure 3) was ~~ fold greater after consuming
a LCD diet than after a HCD diet (39.3 = 8.6 pmol/kg dw compared to 13.5 + 2.1). In the
LCD condition, cycling resulted in a significant and continued decrease throughout the
exercise period and glucose infusion did not reverse this fall. Acetyl-CoA content was 17.2
+ 17,162 + 1.8 and 159 * 1.6 umol’kg dw at 16 min, EX and after glucose infusion,
respectively. Conversely, in the HCD condition acetyl-CoA content rose during cycling to
322+ 2.3 umol/kg dw at 16 min and to 37.6 * 3.1 at the end of the exercise period.

Changes in acetyl-CoA content (Figure 3) and CoASH content (Figure 3) were
reciprocal only in the HCD condition. In the LCD condition, CoASH tended to decline
during exercise while acetyl-CoA also decreased. CoASH content (Figure 3) was 43.4 = 1.1
pmol/kg dw at rest, 26.6 + 4.7 at 16 min and 37.4 = 8.5 at EX in LCD. No change was
observed after glucose infusion (31.9 = 4.7 umol/kg dw). In the HCD condition CoASH
content was 55.3 = 6.3 umol/kg dw at rest, 34.3 & 2.1 at 16 min and 30.3 * 4.2 at EX.

The resting acetylCoA-to-CoASH ratio (Figure 4) was significantly greater in the
LCD condition (0.76 = 0.21) than in the HCD condition (0.24 + 0.02). Thereafter, in the
LCD condition, the acetylCoA-to-CoASH ratio decreased to 0.68 % 0.17 at 16 min and to
0.47 = 0.17 at EX and did not change during glucose infwion (0.56 + 0.13). Conversely, in
the HCD condition the acetylCoA-to-CoASH ratio rose significantly to 0.93 = 0.11 at 16 min
and to 1.26 * 0.05 at EE.

Resting acetylcamnitine content was also higher after a LCD than after a HCD (11.1
+ 1.1 mmolkg dw compared to 2.5 * 0.9) (Figure 3). During exercise, changes in

acetylcarnitine content (Figure 3) paralleled changes in acetyl-CoA, decreasing in the LCD
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condition to 8.8 + 0.8 mmol/kg dw at 16 min and to 6.9 * 1.4 at EX, and increasing in the
HCD condition to 12.1 = 1.0 at 16 min and to 12.5 = 0.8 at EE. Glucose infusion had no
effect on acetylcarnitine or acetyl-CoA accumulation.

Changes in free carnitine content were reciprocal with changes in acetylcamnitine in
both conditions (Figure 3). In the LCD condition, free carnitine was 8.1 = 1.7 mmol/kg dw
at rest, 7.8 = 1.5 at 16 min and 9.9 = 1.7 at EX. The free carnitine content remained
unchanged during glucose infusion. In the HCD condition, free carnitine was 155 + 1.9 at

rest, 4.6 + 0.7 at 16 min and 3.5 = 0.8 at EE.

244 Pyruvate Dehydrogenase Complex

Resting PDHa (Figure 4) was significantly lower in the LCD condition (0.20 + 0.04
mmolmintkg ww1) than in the HCD condition (0.69 = 0.05 mmolminkg ww'). During
exercise the PDHa fraction increased in both conditions but at a slower rate after a LCD
compared to after a HCD (ie. 1.46 = 0.25 mmol'minkg ww' compared to 2.65 = 0.25 at
16 min and 1.88 = 0.20 compared to 3.11 * 0.14 at the end of exercise). There was no
further increase in PDHa during glucose infusion: it was 2.06 + 0.25 mmol'min™kg ww.

The total PDHc activity (PDHt) did not differ within or between conditions during
exercise. However, resting values for PDHt were lower than those observed for exercise
samples within each condition. In the LCD condition, PDHt was 1.50 = 0.17, 2.20 £ 0.25,
237 + 0.18 and 2.40 * 0.24 mmolmin'kg ww' at rest, 16 min, EX and after glucose
infusion, respectively. In the HCD condition, PDHt was 1.85 = 0.13, 270 * 0.19 and 2.87
+ 0.22 mmol'minkg ww' at rest, 16 min and EE, respectively. The greater PDHt during

exercise compared to rest should not be viewed as an increase in intramuscular PDHc
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content during the rest-to-work transition but merely the incomplete transformation of resting
samples of PDHc in vitro. Complete transformation of PDHc was observed in exercise
samples in both the LCD and HCD conditions. This is evidenced by the fact that there were
no significant differences between PDHt measures within or between conditions during
exercise when complete transformation is known to occur (10).

Despite minor fluctuations in resting PDHt values, the relative pattern of PDHa
inhibition observed in the LCD condition compared to the HCD condition remains
unaffected. The proportion of the PDHa fraction relative to PDHt was significantly lower in
the LCD condition: 14.2 *+ 4.4 % at rest, 65.9 = 9.2 % at 16 min and 80.0 *+ 7.4 % at EX.
Complete activation was not achieved until the glucose infusion period, where it was 90.2 +
5.2 %. Conversely, in the HCD condition PDHa transformation was higher at rest (37.8 =

3.2 %) and was complete after 16 min of exercise (98.0 + 4.5 %) and at EE (109 % 6.1 %).



TABLE 1.

Oxygen uptake, carbon dioxide production, respiratory

exchange ratio, ventilation, oxygen content and blood flow data during

cycle ergometry at 75% VO,max following either a low carbohydrate

diet (L.CD) or a high carbohydrate diet (HCD) for three days.

il MEASURE CONDITION | 1 min 5 min Stoady Stats
. LCD 231 = 022 3.42 = 017 3.46 + 0.16
YO, (/min)

HCD 221 = 0.20 3.35 = 0.11 3.29 £ 0.12
. LCD 1.51 £ 013 2.81 = 0.07* 276 £ 0.13
VCO, (/min)
HCD 1.68 £ 018 3.16 £ 0.12 297 + 0.16
LCD 0.65 * 0.01f 0.83 = 0.03* 0.80 + 0.03!
RER
HCD 0.76 £ 0.02 0.95 = 0.03 0.90 = 0.02
. LCD 46.0 = 4.1 81.0 = 4.9¢ 924 £ 2.7
Ve (I/min)
HCD 467 £ 55 87.7 43 S29 + 26
Lcp 143 £ 1.3 159 £ 09 16.0 £ 0.4
diA-V)O, Content
HCD 152+ 05 16,0 = 0.4 16.8 = 0.2
Blood Flow LCD 101 £ 1.2 11524 145 £ 1.0
(I/min)
HCD 9.7+ 02 104 = 1.3 135+ 09

Data are means + SEM. Sample size is n=4. 1, significantly different from

matched times between conditions. Steady state measures were collected or

calculated between 10 min and 30 min of exercise at 75% Vogmax.

d(A-V)O, is arterial minus venous oxygen content. Leg blood flow

was calculated for two legs.
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FIGURE 2. Muscle glycogen content during exercise to exhaustion (EX) in the LCD
condition (open symbols) and for the same duration (EE: End Exercise) in the HCD
condition (closed symbols). *, indicates significantly different from rest. +, indicates

significantly different from the HCD condition.
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FIGURE 3. Muscle CoASH, acetylCoA, carnitine, and acetylcarnitine content during exercise
to exhaustion (EX) in the LCD condition (open symbols) and for the same duration (EE:
End Exercise) in the HCD condition (closed symbols). *, indicates significantly difterent from

rest. +, indicates significantly different from the HCD condition.
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FIGURE 4. Muscle pyruvate dehydrogenase activity (PDHa) and the muscle acetyl-
CoA:CoASH ratio during exercise to exhaustion (EX) in the LCD condition (open symbols)
and for the same duration (EE: End Exercise) in the HCD condition (closed symbols). *,
indicates significantly different from rest. +, indicates significantly different from the HCD

condition.
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25  DISCUSSION

In the present study, exercise and dietary alterations were used to change fuel
utilization during prolonged exercise and measurements were made of some factors known
to regulate the activity of the PDH complex. The pre-exercise treatment of exhaustive
exercise followed by 3 d of diet manipulation was successful in reducing the intramuscular
glycogen content in the LCD condition (Figure 2) and in altering the type of fuel made
available to exercising muscle at vest and during exercise (Table 2). In the LCD condition
these changes were similar to those reported for starvation (29), with increased delivery of
FFA, and possibly ketone bodies, to muscle at rest and throughout exercise. While blood
glucose did not differ between conditions at rest and for most of the exercise period, in the
LCD condition glucose supply was diminished between 15 and 30 min (Table 2) and
hypoglycemia coincided with exhaustion, suggesting depletion of liver glycogen (5,30).
Coincidental with this was a switch in fuel availability and utilization to a greater dependence
on fat in the LCD condition which is consistent with previous reports (see Coggan (9) for

review).

251 PDHa

Control of PDH activity was associated with intramuscular accumulation of acetyl-
CoA from the oxidation of FFA. The lower PDHa in the LCD condition at rest (Figure 4)
appears to have resulted from the direct inhibitory action of excess acetyl-CoA accumulation
and increase in the acetyl-CoA:CoASH ratio. An acetyl-CoA:CoASH ratio of 0.76 as
observed at rest in the LCD condition, has been shown in vitro to result in PDHa that is 10%

to 50% lower than control values (15). Accordingly, the lower PDHa observed at rest after
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a LCD appears to kave been due, at least in part, to the accumulation of acetyl-CoA which
activated the regulatory subunit, PDH-kinase (16).

During exercise at 75% VO,max PDHa increased by 5 to 9 fold in both conditions
despite different acetyl-CoA:CoSH ratios (Figure 4). PDHa increased from 0.20 at rest to
1.88 mmolminkg ww?! after a LCD while the acetyl-CoA:CoASH ratio decreased
simultaneously from 0.76 to 0.47. After a HCD, PDHa increased from 0.63 to 3.11 and the
acetyl-CoA:CoASH ratio increased simultaneously from 0.25 to 1.28. The apparert abscence
of a relationship between PDHc transformation and acetyl-CoA:CoASH ratic during exercise
is in contrast to the data of Erfle and Saur (15) who reported 50-60% inhibition of PDHa
with similar increases in the acetyl-CoA:CoA ratios as we observed after a HCD. It can be
concluded that the possible regulatory effect of the acetyl-CoA:CoASH ratio on PDHc
transformation in resting muscle is overridden by other factors during exercise.

The regulation of PDHc transformation to the active form is dependent on the
balance between the activating PDH-phosphatase and the inhibitory PDH-kinase. PDH-
phosphatase itself is activated by increased [Ca® ] during exercise which was presumably
similar in the LCD and HCD conditions since the power output was identical in the two
conditions. PDH-kinase activity is inhibited by ADP which may accumulate in the
mitochondria during exercise but this effect is difficult to evaluate since intramitochondrial
ADP concentration is unknowsn. Pyruvate also inhibits PDH-kinase in skeletal muscle
apparently at a concentration of about 3 mM in the presence of Ca?* (16), which is one to
two orders of magnitude greater than the concentrations observed in this study. However,
the K; for pyruvate in other tissues (12,25,27,28) is much lower (~0.08 to 0.50 mM) and until

the K; of pyruvate is confirmed in skeletal muscle, the possibility remains that it may be
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similar in magnitude to the pyruvate concentrations that we observed in our subjects.
Pyruvate concentration varied between 0.03 and 0.2 mM in the LCD condition, and 0.06 and
0.3 mM in the HCD condition (calculated from pyruvate contents given in table 4, assuming
an intracellular water content of 3 | per kg dw). Thus it is possible that pyruvate may exert
a significant regulatory effect on PDH-kinase.

Changes in circulating insulin levels also may hzve bad an impact o PDHc
transformation. It is known that starvation and diabetes increase PDH-kinase activity (16)
and that PDH-phosphatase can be activated by insulin (37). While plasma iosuiin was not
analyzed in this study, it is known that consumption of a LCD for 3 d will decre:ase plasma
insulin, whereas consumption of 2 HCD for 3 d will have the opposite effect (17). Dietary
induced changes in insulin may thus explain, in part, the observed differences in PDHc
transformation in resting muscle and also during the exercise period.

The measured PDHa fraction which we report here reflects the potential for flux
through the PDHa reaction but in some situations may not represent the actual in vivo flu,
since in vivo flux is also determined in part by the availability of substrates and accumulation
of products. Our measurements of PDHa do not reflect this latter aspect of regulation.
However, knowing the rate of glycogen degradation, glucose uptake and lactate production
or uptake by the muscle, it is possible to calculate flux through the PDHa reaction. In the
HCD condition glycogen degradation was 1.7 mmol'min*kg ww from 16 min to EX (Figure
2). Assuming a mean arterio-venous concentration difference (mean value 15 min to EX/EE;
Table 3) of 0.13 mmol/! for glucose and 0.017 mmol/l for lactate and leg blood flow of 13.5
Vmin (Table 1), glucose and lactate uptake can be calculated to be 1.8 mmol/min and 0.2

mmol/min, respectively. Then, assuming a mean active muscle mass of about 10 kg it is
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possible to calculate that glucose flux was 0.18 mmol'mintkg ww? and lactate uptake was
0.02 mmol'minkg ww. Conversion of these three measures to pyruvate equivalents, addition
of glycogen, glucose and lactate contributions and correction for anaplerotic reactions
involving pyruvate (~0.11 mmol'min"kg ww?) (34) gives the resultant flux through the PDHa
reaction (~3.7 mmol'min’kg ww?) which was similar to the measured PDHa (3.11 mmolmin-
tkg ww) at EE.

Similar calculations in the LCD condition yield a glycogen degradation rate, giucose
flux and lactate efflux of 0.27, 0.31 and .15 mmol'min*kg ww, respectively. Thus, the
resultant flux through the PDHa reaction is 0.9 mmol'minkg ww. This value is considerably
lower than PDHa observed at EX (1.88 mmolmintkg ww') and illustrates the disparity
between measured PDHa and in vivo flux when carbohydrate supply became limiting in the
LCD condition. Transformation of PDHa was in excess of flux, with flux appecaring to be
limited by pyruvate availability at exhaustion.

Increased [Ca?*] must be an important factor regulating PDHc transformation during
exercise, while differences in plasma insulin induced by the two diets could explain the lower
PDHa after a LCD at rest and during exercise. Additionally, acetyl-CoA accumulation may

explain the lower PDHa in resting muscle in the LCD condition, but this effect seems to be

overridden by the Ca?*-induced activation of PDH-phosphatase during exercise.

252 Acetyl Group Accumulation
Acetyl-groups accumulate when the formation of acetyl-CoA is greater than the rate
at which it is utilized by the TCA cycle. During intense aerobic exercise acetyl-CoA is formed

primarily by the PDHc reaction under normal dietary conditions (10) and the acetyl-groups
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formed are transferred from acetyl-CoA to free carnitine in the cytosol (21). This transfer
regenerates sufficient CoASH to maintain the activity of PDHa (10) and otber CoASH-
dependent intramitochondrial dehydrogenases.

In this study acetylcarnitinc z2ccumulation mirrored acetyl-CoA accumulation at rest
and throughout the exercise period in both conditiors (Figure 3) as has previously been
reported (21,35). The LCD resulted in a large accumulation of acetyl-CoA and
acetylcarnitine at rest but by 16 min of exercise acetyl-CoA had decreased from 39.3 to 17.2
pmol/kg dw and acetylcarnitine from 11.1 to 8.8 mmol/kg dw. Similar levels have been
previously reported at the end of exhaustive exercise (35). However, our subjects were able
to continue exercising at this new lower set point of acetyl-CoA and acetylcarnitine for an
additional 32.7 min until exhaustion occurred. During this time most of the fuel utilized was
derived from fat demonstrating the extent to which oxidation of fat fuels can support heavy
exercise for a prolonged period. The difference in acetyl-group accumulation between the
two conditions was related to substrate utilization differences after the low and high
carbohydrate diets. After the LCD, increased acetyl-CoA accumulation resulted from greater
oxidation of fat at rest. This had the effect of decreasing PDHa and limiting further acetyl-
CoA formation from pyruvate. During exercise in LCD, the formation of acetyl-groups
appeared to be iower than the amount oxidized due to an insufficient rate of fat and ketone
body oxidation, and a reduction in pyruvate availability. During the first 16 min of exercise
after a HCD, acetyl-group accumulation was related to the greater availability of glycogen
and pyruvate, and dependent on greater PDHa, resulting in acetyl-group formation from
glycogen that was greater than its rate of utilization. Thereafter, no further change in acetyl-

group accumulation occurred.
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Reciprocal changes in carnitine and acetylcarnitine occurred in the LCD condition
but this did not occur when changes in acetyl-CoA and free CoASH were compared (Figure
3). In the LCD condition there was a decline in the sum of acetylCoA and CoASH during
exercise. With increasing utilization of FFA it is possible that more of the CoASH was
utilized for fatty acid activation and a portion of the total coenzyme-A may have been in the
form of long chain acyl-CoA esters. This was not observed in the HCD condition during
exercise where decreases in CoASH and carnitine were equal and opposite 1o increases in
acetyl-CoA and acetylcarnitine, respectively.

During prolonged intense aerobic exercise in a state of carbohydrate deprivation (ic.
LCD), glycogen utilization was slowed. From 16 min to EX, the decreasing contribution of
glycogen appeared to be compensated by increased oxidation of fat fuels. Increasing the
blood glucose concentration by glucose infusion did not alter acetyl-group accumulation but
it was an important factor in relieving the symptoms of hypoglycemia and it allowed
resumption of cycling at the same power output. Thus, the reduction of the acetyl-group pool
during exercise and at EX in the LCD condition does not appear to be the eventual cause
of exhaustion in the LCD condition. As the subjects were able to continue exercising when
blood glucose was restored, the cause of fatigue was probably impairment of the central

nervous system (CNS), secondary to the exercise induced hypoglycemia.

253 Gigcose-Fatty Acid Cyde
Measurements of acetyl-CoA, citrate, PDHa and estimates of glycolytic fiux enable
us to comment on the existence of the classic glucose-fatty acid (G-FA) cycle in human

skeletal muscle as classically proposed (31,32). At rest, the extremely high acetyl-
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CoA:CoASH ratio in the LCD cordition is consistent with lower PDHa (Figure 4). A 40%

higher resting citrate concentration in the LCD condition (Table 4) may have also
contributed to an inhibition of PFK (18). Therefore at rest, the accumulation of the putative
regulators of the G-FA cycle is consistent with their involvement in the down-regulation of
glycolytic flux and PDH activity in the LCD condition.

During ex~-cise, the acetyl-CoA:CoASH ratio increased ~5 fold in the HCD
condition while PIDHc was completely transformed to the active state (Figure 4). Muscle
glycolytic flux also increased several fold in spite of a two fold increase in citrate
concentration (Table 4). According to the G-FA cycle (31), the increased acetyl-CoA:CoASH
ratio should have resulted in a lower PDHa and increased citrate should have inhibited PFK
and thus reduced glycolytic flux. It is clear that this did not occur and that other factors
control the activity of these enzymes during heavy exercise when carbohydrate is available.

In the LCD condition, the acetyl-CoA:CoASH ratio decreased from rest to exercise,
but PDHa increased at a slower rate than observed in the HCD condition (Figure 4). Citrate
concentration was similar in the two conditions at 16 min and at EE/EX (Table 4) but
glycolytic flux was consistently lower in the LCD condition. Our observations argue against
the involvement of the acetyl-CoA:CoASH ratio and citrate in down-regulating skeletal
muscle PDHa and PFK, respectively, during heavy exercise when substrate utilization shifts
towards increased fat oxidation. The lower rate of glycogen utilization during the first 16 min
of exercise in the LCD compared to the HCD could be explained by lower activity of
phosphorylase, induced by the lower glycogen content which is clearly the reason for the

differences in the later part of the exercise period.



254 Summary

In the present study the role of PDHa in the integration of carbohydrate and fat
utilization was explored in human skeletal muscle at rest and during intense aerobic exercise,
with carbohydrate deprivation being used to decrease carbohydrate availability and increase
fat utilization. Of secondary importance was the concurrent examination of acetyl-group
accumulation to establish the role of acetyl-CoA in PDHa regulation and to determine if
depletion of acetyl-CoA and acetylcarnitine was related to the development of muscle fatiguc.
While a significant reduction in the acetyl-group pool was observed throughout exercise,
cowmplete depletion did not occur at exhaustion. Moreover, glucose replacement relieved
exhaustion independent of changes in the acetyl-group pool, suggesting that the development
of fatigue in these subjects was due to CNS impairment rather than peripheral metabolic
impairment in the exercising muscles.

The results confirm that the functional role of PDHe, in resting muscle, is to
integrate glucose and fat utilization. At rest the primary signal responsible for regulating the
activation state of this enzyme, and thus controlling the rate of carbohydrate oxidation, arc
changes in the acetyl-CoA:CoASH ratio. In contrast to our findings at rest, during prolonged
exercise at 75% of VO;max no evidence was found for regulation through the G-FA cycle
as proposed by Randle et al (31,32). In the HCD condition, transformation of PDHc was
complete throughout the exercise period despite an increasing acetyl-CoA:CoASH ratio that
should have resulted in lower a rate of PDHa transformation than observed in the LCD

condition and the opposite was true of the LCD condition.
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CHAPTER 3

SKELETAL MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY
DURING ACETATE INFUSION IN HUMANS

(published ia Am. J. Physiol. 268 (Endocrine and Metabolism 31), E1007-E1017, 1995)

31  Abstract

Pyruvate dehydrogenase activity (PDHa), acetyl-group and citrate accumulation were
examired in human skeletal muscle at rest and during cycling exercise while acetate
availability was acutely elevated. Eight subjects were infused with 400 mmol of Na-acetate
(AZE) at a constant rate during 20 min of rest, 5 min of cycling at 40% and 15 min of cycling
at 80% of their maximal oxygen uptake (VOzmax). Two weeks later experiments were
repeated while 400 mmol of Na-bicarbonate was infused in the control condition (CON).
ACE infusion increased muscle acetylCoA (17.0 + 2.2 to 33.2 = 4.1 pmol/kg dw), citrate and
acetylcarnitine. A decline in resting PDHa during 20 min of ACE infusion (0.37: 0.08 vs.
0.16 * 0.03 mmolmintkg wet wt') coincided with an elevation in the intramuscular
acetylCoA-to-CoASH ratio (0.28 = 0.04 to 0.73 = 0.14). After 20 min of CON infusion,
resting PDHa (0.32 * 0.06 mmolmin"kg wet wt') did not differ from PDHa prior to ACE
infusion. During exercise, acetylCoA, citrate and the acetylCoA-to-CoASH ratio were further
elevated and the differences that existed at rest were resolved. PDHa increased to the same
extent in ACE and CON where it was 44-47% transformed after 5 min at 40% VOzmax and

completely transformed after 15 min at 80% VO,max. During rest PDHa was regulated by
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an acute increase in the availability of an alternative fat fuel acting through variations in the
acetylCoA-to-CoASH ratio. Conversely, during exercise PDHa regulation was independent
of variations in the acetylCoA-to-CoASH ratio and was primarily regulated by other factors.
The resting data are consistent with a central role for PDHa and citrate in the regulation of
the glucose-fatty acid cycle in skeletal muscle, as classically proposed. owever, during
exercise acetate infusion is not an cffective tool to study the regulation of the glucose-fatty

acid cycle in skeletal muscle.

32  Introduction

The pyruvate dehydrogenase complex (PDHc) is believed to play a pivotal role in the
regulation of intramuscular fuels at rest and during exercise. Its function has been
summarized by Randle er al (27,28) in a theory of metabolic regulation which they termed
the glucose-fatty acid (Glc-FA) cycle and is thought to operate in the following manner: with
increased availability and utilization of fat fuels a restriction is placed on intramuscular
glucose utilization by the inhibition of the cytosolic enzymes hexokinase and
phosphofructokinase (PFK) as well as the intramitochondrial enzyme PDHc. Randle et al
(28) observed that it is at the level of PDHc that the effect of increased fat fuel availability
was most marked and thus likely initiates intramuscular glucose restriction. Rising ratios of
acetylCoA-to-CoASH and NADH-to-NAD generated from the oxidation of fat fuels inhibits
PDHc transformation to its active form (PDHa), leading to the accumulation of citrate which
inhibits PFK. The resultant decrease in glycolytic flux causes glucose-6-phosphate
accumulation which in turn inhibits hexokinase activity, restricting further glucose uptake and

glycogen utilization. Conversely, in the absence of available fat fuels the restriction on muscle



glucose oxidation is released.

Fundamental to the function of this mechanism is the inhibitory effect of acetylCoA
accumulation and the rising acetylCoA-to-CoASH ratio on PDHc transformation to initiate
or release the ensuing events of glucose restriction. To date, most of the information
concerning the operation of this mechanism of fuel regulation in tissues and the role of
PDHc therein has been limited to rat heart (13,19,20,38), rat muscle preparations (14,21) and
rat muscle mitochondrial preparations (1) where evidence supports its operation as proposed
(27). However, it is not known to what extent this mechanism operates in human skeletal
muscle. We have recently reported lower resting PDHa in humaps after 3 d of carbohydrate
deprivation that resulted from a rise in the intramuscular acetylCoA-to-CoASH ratio
secondary to acetylCoA accumulation (26). However, during intense aerobic exercise lower
PDHa was not due to variations in the acetylCoA-to-CoASH ratio but was attributed to long
term regulatory events (26). The source of the excess acetylCoA generated at rest was from
the oxidation of free fatty acids and/or ketones bodies. In a subsequent study (11), we
reported that Intralipid-infusion into human subjects was successful at restricting glycogen
utilization in the vastus lateralis during intense aerobic cycling, independent of acetylCoA
accumulation. Furthermore, the important sites of regulation were not at PDHc or PFK but
rather at the level of glycogen phosphorylase (11).

Lower resting PDHa observed during carbohydrate deprivation (26) but not during
Intralipid infusion (11) could be explained by the greater relative importance of short chain
fatty acid anions to the generation of acetylCoA in human muscle. Indeed, in humans (17,29)
and some animal models (2,18,22) the inhibitory effects on glucose utilization are most

remarkable during infusion of ketone bodies (2) and acetate (18,29) or after the ingestion



of acetate generating compounds such as ethanol (17).

It is known that acetate is readily taken up by skeletal muscle and converted to
acetylCoA by acetylCoA synthetase and that a significant portion of the acetate infused into
bumans is oxidized by skeletal muscle (35). When infused at rest this should result in
intramuscular acetylCoA and citrate accumulation and an elevated acetylCoA-to-CoASH
ratio, resulting in lower PDHa and PFK activity. Additionally, if greater acetylCoA and
citrate accumulation could be sustained during exercise by simultaneously infusing Na-acetate,
then a lower rate of PDHc transformation and PFK activity might also be observed. Thus the
purpose of this study was to examine the acute effect of increasing acetyl-group accumulation
on PDHa in human muscle. We hypothesized that the acetylCoA-to-CoASH ratio and citrate
would be higher during Na-acetate infusion leading to lower PDHa and the potential for
lower PFK activity at rest and during cycling exercise. Glycogen was also examined to

determine if intramuscular glucose conservation accompanied lower PDHa during exercise.

33  Methods
331 Subjects

Seven males and one female (mean = SEM, VO,max: 49.3 = 3.4 ml- kg!  min?; age
249 + 1.1 yr; height 172.6 = 5.5 cm and weight 80.0 * 4.8 kg) participated in this study.
Approval was obtained from the Ethics Committee of McMaster University and the
University of Guelph. Written informed consent was obtained from each subject following

a presentation of the study protocol and its attendant risks.



332 Pre-experimental Protocol
Maximal oxygen uptake (VOzmax) was determined on a cycle ergometer for each
subject. On a subsequent day each subject returned for a practice ride for 15 min to confirm

the experimental workloads.

333 Experimental Protocol

The antecubital or basilic vein of each arm was catheterized percutaneously with a
teflon catheter (Angio-set 20 gauge, Becton-Dickinson, Clarkson, Ont., Canada). Catheters
were maintained patent with a sterile non-heparinized isotonic saline solution. One thigh was
prepared for needle biopsy of the vastus lateralis. Incisions of the skin through to the deep
fascia were made over the vastus lateralis while under local anesthesia (2% xylocaine without
epinephrine) as described by Bergstrom (4). Four incisions were made on one thigh during
the first visit (acetate infusion) and three were made on the contralateral thigh during the
second visit {control infusion).

The experimental protocol is summarized in Figure 1. During 20 min of rest and
while cycling at 40% VO,max for 5 min and 80% VO,max for 15 min, 667 mM Na-acetate
was infused into one catheter at a rate of 15 mlmin®. Two weeks later 570 mM Na-
bicarbonate was infused at a rate of 17.5 ml'min™ during the control trial. Na-bicarbonate was
chosen for control infusions to prevent variations in plasma pH between the control and
experimental trials. Arterialized venous blood samples were collected from the catheter of
the contralateral arm. Blood samples and muscle biopsies were taken at the times indicated
in Figure 1. Prior to the each visit subjects consumed a mixed diet (mean = SEM,

carbohydrate: 49 * 4%, fat: 31 + 4% and protein: 20 + 2%.) that did not differ in
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composition between trials. The Na-acetate and Na-bicarbonate trials were separated by two
weeks to allow sufficient time for preliminary analysis of intramuscular acetylCoA content.
This was done to ensure that acetate infusion produced increased muscle acetylCoA in each
subject at rest before committing them to another experiment.

The exercise intensities utilized in the present study were based on previous reports
which have established that PDHc transformation to PDHa is incomplete at low intensities
(6) but completely transformed and independent of the acetylCoA-to-CoASH ratio at
intensities greater than 60% VO,max (8). Thus if PDHa were to be regulated by variations
in the acetylCoA-to-CoASH ratio during exercise it was expected that the effect would be
observable only at 40% VOzmax. The high intensity workload of 80% VOzmax was choosen

to establish complete PDHc transformation to PDHa and to study muscle glycogen

utilization.

334 Muscle Samphing

Muscle biopsies were immediately frozen in liquid N, and removed from the ncedle
while frozen. Immediately 10-30 mg was chipped from each biopsy and dissected free of
blood and connective tissue under liquid N,. From this, two clean 5-15 mg portions were
stored separately in liquid N,: one for the measurement of total pyruvate dehydrogenasc
activity (PDHt) and the other for measurement of the active fraction (PDHa). The remaining
frozen muscle was freeze dried, dissected free of blood and connective tissue, and stored dry
at -80°C. A portion of the powdered muscle (4-10 mg) was alkaline extracted in duplicate and
used for giycogen determination and the remaining powdered muscle was extracted in a

solution of 0.5 M perchloric acid (PCA) and 1 mM EDTA, neutralized to pH 7.0 with 2.2
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M KHCO; and stored at -80°C until analyzed for metabolites.

335 Analysis of Muscle

PDHa and PDFit were measured in muscle homogenates using the method of
Constantin-Teodosiu et al (7) with the following modifications. For the measurement of
PDHt, the sample was homogenized in a buffer similar to PDHa with the following
differences: exclusion of 50 mM NaF, inclusion of 10 mM CaCl,, 25 mM MgCl,, 4 U/ml
hexokinase, 10 mM glucose, 10 mM dichloroacetic acid (BCA) and 0.1% (volfvol) triton X-
100. No preincubation reagent was used for the measurement of PDHt. PDHt was taken as
the highest reaction rate for a series of biopsies taken from a subject on a given day.

The assay buffer for PDHa and PDHt was modified by increasing the concentration
of all coenzymes: NAD* to 3.0 mM, CoASH to 1.0 mM, and thiamine pyrophosphate (TPP)
10 1.0 mM. During the assay, 200 pl aliquots were sampled at 1, 2, and 3 min. The reaction
was stopped by addition of each aliquot to 40 ul of 0.5 M PCA. After 5 min, each aliquot
was neutralized with 1.0 M K,CO; and centrifuged for 3 min at 15,900xG (microcentrifuge
E, Beckman Instrument Co., Mississauga, Ont., Canada). The resulting supernatant was
stored at -50°C until analyzed for acetylCoA by the method of Cederblad et al (5). Plots of
acetylCoA as a function of time were used to determine the reaction rates. Total creatine
concentrations were measured in neutralized PCA extracts of PDHa and PDHt homogenates,
using the enzymatic methods of Bergmeyer (3). PDHa and PDHt measures were corrected
to the highest creatine content in all of biopsies taken from each subject. This was done to
compensate for any contamination of the tissue homogenates due to the presence of blood

or connective tissue.
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Muscle glycogen was measured enzymatically as described by Harris et al (16).

Neutralized PCA muscle extracts were analyzed for CoASH, acetylCoA, acetylcarnitine (5),
citrate (3), glucose, glucose-6-phosphate (G-6-P), lactate, PCr and adenosine-triphosphate

{ATP) (16). PCA extracts were corrected for total creatine.

3.3.6 Blood Sampling and Analysis

Arterialized venous blood samples (~ 4-6 ml) were drawn in heparinized plastic
syringes and placed on ice. One portion of each blood sample was deproteinized in two
volumes of 6% PCA, stored at -20°C and subsequently analyzed for lactate, glycerol and
glucose as described in Bergmeyer (3). A second portion was immediately centrifuged at
15,900xG for 2 min and the plasma supernatant was analyzed for free fatty acids (Wako
NEFA Ctest kit; Wako Chemical Inc. Immunocrop, Montreal, Quebec, Canada) and acetate
(3). A third portion of each blood sample was analyzed for plasma pH (AVL 995 Automatic
Blood Gas Analyzer, Intermedico Markham Ontario), Hb and Hb-saturation (Hemoximeter

OSM 3, Radiometer Copenhagen).

337 Statistical Analysis

Analysis of resting muscle metabolites, glycogen and PDHa measures were carried
out by a dependent samples paired t-test. Exercising muscle metabolites, PDHa and blood
metabolite constituents were analyzed by a two-way analysis of variance with repeated
measures to compare measurements over time. When a significant F ratio was found, the

Newman-Keuls post hoc test was use to compare means. Results were considered significant

at p < 0.05.
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FIGURE 1: Experimental Protocol. Arterialized venous blood samples were taken at the
times indicated. 667 mM Na-acetate (experimental) was continuously infused at 15 mlmin.
570 mM Na-bicarbonate was continuously infused at 17.5 ml'min. 40% and 80% indicate

cycling exercise at 40% of VO,max and 80% VO,max, respectively.
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34 Results

3.4.1 Plasma Acetate Concentration, Plasma pH and VO,

Plasma acetate (Figure 2) was not detectable prior to Na-acetate infusion or during
control infusions with Na-bicarbonate. Plasma acetate rose to 2.15 % 0.24 mM after 10 min
of resting infusion and po further change occurred during resting infusion or after 5 min of
cycling at 40% VO,max. Acetate concentration was 2.64 = 037 mM prior to the
commencement of cycling at 40% VO,max, 2.59 + 0.45 mM after 5 min and rose slightly
thereafter during cycling at 80% VO,max to reach 3.79 = 0.49 mM at 20 min. Plasma pH
(Table 1) was monitored in the Na-acetate trial and in the control trial where an equal
amount of Na-bicarbonate was infused. Plasma pH increased equally during Na-acetate and
control infusions at rest and remained elevated over pre-infusion resting values during cycling
at 40% and 80% VO,max but dié not differ between the two conditions at any time. The
workloads for 40% and 80% VO,max were 98 = 11 and 207 + 22 watts, producing oxygen

uptakes of 1.4 = 0.1 and 2.8 *+ 0.3 I/min, respectively.

342 Blood Metabolites
3421 Glucose

Blood metabolite values were not corrected for fluid shifts since there were no
differences in hemoglobin (Hb) concentration between the two conditions. Hb ranged from
143 = 0.2 to 15.0 = 0.2 g/dl in the Na-acetate trial and from 13.8 = 0.1 to 14.9 = (.1 g/dl
in the control trial. Similarly HbO, saturation did not differ between conditions. Glucose
(gluc) concentration ([ ]} (Figure 3) remained relatively stable between conditions, differing

only at -10, 14 and 19 min. At each of these points [gluc] was greater in the Na-acetate
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condition reaching 3.44 = 0.11, 3.56 = 0.12 and 3.48 + 0.11 mM at -10, 14 and 19 min,

respectively. In the control condition [gluc] was 3.05 + 0.13, 3.14 £ 0.17 and 3.03 = 0.16 mM

at these same time points.

3422 Lactate

Lactate (Lac) concentration (Figure 3) was unaffected by either Na-acetate or Na-
bicarbonate infusion during rest and rose equally in both conditions during cycling. In the Na-
acetate condition, [Lac] rose to 6.41 = 036, 10.15 + 0.77 and 11.39 = 0.86 mM at 9, 14 and

19 min, respectively. In the control condition [Lac] was 5.88 + 0.50, 9.77 * 0.57 and 10.77

* 0.92 mM at the same time points.

3423 Free Fatty Acids and Glycerol

Pre-infusion plasma [FFA] (Figure 4) was 0.38 = 0.04 and 0.29 + 0.05 mM in the Na-
acetate and control trials, respectively. There were no further changes in [FFA] during resting
infusion or during cycling at 40% and 80% VO,max. At 19 min [FFA] was 0.34 = 0.03 and
0.32 = 0.02 mM in the Na-acetate and control conditions, respectively. Pre-infusion [glycerol]
(Figure 4) was 0.019 + 0.017 mM in the Na-acetate trial and 0.018 *= 0.0i11 mM in the
control condition. Like plasma [FFA], [glycerol] was unaltered during infusion at rest or
during cycling at 40% VO,max. During cycling at 80% VO,max [giycerol] rose continuously
to 0.029 = 0.020 and 0.023 = 0.019 mM at 9 min in the Na-acetate and control conditions,
respectively. By 19 min [glycerol] had increased further to 0.048 + (0.020 in the Na-acetate
trial and to 0.044 = (.04 mM in the control trial, where they were significantly greater than

all previous values within their respective conditions.
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343 Muscle Metabolites

3.43.1 Giycogen

Glycogen content (Table 2) did not differ between the Na-acetate and contro] trials
at rest or after 20 min of cycling. In the Na-acetate trial, 234.4 + 20.7 mmol glycosyl U/kg
dw was used while 220.0 £ 22.1 mmol glycosyl U/kg dw was used in the control trial. This
corresponded to glycogen utilization rates of 11.7 = 1.0 and 11.0 % 1.1 mmol glycosyl Ukg

dw'min? in the Na-acetate and control trials, respectively.

3.4.32 Glucose-6-Phosphate, Lactate, Citrate, ATP and PCr

G-6-P did not increase after infusion of Na-acetate and increased to the same extent
in both conditions as a result of cycling at 40% and 80% VO,max (Table 2). Similarly, lactate
increased as a result of cycling but there were no differences between conditions. In contrast
to the other metabolites examined, citrate accumulated as a result of Na-acetate infusion at
rest (Figure 5). Citrate also accumulated during cycling at 40% and 80% VO,max but there
were no differences between conditions. PCr content (Table 2) was unaffected by Na-acetate
infusion and decreased equally in both conditions during cycling exercise. ATP content did
not change throughout infusion or during cycling exercise and was not different between the

Na-acetate and control trials.

3.433 Acetyl-Group Accumulation
AcetylCoA content rose approximately two fold as a result of Na-acetate infusion
(Figure 5). 1t was 17.0 + 2.2 umol/kg dw at rest prior to infusion and increased to 33.2 + 4.1

after 20 min of infusion. Na-bicarbonate infusion did not alter resting acetylCoA content
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(18.1 * 1.7 umol/kg dw). Five min of cycling at 40% VOzmax and an additional 15 min at

80% VOzmax further increased muscle acetylCoA content, but differences between the
conditions were resolved. Upon completion of cycling at 20 min, acetylCoA content had
increased to 56.4 + 3.4 umo/kg dw in the Na-acetate trial and 57.3 £+ 4.4 in the control
condition.

Changes in free coenzyme-A (CoASH) content were equal in magnitude but opposite
in direction to those observed for acetylCoA (Figure 6). Pre-infusion resting CoASH was 64.1
=+ 5.7 pmol/kg dw in the Na-acetate trial and decreased to 50.9 + 4.8 at 0 min. Post-infusion
resting CoASH content in the control trial (65.4 + 4.8 pmol/kg dw) was not different from
the pre-infusion value of the Na-acetate trial but it was greater than the post-infusion value
of this trial. Differences between the two conditions were resolved during cycling reaching
26.8 + 3.5 pmol/kg dw in the Na-acetate trial and 24.8 *+ 2.8 in the control condition, at 20
min.

Variations in acetylcarnitine content paralleled changes in acetylCoA but
acetylcarnitine content remained greater during Na-acetate infusion at each time point
(Figure 6). Acetylcarnitine increased from 3.1 + 1.3 mmol/kg dw to 12.3 = 1.8 after Na-
acetate infusion, did not change after 40% VOzmax and increased further to 19.1 = 1.2 after
15 min at 80% VOzmax. In the control condition it was 3.3 + 0.9, 6.0 = 0.6 and 13.1 %= 1.1

mmol/kg dw at 0, 5 and 20 min, respectively.

344 Pyruvate Dehydrogenase Complex apd the AcetylCoA-to-CoASH Ratio
3.44.1 Rest

Resting PDHa (Figure 7) decreased from 0.37 = 0.08 mmolminkg wet wt? to 0.16
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+ 0.03 after 20 min of Na-acetate infusjon and coincided with an ~2.6 fold rise in the
acetylCoA-to-CoASH ratio. The acetylCoA-to-CoASH ratio was 0.28 =+ 0.04 before and 0.73
+ (.14 after 20 min of Na-acetate infusion. Resting PDHa in the control condition was 0.32
+ .06 mmo!'min™kg wet wt* and did not differ from the pre-infusion PDHa value in the Na-
acetate trial. It was, however, greater than the post-infusion PDHa (0 min) in the Na-acetate

trial.

3442 Exercise

During cycling exercise PDHa did not differ between conditions at 40% or 80%
VO,max (Figure 7). At 40% VO,max PDHa was 1.04 = 0.19 mmolmin'kg wet wt' in the
Na-acetate trial and 1.28 + 0.24 in the control condition. At 80% VO,max (20 min) PDHa
bad increased to 2.41 = 0.09 in the control condition and 1.93 % .17 in the Na-acetate trial.
Total PDH activity was 2.31 + 0.14 in the Na-acetate trial and 2.69 = 0.10 in the control
trial.

Differences in the acetylCoA-to-CoASH ratio that occurred between conditions
during resting infusion were resolved during exercise. After S min of cycling at 40% VOzmax
this ratio was 0.77 = 0.10 in Na-acetate trial and 0.92 = 0.17 in the control irial. At 80%
VOzmax it further increased to 2.65 = 0,62 in the Na-acetate trial and 2.63 =+ (.44 in the
control trial. These changes had no apparent effect on PDHa transformation.

Determination of PDHc transformation as a per cent of total mirrored variations in
PDHa. Prior to Na-acetate infusion PDHc transformation was 16.3 + 3.1% and after 20 min
of infusion decreased to 7.0 = 1.2%. In the control trial, PDHc transformation was 12.3 +

2.4% after resting infusion and was the same as the resting pre-infusion value of the Na-
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acetate trial but was greater than the resting post-infusion value of the Na-acetate trial. After
5 min of cycling at 40% VO,max PDHc transformation was 44.4 = 7.4% in the Na-acetate
trial and 47.3 + 8.4% in the control trial. After another 15 min at 80% VOzmax it Tose
significantly again to 85.0 = 8.5% and 90.2 = 43% in the Na-acetate and control trials,
respectively. These values were not different from 100% and represented complete

transformation of PDHc to PDHa.



101

FIGURE 2: Concentration of plasma acetate during 20 min of Na-acetate infusion at rest
(open box), during cycling exercise at 40% of VO,max (single cross hatch box) and during
cycling exercise at 80% of VO,max (double cross hatch box). Data are means = SEM. ¥,
indicates significantly different from post-infusion rest value. +, indicates significantly

different from 40% VOzmax value.
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FIGURE 3: Concentration of glucose and lactate in arterialized-venous blood samples at
rest (open box), during cycling exercise at 40% of VOzmax (single cross hatch box) and

during cycling exercise at 80% of VO,max (double cross hatch box) while Na-Acetate

(—® ) or Na-Bicarbonate ( — — O — ~- ) was infused. Data are means = SEM.
* indicates significantly different from resting value prior to Na-acetate infusion. +, indicates

significantly different between conditions at matched times. £, indicates significantly different

from post-infusion rest value within a condition.



Whote Blood Glucose

Whole Blood Lactate

(mmol4™")

(mmo!-I™1)

N oW e o o

104

o~ Na—Acetate

— —O0— — Na-—Bicarbonate

+ + o+
—— -5
%
F ox
*
+ £y
*
P
*
+
Qest 40% 80%
I — /L —

-20-15-10 -5 0 5 10 15 20

Time (min)



105

FIGURE 4: Concentration of FFA and glycerol in arterialized-venous blood samples at
rest (open box), during cycling exercise at 40% of VO,max (single cross hatch box) and

during cycling exercise at 80% of VO,max (double cross hatch box) while Na-Acetate

(— @

) or Na-Bicarbonate (— — O — — ) was infused. Data are means * SEM.
*, indicates significantly different from resting value prior to Na-acetate infusion. +, indicates
significantly different between conditions at matched times. %, indicates significantly different

from post-infusion rest value within a condition.
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FIGURE 5: Muscle acetylCoA and citrate content at rest (open box), during cycling
cxercise at 40% of VO,max (single cross hatch box) and during cycling exercise at 80% of

VO,max (double cross hatch box) while Na-Acetate (—— @

}or Na-Bicarbonate ( —
— O — —)wasinfused. Data are means = SEM. *, indicates significantly different from
resting value prior to Na-acetate infusion. +, indicates significantly different between
conditions at matched times. f, indicates significantly different from post-infusion rest value

within a condition.
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FIGURE 6: Muscle CoASH and acetylcarnitine content at rest (open box), during cycling

exercise at 40% of VO,max (single cross hatch box) and during cycling exercise at 80% of

VO;max (double cross hatch box) while Na-Acetate ( —— @ ) or Na-Bicarbonate ( —
— O — — )was infused. Data are means = SEM. *, indicates significantly different from
resting value prior to Na-acetate infusion. +, indicates significantly different between

conditions at matched times. %, indicates significantly different from post-infusion rest value

within a condition.
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FIGURE 7: Muscle acetylCoA-to-CoASH r1atio and pyruvate dehydrogenase activity
(PDHa) at rest (open box), during cycling exercise at 40% of VO,max (single cross hatch
box) and during cycling exercise at 80% of VO,max (double cross hatch box) while Na-

Acetate (—— @

) or Na-Bicarbonate (—~ — O — — ) was infused. Data are
means * SEM. *, indicates significantly different from resting value prior to Na-acetate
infusion. +, indicates significantly different between conditions at matched times. ¥, indicates

significantly different from post-infusion rest value within a condition.
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35  DISCUSSION

The present study examined the effect of Na-acetate infusion on PDHe
transformation and substrate utilization during rest and exercise. Na-acetate infusion elevated
the plasma acetate concentration to saturating levels for skeletal muscle (29,35). At rest this
resulted in elevation of muscle citrate, acetylCoA and the acetlyCoA-to-CoASH ratio. It also
coincided with lower PDHa which is consistant with the events that initiate intramuscular
glucose restriction. Conversely, during exercise acetate infusion did not elevate muscle
acetylCoA, citrate or the acetylCoA-to-CoASH ratio beyond that observed in the control
condition. No differences existed between conditions during exercise in either PDHa or
glycogen utilization. The results of this study illustrate that resting PDHa decreases when the
acetylCoA-to-CoASH ratio is acutely increased which is consistent with the operation of the
classical Glc-FA cycle. However, the acute stimulus was insufficient to initiate the ensuing

events of intramuscular carbohydrate restriction during exercise.

35.1 Glucose-Fatty Acid Cycle

Acetate infusion allowed direct manipulation of the key putative regulators of the
glucose-fatty acid cycle. The effects of elevated skeletal muscle acetylCoA and citrate
contents on carbohydrate metabolism were examined independent of increased fat
availability. Acetate infusion was successful in elevating muscle acetylCoA and citrate at rest
but during moderate and intense exercise acetylCoA and citrate contents were similar in the
two trials.

At rest acetate infusion increased muscle acetylCoA by 2 fold, the acetylCoA-to-

CoASH ratio by 2.6 fold, citrate by 1.5 fold and decreased PDHa by 2.3 fold. The increases
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in acetylCoA and the acetylCoA-to-CoASH ratio were consistent with these metabolites’
putative inhibitory effect on PDHc transformation to PDHa as predicted in the classic
regulatory scheme of the glucose-fatty acid cycle. The increase in resting citrate content was
also consistent with the possibility that it downregulates PFK activity. However, there was no
accumulation of G-6-P following acetate infusion as predicted if PFK and PDHa activities
decreased. Unfortunately, we were not able to measure resting rates of muscle glycolytic flux
and glucose oxidation in an attempt to compare them to the measured changes in the
proposed regulatory parameters of the glucose-fatty acid cycle.

In summary, the majority of the resting data was consistent with the operation of the
glucose-fatty acid cycle as classically proposed by Randle et al. (27,28). However during
exercise, acetate infusion did not produce an increase in muscle acetylCoA and citrate
content above those produced by .:xercise alone. Therefore, we were unable to test whether

the glucose-fatty acid cycle exists or is regulated as proposed in exercising skeletal muscle.

352 PDHa Regulation

PDHc is a multienzyme mitochondrial complex which catalyzes the irreversible
oxidative decarboxylation of pyruvate to acetylCoA and regulates the entry of pathway
substrate from carbohydrate sources into the TCA cycle (37). It is primarily composed of
multiple copies of the three main catalytic subunits; pyruvate decarboxylase (EC 1.2.4.1; E1),
lipoate acetyltransferase (EC 2.3.1.12; E2) and dihydrolipoyol dehydrogenase (EC 1.6.4.3; E3)
(37). Also closely associated with the three main subunits are multiple copies of the
regulatory enzymes PDH-phosphatase (E.C. 3.1.5.43) and PDH-kinase (E.C. 2.7.1.99) which

regulate the phosphorylation state of the E1 component (37) and consequently determine
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the extent of PDHc transformation to PDHa. PDH-phosphatase hydrolyzes monophosphate

esters from specific serine residues at 3 distinct sites on the E1 components leading to
complete transformation to PDHa, while PDH-kinase re-esterifies these sites sequentially 1
through 3, leading to reversal of transformation, varying degrees of inactivation and
resistance to reactivation (12,32). Thus, the concerted action of these two regulatory subunits
determines PDHa and therefore the potential for pathway substrate flux into the TCA cycle
from carbohydrate sources.

The activities of PDH-kinase and PDH-phosphatase are allosterically regulated by
cations and metabolites present in the internal cellular environment, which reflect the
prevailing tissue activity state, substrate availability and hormonal influences (37). PDH-
phosphatase is primarily activated by Ca?* (24) while PDH-kinase is stimulated by NADH
(10,25), acetylCoA (10,19), a rising acetylCoA-to-CoASH ratio (10) and ATP (19). It is also
inhibited by pyruvate (12), NAD* (10,25), CoASH (10,19), and ADP (19). In the present
study we examined the role of PDHc in intramuscular fuel selection with emphasis on
manipulating the acetylCoA-to-CoASH ratio which is believed to be the primary physiological

regulator of PDH-kinase and thus an important determinant of PDHa.

3521 Rest

Resting acetate infusion elevated the acetylCoA-to-CoASH ratio 2.6 fold which
caused a concomitant 2.3 fold decrease in PDHc transformation. This was similar to a
previous report from our laboratory (26) where subjects demonstrated a 3.2 fold increase in
the acetylCoA-to-CoASH ratio and a 3.5 fold decrease in PDHc transformation, after 3 d of

consuming a low carbohydrate diet (LCD). Lower resting PDHa observed in the present
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study could be explained by a synchronous increase in PDH-kinase and decrease in PDH-

phosphatase activities leading to site 1 phosphorylation of the E1 component, which is known
to rapidly yet reversibly reduce PDHc transformation (12,32). Furthermore, site 1
phosphorylation has been shown to directly correlate with PDHa in rat muscle (12) and other
tissues (32,34). Thus a higher acetylCoA-to-CoASH ratio after acetate infusion may have
activated PDH-kinase (10,20) in this manner causing lower PDHa in our subjects.

While it is not possible to directly determine the effect that variations in the
mitochondrial ATP-to-ADP ratio may bave had on PDHc transformation, lack cr changes
in muscle PCr content between -20 and 0 min of Na-acetate infusion suggests that no
differences existed in this ratio (36) and thus did not affect PDHc transformation. While it
is also not possible to determine what effect the NADH-to-NAD ratio may have had on
PDHc transformation in the present study, it has previously been demonstrated that the
NADH-to-NAD ratio does not affect PDHc transformation in human muscle during activity

(9) but it may at rest.

3522 Excrcise

During the transition from rest to exercise there was a dissociation between PDHa
and the acetylCoA-to-CoASH ratio as first reported by first by Constantin-Teodosiu et af
(6,8,9) and later by our laboratory (26). At 40% VOzmax PDHa and the acetylCoA-to-
CoASH ratio increased to the same extent in the two conditions. In the Na-acetate trial
PDHa increased ~6.5 fold to achieve the same degree of transformation observed in the
control condition. Upon increasing the power output to 80% VO,max, PDHa was completely

transformed in both trials, while the acetylCoA-to-CoASH ratio also increased equally in both
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conditions.

Transformation to PDHa during the rest-to-work transition was primarily mediated
by an increase in Ca?*, a potent activator of PDH-phosphatase (23). In addition,
transformation may have also been mediated by greater muscle pyruvate content, inhibiting
PDH-kinase and facilitating dephosphorylation of PDHc. However, a rising acetylCoA-to-
CoASH ratio also occurred which should have activated PDH-kinase and lowered the rate
of PDHc transformation. At 40% VOzmax, elevated PDH-phosphatase activity should bave
overridden the inhibitory effects of PDH-kinase on PDHa during the rest-to-work transition
but PDHa was only ~ 44-47% transformed in the two conditions. Thus, it is possible that the
allosteric activating factors which act on PDH-phosphatase are subsaturating and failed to
sufficiently activate it and supplant the inhibitory effects the greater acetylCoA-to-CoASH
ratio. At 80% VO,max PDHc transformation was complete despite the potential inhibitory
effects of an even greater acetylCoA-to-CoASH ratio, and therefore PDH-kinase activity
must have been overridden by elevated PDH-phosphatase activity mediated by increased
Ca?* availability during the more intense muscular contractions (23).

Increasing the power output from 40% to 80% VOzmax resulted in a decrease in PCr
content which indicated indicated a decrease in mitochondrial ATP and in the mitochondrial
ATP-to-ADP ratio (36). This should have had an inhibitory effect on PDH-kinase and
facilitated greater PDHa. Similarly, increased muscle pyruvate content could have facilitated

such changes by inhibiting PDH-kinase and ensuring adequate substrate binding.

3523 Rest-to-Work Transition

The rapid transformation of PDHc to PDHa during the rest-to-work transition in the
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Na-acetate trial and the resolution of differences in the resting muscle acetylCoA-to-CoASH
ratio between trials reveals further information about the regulatory influences that
determine PDHa. Using rat models of starvation and diabetes, Sale et al (32) demonstrated
that the inhibitory effects of altered fuel availability, acting through an increase in the
acetylCoA-to-CoASH ratio, initially led to an acute increase in PDH-kinase activity. This
resulted in increased phosphorylation of site 1 on the E1 components and lower PDHa. In
this (32) and other studies (12,34), lower PDHa was positively correlated with site 1
phosphorylation, while a prolonged increase in PDH-kinase activity resulted in
phosphorylation of sites 2 and 3 on the E1 component that did not correlate with PDHa.
Phosphorylation of these sites did however reduce the rate of PDHc transformation to PDHa
during the rest-to-work transition (32,34). In the present study a lower rate of PDHc
transformation was not observed in the Na-acetate trial during the rest-to-work transition,
suggesting that only site 1 phosphorylation was responsible for the decrease in PDHa in our
subjects after resting infusion.

The present study extends the findings of a previous study completed in our
laboratory (26) in which we reported a lower rate of PDHc transformation at rest and during
the rest-to-work transition after 3 d of consuming a LCD. The results of that study are
consistent with a greater PDH-kinase/PDH-phosphatase activity ratio at rest and during
exercise leading to lower PDHa. During rest lower PDHa transformation occurred as a result
of the prolonged inhibitory effects of an elevated acetylCoA-to-CoASH ratio, secondary to
chronically elevated plasma FFA levels, but during exercise at 75% VO,max lower
transformation was attributed to lower muscle pyruvate content (26). However when

compared to the present study the rate of PDHc transformation during the rest-to-work



121

transition was lower, suggesting that increased site 2 and site 3 occupancy on the El
components further restricted PDHc transformation. Taken together the results of these
studies suggest that the extent of phosphorylation and the rate of transformation during the
rest-to-work transition is influenced by the duration of elevated acetylCoA accumulation
preceeding activity. Chronically elevated acetylCoA levels as observed after 3 d of consuming
a LCD leads to a prolonged activating stimulus on PDH-kinase, increased occupancy of sites
2 and 3 on the El1 components and a greater more persistent constraint on PDHc
transformation. In contrast acute elevations of acetylCoA leads to only site 1 occupancy and

minor obstacle to transformation during the rest-to-work transition.

3524 PDHa Fix

In vivo PDHa flux is largely a function of the phosphorylation state of PDHc but it
is also dependent on the availability of substrates and accumulation of products. Knowing the
rate of glycogen utilization, glucose uptake, lactate release and muscle lactate accumulation
in the active muscle mass, it was possible to calculate the in vivo PDHa flux during cycling
exercise at 80% VO,max. In order to do this it was assumed that; 1) 10 kg of active muscle
was involved in the cycling exercise, 2) lactate released from the 10 kg of exercising muscle
accumulated in the total body water (TBW) of the remaining 70 kg of body weight ( ~42 L),
3) lactate accumulation in the TBW is reflected in plasma lactate values, 4) glucose uptake
in our subjects was similar to other reports (26,30) of cycling for 15-20 min at a similar
intensity (~2.2 mmol/min) and accounts for ~ 0.4 mmolmin’kg wet wt? of PDHa flux, 5)
3 L of intracellular water is equivalent to 1 kg of dry muscle and 6) most of the glycogen

utilization and lactate production occurred during the heavy work load.
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During exercise glycogen utilization (2.8 mmol'mintkg wet wt?) lactate release (3.3
mmolmin'kg wet wt') and muscle lactate accumulation (0.7 mumolmintkg wet wt) were
similar in the two trials and therefore the mean of both trials can be considered together in
the calculation of flux. Addition of the glycogen and glucose contributions, subtraction of
lactate release, muscle lactate accumulation and anaplerotic reactions involving pyruvate (0.1
mmolmin’kg wet witl) (31) gives a resultant in vivo PDHa flux of 1.9 mmolmin'kg wet wt'l
which is similar to measured values for each condition. This confirms that measured PDHa
reflected the in vivo PDHa catalytic activity in our subjects during cycling exercise. Thus the
physiological effect of the acetylCoA-to-CoASH ratio on PDHa in our subjects was limited
to rest. The acute increase in the acetylCoA-t0-CoASH ratio at rest lowered PDHa but
exercise conditions completely transformed PDHc overridding the effects of a rising

acetylCoA-to-to-CoASH ratio, allowing maximum flux

353 Acetate Metabolism and Acetyl-group Accumulation

Plasma acetate concentration was constant during the last 10 min of resting infusion
and at each exercise intensity, indicating steady state utilization of acetate. Previous studies
have demonstrated that the primary fate of the metabolized acetate is oxidation by the
skeletal muscle mass (17,35). The remaining portion of the metabolized acetate may enter
minor pathways of utilization and become involved in exchange of carbons with other
substrate pools (35). Given the short duration of the infusion protocol that we employed in
this study, it is likely that metabolism in skeletal muscle represents the primary route of
acetate utilization in our subjects (33).

When the rate of acetylCoA generation from acetate metabolism or glycolysis exceeds
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the rate at which it condenses with oxaloacetate to form citrate, acetylCoA accumulates.
Catalyzed by carnitine acetyltransferase (CAT), excess acetylCoA can then react rapidly and
reversibly with the mitochondrial camitine to form acetylcarnitine. Mitochondrial
acetylcarnitine is subsequently exchanged for cytosolic carnitine by acylcarnitine translocase.
The function of the linked PDHc/CAT react ins has been previously reported in human
muscle (6,8,9,15). Its suggested physioclogical importance is three fold. First, it serves to
maintain a viable pool of mitochondrial CoASH presumably to maintain flux through the
PDHc and oxoglutarate dehydrogenase complex (OGDHc) reactions (6,15). Second, it serves
as a cytosolic store for "active acetate” in the form of acetylcarnitine that is immediately
available for use by the TCA cycle (15). Third, a reduction in cytosolic carnitine during
acetylcarnitine accumulation would encourage preferential use of carbohydrate sources over
fat sources by limiting long chain acylcarnitine transport (15).

During 20 min of rest, 200 mmol of Na-acetate were infused at a constant rate of 10
mmolmin?. Assuming a distribution space of 60% of body weight (29,33) and using the mean
plasma acetate concentration, it can be estimated that 127 mmol (63%) accumulated in the
distribution space leaving 73 mmol (37%) for metabolism in peripheral tissues at a rate of
101 pmolmin™kg wet wtl. Assuming 3 L of intracellular water is equal to 1 kg dry muscle
and knowing the rate of acetate metabolism, the rate of acetylCoA accumulation and the raie
of acetylcarnitine accumulation during the rest period it is also possible to estimate the
proportion of acetate left over for use in other pathways including oxidation. Of the 101 pmol
of acetate metabolizedmintkg wet wt? during this time, 0.2 pmolminkg wet wt! (~0.2%)
accumulated as acetylCoA while 90 pmolmin'kg wet wt? (88.8%) accumulated as

acetylcarnitine leaving 11.2 pmolminkg wet wt' (11%) of the metabolized acetate available
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for oxidation. During resting acetate infusion acetylCoA and acetylcarnitine rose 2.0 and 2.4
fold, respectively, which is consistent with the transfer of active acetate through the
mitochondrial CoASH pool to camitine and into the cytosol where they were stored.

During exercise at 40% VOzmax, 50 mmol of acetate was infused at the same rate
while 3 mmol (6%) accumulated in the distribution space and 47 mmol (94%) were
metabolized at a rate of 261 umolminkg wet wtl, At the same time acetylCoA content did
not change but the acetylcarnitine pool was utilized at a rate of 82 umolminlkg wet wt.
Thus the combined rate of acetate utilization from infused and stored sources was 344
pmolmintkg wet wil During acetate infusion, acetylcarnitine decreased slightly but
acetylCoA did not change. Conversly in the control condition acetylCoA and acetylcarnitine
increased 2.0 and 1.8 fold, respectively. During moderate cycling in the acetate trial acetyl-
groups were drawn from the acetylcarnitine pool to generate citrate for entry into the TCA
cycle. In contrast acetylcarnitine accumulation increased in the control trial as glycolytic flux
and PDHa flux exceeded flux through the citric acid cycle.

At 80% VO,max 150 mmol of acetate were infused and 58 mmol (39%) accumulated
while 52 mmol (61%) were metabolized at a rate of 174 pmolmintkg wet wt'. AcetylCoA
accumulated at a similar rate in the two conditions. Similarly, acetylcarnitine also
accumulated at a similar rate in the two trials but absolute accumulation was greater in the
acetate trial as a result of the preceeding infusion at rest and during moderate exercise.
During heavy exercise the increased transference of acetyl-groups into the cytosol was
probably necessary to maintain a viable pool of free mitochondrial CoASH to sustain PLHa

and TCA cycle flux.
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354 Summary

The present study examined the role of PDHa in the integration of carbohydrate and
fat fuel utilization in human skeletal muscle during rest and incremental exercise. Na-acetate
infusion was used to acutely elevate the availability of the short chain fatty acid anion,
acetate, as well as increase the rate of acetylCoA and acetylcarnitine generation. The most
important finding of this study was that PDHa can be acutely regulated by variations in the
acetylCoA-t0-CoASH ratio at rest but not during exercise. At rest the data was consistent
with the role of PDHa in the operation of the Gic-FA cycle as proposed (27), where PDHc
transformation to PDHa was regulated by the acetylCoA-to-CoASH ratio. Conversely, during
moderate and intense exercise no evidence was found for the operation of the Gle-FA cycle
as classically proposed. Complete transformation of PDHc to PDHa occurred despite a rise
in the acetylCoA-to-CoASH ratio. The role of PDHa in fuel selection during exercise may
be dependent on the period of fat fuel availability and therefore acetylCoA accumulation in

the rest period that precedes exercise.
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CHAPTER 4

SKELETAL MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY

DURING MAXIMAL EXERCISE IN HUMANS

(published in Am. J. Physiol. (Endocrinology and Metabolism ): In Press, 1995)

41  Abstract

The regulation of the active form of pyruvate dehydrogenase (PDHa) and related
metabolic events were examined in human skeletal muscle during repeated bouts of
maximum exercise. Seven subjects completed 3 consecutive 30 second bouts of maximum
isokinetic cycling, separated by 4 min of recovery. Biopsies of the vastus lateralis were taken
before and immediately after each bout. PDHa increased from 0.45%0.15 to 2.96+0.38; from
1.10+0.11 to 2.91%0.11 and from 1.28£0.18 to 2.82:+0.32 mmol'minkg ww! during bouts
1, 2 and 3 respectively. Glycolytic flux was 13 fold greater than PDHa in bouts 1 and 2, and
4 fold greater during bout 3. This discrepancy between the rate of pyruvate production and
oxidation resulted in substantial lactate accumulation to 89.5+£11.6 in bout 1, 130.8+13.8 in
bout 2 and 106.6+10.1 mmolkg dw! in bout 3. These events coincided with an increase in
the mitochondrial oxidation state, as reflected in a fall in the mitochondrial NADH-to-NAD
ratio, indicating that muscle lactate production during exercise was not an O, dependent
process in our subjects. During exercise the primary factor regulating PDHa transformation
was probably intracellular Ca?*. In contrast, the primary regulatory factors causing greater

PDHa during recovery were lower ATP-to-ADP and NATDH-to-NAD ratios, and increased
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concentrations of pyruvate and H*. Greater PDHa during recovery facilitated continued

oxidation of the lactate load between exercise bouts.

42  Introduction

Since the studies of Hill and Lupton in 1923 (19), muscle lactate production has been
attributed to lack of oxygen supply. This theory still receives widespread support (see (23)
for review) and is believed to operate as follows. With increasing intensity of contraction,
tissue O, supply becomes limiting for aerobic metabolism resulting in the eventual cessation
of aerobic ATP production. As mitochondrial ATP production decreases below ATP
utilization by the muscle, cytosolic ATP levels decrease while ADP, AMP and P; increase,
providing a stimulus to accelerate anaerobic glycolysis. Greater glycolytic rate leads to
cytosolic pyruvate and NADH accumulation, which in turn react to form lactate, the end-
product of anaerobic glycolysis. Meanwhile in the mitochondria, NADH and ADP also
accumulate due a substrate limitation of O, at cytochrome oxidase. This theory assumes that
the cytosol and mitochondria are not separately regulated compartments and that NADH
and ADP levels rapidly achieve equilibrium between compartments. As tissue O, decreases
the net effect of these events is an accelerated rate of anaerobic ATP production to augment
or replace acrobic ATP production.

Considerable controversy still exists regarding the mechanisn: of lactate production
in exercising muscle. Studies that have used direct measurement of whole tissue NADH and
NAD report a reduction of the muscle redox state (33) and argue that lower tissue O,
tension is responsible for both alterations in redox state and lactate accumulation in

exercising muscle (3). In contrast, determination of mitochondrial redox state by determining
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the concentrations of reactants related to the mitochondrial enzyme, glutamate
dehydrogenase, has yielded opposite results. Graham and Saltin (15) have shown that the
mitochondrial redox state became more oxidized in human muscle during incremental
exercise while lactate accumulation increased. This suggests that tissue O, levels are not
compromised and that tissue hypoxia is not the cause of muscle lactate production during
exercise. Similar studies examining stimulated dog muscle to simulate various exercise
intensities also found that muscie lactate production was independent of tissue O, levels
(8,9,21). Determination of mitochondrial redox state using surface fluorometry (21), has
shown that increased mitochondrial oxidation occurs concurrently with lactate accumulation
during exercise. Also, studies of myoglobin saturation (8,9) indicate that tissue O, levels are
maintained constant during work of increasing increments, and are not limiting for optimal
function of the electron transport chain.

Muscle lactate production may increase in the presence of adequate O, delivery if
the rate of pyruvate production by glycolysis becomes greater than the rate of its oxidation
by the pyruvate dehydrogenase complex (PDHc). PDHc is a multi-enzyme flux generating
complex which controls the rate of entry of pyruvate-derived acetyl-CoA into the TCA cycle
(37). During intense exercise when the dependence on carbohydrate oxidation for energy
production is maximized, the difference between glycolytic flux and flux through the active
form of PDHc (PDHa) may become increasingly large. As the rate of pyruvate generation
exceeds the capacity for oxidation by PDHa, pyruvate should accumulate and react with
glycolytically generated NADH to form lactate without a decrease in mitochondrial O,
Conversion of pyruvate to lactate is catalyzed by the near-equilibrium enzyme, lactate

dehydrogenase, which maintains lactate concentration an order of magnitude higher than
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pyruvate.

The purpose of the present investigation was to test the hypothesis that lactate
accumulation in maximally contracting human skeletal muscle results from a greater rate of
glycolytic pyruvate production than pyruvate oxidation by PDHa. We also studied the factors
regulating PDHa in human muscle during maximal exercise and measured the contribution
of PDHa flux to energy production during repeated bouts of maximal cycling exercise. This
model was choosen because previous studies have shown a progressive fall in the work
achieved during repeated 30 second bouts of maximal cycling, accompanied by a progressive

reduction in lactate production (27,34).

43  Methods
4.3.1 Subjects

Seven male subjects (mean*SEM, age: 22.4:x0.8; height: 17822 cm; weight:
73.8+4.4) participated in this study. Approval was obtained from the ethics committee of
McMaster University. Written informed consent was obtained from each subject after an

explanation of the attendant risks associated with the study protocol.

432 Experimental Protocol and Determination of Muscle Performance

Each subject completed three 30 s bouts of isokinetic cycling at 100 rpm separated
by 4 min of rest recovery as previously described (34). Biopsies of the vastus lateralis were
taken immediately before and after each 30 s bout. The isokinetic cycle ergometer used in
this study has been previously described (26). Briefly, the cycle was fitted with a 3 hp DC

motor which set the upper limit of crank velocity at 100 rpm for this study. The forces
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exerted by the subjects were recorded by strain gauges attached to the pedal cranks.

Electrical signals were transferred to a chart recorder and computer. Work was calculated
for each pedal stroke as the product of impulse and angular velocity. Total work was

calculated as the sum of 50 pedal strokes for two legs over each 30 second period.

433 Pre-cxperimental Protocol

Since it was not possible to make all measurements on the same day, one week
before biopsy samples were collected, each subject completed the cycling protocol while
expired gases were continuously sampled. Oxygen uptake (VOZ) and carbon dioxide output
(VCO;) measurements were made from expired gases using a Quinton metabolic cart
(Quinton Q-plex 1, Quinton Instrument, Seattle, WA). Respiratory exchange ratio (RER ) was

calculated as the quotient of VCO, / VO,. Data were averaged over 15 second intervals.

4.3.4 Muscle Sampling

Biopsy sites were prepared on each thigh superficial to the vastus lateralis. Under
local anesthesia (2% xylocaine without epinephrine) incisions were made through the skin
to the deep fascia. Biopsies of the vastus lateralis was obtained as described by Bergstrm
(2). Biopsies were immediately frozen in liquid N, and removed from the needle while still
frozen. Under liquid N5, 10-30 mg of tissue was chipped from each biopsy and dissected free
of blood and connective tissue. From this, two clean 5-15 mg portions were stored separately
under liquid N,: one for determination of PDHa and the other for determination of total
pyruvate dehydrogenase activity (PDHt). The remaining muscle was freeze dried, dissected

free of blood and connective tissue and stored dry at -50 °C, until analyzed for metabolite
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concentrations.

435 PDHc Analysis

PDHa and PDHt were measured as previously described (29,30) using a radiometric
method (11) that determines the rate of acetylCoA production as a function of time. Briefly,
for the measurement of PDHa the sample was gently homogenized on ice in a solution
containing 50 mM tris, 200 mM sucrose, 50 mM KCl, 5 mM EGTA, 5 mM MgCl,, 50 mM
NaF, 5 mM dichloroacetic acid (DCA), 1 mM dithiothreitol (DTT) and 0.1% triton X-100
(vol:vol) at pH 7.8. For the measurement of PDHL, the sample was homogenized in a similar
buffer with the following differences: exciusion of 50 mM NaF; inclusion of 10 mM CaCl,,
25 mM MgCl,, 4 Uml* hexokinase, 10 mM glucose and 10 mM DCA.

The buffer used to assay PDHa and PDHt was modified somewhat from the original
(11) as we have previously described (29,30): it contained 100 mM tris, 0.5 mM EDTA, 1.0
mM MgCl,, 3.0 mM NAD*, 1.0 mM CoASH, 1.0 mM thiamine pyrophosphate and 1 mM
DTT, and the pH was adjusted to 7.8. The reaction was initiated by adding pyruvate to a
final concentration of 1.0 mM. 200 pl aliquots of the reaction mixture were sampled at 1, 2
and 3 min and the reaction was stopped by adding each aliquot to 40 ul of 0.5 M perchloric
acid (PCA). After 5 min each aliquot was neutralized with 1.0 M K,CO; and centrifuged for
3 min at 15,900xG (microcentrifuge E, Beckman Instrument Co., Mississauga, Ont., Canada).
The resulting supernatant was stored at -50 °C until analyzed for acetylCoA by the method
of Cederblad et al (5). Plots of acetylCoA as a function of time were used to determine the
reaction rates. For analysis of PDHt, each sample was incubated on ice for 1 h which was

found to be optimal for complete transformation to PDHt. PDHt was taken as the mean of
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the two highest measurements for each subject.

43.6 Metabolite Analysis

Just before metabolite analysis a portion of the dry powdered muscle was extracted
in a solution of 0.5 M (PCA) and 1 mM EDTA, and neutralized to pH 7.0 with 22 M
KHCO,. Three such extractions were completed. The first extraction was used for the
determination of ATP, PCr, acetylCoA, total CoA, acetylcarnitine, free carmnitine, total
carnitine, lactate, glutamate and oxoglutarate. ATP and PCr were measured on the same day
as extraction. A second portion of the dry muscle was extracted for analysis of muscle
pyruvate and assayed on the same day. A third portion of dry muscle was extracted before
ammonia analysis. These samples were stored in liquid N, as a PCA extract and were
peutralized just before the assay to prevent loss of NH; from the samples.

Neutralized PCA extracts were analyzed for ATP, PCr, lactate, oxoglutarate,
glutamate, pyruvate and NH; as described by Bergmeyer (1). CoASH, carnitine and their

acetylated forms were analyzed as described by Cederblad et af (5).

43,7 Calculations

The mitcchondrial redox state (NADH-to-NAD ratio) was calculated from the
glutamate dehydrogenase reaction using measurements of glutamate, NH; and oxoglutarate

as described by Graham and Saltin (15). The mitochondrial redox state was calculated as

follows:

[NADH] / [NAD] = (k., x fglutamate]) / (foxoglutarate] x [NH;]) ,



137
where the equilibrium constant (k.,) was 3.87x10"'® M, as calculated by Williamson and Krebs

(38) at a [H*] of 100 nM (pH 7.0). The cytosolic redox state was calculated as NAD-to-

NADH ratio, or the reciprocal of the mitochondrial redox state, as follows:

[NAD] /[NADH] = ([pyruvatef x (H*]) / (k., x {lactate]),

where k., was 1.11x10! M, also as calculated by Williamson and Krebs (38).
Intracellular pH was calculated from muscle lactate and pyruvate using the empirical
relationship of Sahlin et af (32) and validated by Spriet (34), in the type of exercise used in

the present study. For rest the following equation was used:

pH = 7.22 - 0.00521 x (lactate + pyruvate).

For exercise samples the following equation was used:

pH = 7.06 - 0.00413 x (lactate + pyruvate),

where the units of expression for lactate and pyruvate are mmolkg dw.

438 Correlation and Multilinear Regression Anelysis

Correlation and multilinear regression analyses were completed to determine which

regulatory factors best predicted PDHa at rest and during recovery, and to characterize their

relationship to PDHa.
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Data were analyzed by a one-way analysis of variance with repeated measures over

time. When a significant F ratio was found, the Newman-Kuels post hoc test was used to
compare means for all data except the NADH-to-NAD ratio. When a significant Fratio was
found for the NADH-to-NAD ratio, Fisher’s pairwise comparisons were used to identify
differences. For VO,, VCO, and RER data, analysis was completed only on those points

demarcated by SE bars. Results were considered significant a p~0.05.
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FIGURE 1: Experimental Protocol. The shaded boxes on the time axis indicate isokinetic
cycling exercise at 100 rpm. The open boxes indicate rest recovery. Biopsies of the vastus
lateralis were taken immediately before and after each 30 second bout of maximal isokinetic

cycling at 100 rpm.
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44 Results

441 Total Work

Total work performed during the first 30 s bout of isokinetic sycling was 18.7+1.2 kI.
It significantly declined to 15.6+1.2 kJ in bout 2 and still further to 14.21.3 in bout 3. Total
work did not differ between the pre-experimental and experimental trials. During the second
trial total work also declined witi each successive bout: from 19.3x£0.9 to 163+1.0 and

14.2+1.2 kJ for bouts one, two and three, respectively.

442 VO,, VCO,and RER

Resting VO, (Figure 1) was 0.46+0.04 |-min" and reached a peak value of 2.8420.17
after 30 s of cycling. Peak VO, increased from 0.83%0.08 to 3.27+0.12 and from 0.84+0.10
to 3.14+0.11 }-min in the second and third bouts, respectively. During the rest periods VO,
partially recovered but remained elevated over basal resting levels. Before bouts 2 and 3 VO,
was 0.8320.08 and 0.84=0.10 I min", respectively. Four min after bout 3, VOZ was (0.86:0.11
1- min.

Resting VCO, (Figure 1) was 0.4420.06 |- min™, increased to 3.31:0.20 after 30 s of
cycling and reached a peak VCO, of 3.80£0.11 15 s later. Peak VCO, was reduced to
3.08+0.08 in bout 2 and 2.45+0.12 in bout 3. During the 4 min rest periods VCO, fell to
1.20+0.11, 0.99+0.11 and 0.86=0.10 |- min™.

With the onset of cycling in the fir:: bout CO, evolution was greater and more rapid
than O, consumption. This was followec y a slower rate of change in VCO, during the
ensuing rest period which resulted in a rise in the RER (Figure 1) that remained elevated

throughout the first rest period. During the second and third bouts of cycling the magnitude
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of CO- evolution declined such that it was lower than O, consumption, resulting in a dramatic
decline in the RER. The RER (Figure 1) was 0.93+0.05 at rest, rose to 1.17+£0.04 after 30
s of cycling and reached a peak value of 2.01+0.07 at 1.25 min into the first 4 min rest
period. Thereafter the RER slowly declined to reach 1.45+0.02 prior the second bout where
after another 30 s of maximal cycling it declined further to 0.95+£0.03. At 1.25 min into the
second 4 min rest peried the RER again reached a peak value of 1.48+0.07. Before the final
bout the RER recovered to 1.19%0.04 and the ensuing 30 s of cycling again resulted in a
rapid decrease to 0.78+0.03. RER reached a peak value of 1.26+0.09 at 1.5 min into the last

recovery period and was 1.00+0.02 at the end.

443 FDHc Ihﬁsfbmaubn to PDHa

PDHa (Figure 2) was 0.45:£0.15 mmol-minkg ww! before commencement of exercise
which represented 14.4+3.9% transformation of PDHc to PDHa. PDHa rose to 2.96+0.38
during the first bout of maximal cycling exercise which represented complete transformation
(98.6+8.3%). The following two bouts of maximal cycling also resulted in complete
transformation reaching 2.91+0.11 (100.0%£6.9%) after the second bout and 2.82+0.32
(92.7+5.7%) after the third. In two the intervening rest-recovery periods PDHa fell to
1.10=0.11 (34.1+3.3%) in the first and 1.28+0.18 (44.5::8.9%) in the second. During each
of the rest recovery periods PDHa remained elevated 2.2 and 2.8 fold over the initial resting

value. PDHt for this group of subjects was 2.96%+0.17 mmol'minkg ww.

444 AcetylCoA-to-CoASH Ratio

The acetylCoA-to-CoASH ratio (Figure 3) was 0.32:0.04 at rest and rose as a resuit
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of maximal cycling to 0.57+0.04, 0.96+0.14 and 1.73:0.75 after each of the three exercise

bouts. In the two intervening rest periods this ratio recovered to resting levels. It was

0.47+0.03 and 0.52+0.03 at the end of the first and second recovery periods, respectively.

445 ATP-to-ADP Ratio

Muscle ATP (Table 1) remained stable during the first and second bouts but was
reduced during the third bout. In contrast, muscie ADP (Table 1) alternately increased with
each exercise bout and recovered to basal levels during the ensuing 4 min recovery period.
Consequently the resultant ratio of ATP-to-ADP fell during maximal cycling and recovered
during the rest periods (Figure 3).

At rest the ATP-to-ADP ratio (Figure 3) was 8.9+0.5 and fell after one bout of
maximal cycling to 6.4::0.9. After recovering in the first rest period (7.1+0.9) it feli again
after the second bout to 5.2+0.6. During the second recovery period it was partially restored
reaching to 6.42:1.1 but did not completely recover to resting levels. After the third bout it
decreased even further to 4.5+0.7. Muscle AMP (Table 1) did not vary throughout the

experimental protocol.

446 Mitockondrial and Cytosolic Redox State

Ammonia levels alternately rose and fell with successive bouts of maximal cycling
while changes in muscle glutamate were opposite, falling with each successive bout (Table
1). Neither metabolite completely recovered to their pre-exercise resting values: ammonia
remained slightly elevated while glutamate levels remained lower than the pre-exercise rest

values. In corirast to these two metabolites, oxoglutarate decreased after bout 1 and did not
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recover thereafter (Table 1).

The mitochondrial NADH-to-NAD ratio (Figure 3) was 25.7+6.0 at rest and
decreased to 9.6+1.7 after the first bout. It partially recovered toward resting levels during
the first recovery period, reaching 15.3+2.6. However, the second bout of cycling resulted in
a further decline to 4.9+0.6 that remained low throughout the rest period (5.3+0.7) and did

not change after bout 3 (4.8+0.9). In contrast, the cytosolic compartment became more

reduced (Table 1).

4.4.7 Lactate, Pyruvate and [H* |

Intracellular accumulation of lactate, pyruvate and H* (Figure 4) occurred as a result
of maximal cycling exercise. Muscle lactate (Figure 4) increased as a result of cycling from
6.6+0.8 mmol'kg dw! at rest to 89.5+11.6, 130.8+13.8 and 106.6x10.1 after each of the three
bouts of maximal cycling. Lactate accumulation partially recovered during the first and
second rest periods to 51.3+8.6 and 81.7+9.2 mmolkg dw?, respectively.

Muscle pyruvate increased from 0.47+0.09 mmolkg dw?! 21 rest to 1.95+0.34 and
1.77+0.32 after the first and second bouts, respectively. In the intervening recovery period
pyruvate fell to 0.77+0.10 which did not differ from rest. During the second recovery period
pyruvate decreased to 0.96+0.12 but did not change after 30 s of maximal cycling in bout 3
(0.93+0.18).

Calculated [H*] (Figure 4) was 65.6+0.6 nmol!" at rest and increased to 216.5%27.6,
277.8+21.2 and 247.1+21.1 after 1, 2 and 3 bouts of maximal cycling. During the first and
second recovery periods, [H*] partially recovered to 116.0£11.2 and 167.1+17.3 pmoll?,

respectively.
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448 Acetyl-group Accumulation

Total CoA (Figure 5) was relatively constant throughout varying only slightly from
46.7%5.38 umolkg dw™ at rest to 54.9+3.93 after the first 30 s bout and 57.6+7.33 after the
third. AcetylCoA (Figure 5) alternately rose and fell with successive bouts: it was 11.1+1.6
wmolkg dw? at rest and rose to 19.7:x1.3, 24.7+3.0 and 31.62:5.2 after each of the three 30
s bouts of maximal cycling. During the two intervening 4 min rest periods acetylCoA partially
recovered to 16.2+1.6 and 18.1%1.6 umolkg dw? after the first and second rest period,
respectively.

Free CoA (CoASH) (Fig 6) did not change during the first 30 s bout of cycling: it was
35.6+3.9 pmolkg dw! at rest and 35.2%2.9 after 30 s of isokinetic cycling. During the second
and third exercise bouts, CoASH mirrored changes in acetylCoA, decreasing as the
acetylCoA pool grew larger during exercise and rising as excess acetylCoA was metabolized
during the rest periods. CoASH fell to 26.9+2.7 umolkg dw?! after the second and 26.0+4.4
after the third 30 s bout of cycling and completely recovered to 35.2%3.5 and 36.1+4.3 at the
end of the first and second rest periods, respectively.

The pattern of acetylcarnitine accumulation (Figure 6) was similar to acetylCoA in
that it rose as a result of 30 s of maximal cycling. However, it differed from the pattern of
acetylCoA accumulation observed during the rest-recovery periods by continuing to tise
throughout, indicating a transfer of acetyl-groups to the larger carnitine pool. Acetylcarnitine
was 4.0+1.0 mmolkg dw?! at rest and rose to 6.3%0.7, 8.8:0.7 and 8.9+0.6 after bouts one,
two and three, respectively. During the first and second recovery periods, acetylcarnitine rose
continuously to 7.7+1.4 and 9.1+1.3 mmolkg dw’, respectively. Changes in free carnitine

(Figure 6) mirrored those of acetylcarnitine, decreasing continuously from 14.1+1.8 mmolkg
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dw? at rest to 8.4+1.0 after bout 3. Total carnitine (Figure 6) did not change throughout: it

was 18.4::1.7 mmol'kg dw! at rest and remained constant during 3 bouts of maximal exercise
and the two rest periods. Total carnitine ranged from 19.3+1.1 after bout 1 to 17.1 1.6 after

bout 3.

449 Correlation and Multilinear Regression Analyses

Correlation analysis of PDHa and the regulatory factors, ATP-to-ADP ratio, NADH-
to-NAD ratio, PCr, pyruvate and [H*] during rest and the recovery periods revealed the
following. The ATP-to-ADP ratio (r = -0.115), NADH-to-NAD ratio (r= -0.514) and PCr
{(-0.733) were negatively correlated with PDHa, while pyruvate (r = 0.536) and H* {r =
0.486) were positively correlated. Furthermore, multi-linear regression analysis using these
independent variables accounted for 76.5% of the variation in PDHa at rest and during
recovery. The resulting regression equation was as follows:

PDHz = 1.88 + (0.0295 x {ATP}JADP]) - (0.00473 x [NADHJ{NADY]) - (0.0253 x [PCt]) + (0.419 x
lprruvate]) + (0.00305 x [H*]),

R? = 76.5%, p~<0.006,
where pyruvate and PCr concentration is expressed as mmolkg dw! and H* concentration

was nmoll?.
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FIGURE 2: Oxygenuptake (V 0,) carbon dioxide output (V CO,) and respiratory exchange
ratio (RER) during 1 minute of rest before commencement of exercise, rest recovery (open
boxes) and during 30 seconds of maximal isokinetic cycling exercise. Data are means + SEM.
*, indicates significantly different from rest. +, indicates post-exercise different from pre-
exercise of the same bout. ¥, indicates significantly different from post-bout 1. Only those

points demarcated by error bars were analyzed.
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FIGURE 3: Muscle pyruvate dehydrogenase activity (PDHa) during maximal isokinetic
cycling (shaded box) and during rest recovery (open boxes). Data are means * SEM. *,
indicates significantly different from rest. +, indicates post-exercise different from pre-

exercise of the same bout. £, indicates significantly different from post-bout 1.
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FIGURE 4: Mitochondrial acetylCoA-to-CoASH, ATP-to-ADP and mitochondrial NADH-
to-NAD ratios during maximal isokinetic cycling (shaded boxes) and during rest recovery
(open boxes). Data are means = SEM. *, indicates significantly different from rest. +,
indicates post-exercise different from pre-exercise of the same bout. §, indicates significantly

diiferent from post-bout 1.
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FIGURE 5: Muscle lactate, pyruvate and intracellular [H*] during maximal isokinetic
cycling (shaded boxes) and during rest recovery (open boxes). Data are means + SEM. *,
indicates significantly different from rest. +, indicates post-exercise different from pre-

exercise of the same bout. 1, indicates significantly different from post-bout 1.
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FIGURE 6: Total CoA, acetylCoA and free CoA during maximal isokinetic cycling (shaded
boxes) and during rest recovery (open boxes). Data are means = SEM. *, indicates
significantly different from rest. +, indicates post-exercise different from pre-exercise of the

same bout. , indicates significantly different from post-bout 1.
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FIGURE 7. Total carnitine, acetylcarnitine and free carnitine during maximal isokinetic
cycling (shaded boxes) and during rest recovery (open boxes). Data are means * SEM. *,
indicates significantly different from rest. +, indicates post-exercise different from pre-

exercise of the same bout. 1, indicates significantly different from post-bout 1.
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4.5  DISCUSSION

In two previous studies which employed the same protocol we found marked lactate
production in the first 30 second bout, but in the third bout no change in lactate occurred
(27,34). We postulated that the reduction in lactate accumulation in tke third bout was
related to progressively greater PDHa flux. The purpose of the present study was to examine
skeletal muscle PDHa regulation in humans during maximal intermittent exercise and to
examine the role of PDHa in regulating muscle lactate production. We also wished to
ascertain which regulatory factors were responsible for determining PDHa in humans during
exercise and to characterize the contribution of PDHa flux to overall energy production
duriag maximal contractions. The protocol employed was successful at altering muscle lactate
content and PDHa transformation during successive periods of exercise, and it provided a

good model from which to examine factors regulating PDHa transformation.

4.5.1 Lactate Metabolism
4.5.1.1 Oxygen Availability

The classic theory of muscle lactate accumulation during contraction has centered on
the development of tissue hypoxia which results in a substrate limitation of the electron
transport chain at cytochrome oxidase and ultimately limits oxidative phosphorylation (39).
Consequently, parallel increases in the NADH-to-NAD ratio and P, and a decrease in the
ATP-to-ADP ratio ensue. Accumuiation of ADP, AMP and P; in turn serve as stimuli for
continued glycogenolytic and glycolytic flux. AMP activates glycogen phosphorylase and the
accumulation of P; ensures that sufficient substrate is available for phosphorylase activity,

while ADP, AMP and P; provide a stimulus for increased phosphofructokinase activity and
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glycolytic flux. Catalyzed by lactate dehydrogenase, accumulated cytosolic NADH is then free

to react reversibly with glycolytically generated pyruvate to form lactate.

Support for this theory was largely based on observations that muscle lactate
production increases or decreases during exercise in response to breathing hypoxic or
hyperoxic gas mixtures, respectively (see (22) for review). This explanation of Iactate
production is also supported by studies that have examined muscle cell redox state, which is
purported to be a sensitive indicator of mitochondrial O, availability (22). Sahlin et al (33)
reported muscle NADH accumulation coincided with muscle lactate production in humans
during incremental cycling exercise under normoxic conditions. However, measurements of
NADH and NAD by these investigators were made on whole cell extracts which reflects total
NAD and NADH but do not reflect the mitochondrial redox state, except in the case of
circulatory occlusion. Furthermore, measurements of muscle PO, in exercising humans (3)
demonstrated that in muscle that was accumulating lactate, tissue PO, was well above 0.1-0.5
mmHg, the critical level for the development of tissue hypoxia (6).

In contrast to whole cell measures of NAD and NADH, indicator measurements of
the mitochondrial redox state using the glutamate dehydrogenase equilibrium reaction more
accurately reflect tissue O, availability (15). In the present study, the mitochondrial NADH-
to-NAD ratio decreased during the first bout and recovered curing the ensuing rest period
(Figure 3). While ** also decreased after the second bout, it did not recover during the rest
period but remained lower throughout the third bout. Concomitant with these changes during
exercise was considerable lactate accumulation (Figure 4). In contrast, muscle lactate
decreased during the rest periods when the mitochondria became more reduced. These

observations are consistent with muscle lactate accumulation occurring independent of O,



162

availability in our subjects and are similar to previous reports of human muscle during cycling
exercise (15) and in situ stimulated dog muscle (8,9,21,35). In the absence of any apparent
oxygen limitation to mitochondrial respiration, the decrease in the ATP-to-ADP ratio
observed during each bout (Figure 3) suggests that the controlling factor of mitochondrial
respiration was either kinetic regulation by ADP alone or thermodynamic regulation by the

cell phosphorylation potential (39).

4.5.1.2 Glycolytic Rate, PDHa Activity and Lactate Production

For the intensity of exercise employed in the present study most or all of the
substrate for glycolytic ATP production is derived from muscle glycogen (18,20,27,34). Thus,
in our subjects glycolytic flux was initiated by the flux-generating enzyme glycogen
phosphorylase and further regulated by the rate limiting enzyme phosphofructokinase (PFK).
Normally, during steady state exercise conditions, glycolytic flux will be equal to the PFK
activity, which can be calculated as glycogen breakdown minus the sum of accumulated
hexose-monophosphates. However, under the non-sieady state conditions of the present
exercise protocol, the glycolytic intermediates, fructose-1,6-diphosphate (F-1,6-DP) and
glycerol-3-phosphate {G-3-P) must also k< subtracted, since these intermediates accumulate
by a significant amount (27,34).

Assuming most of the substrate utilized during exercise in ti. ~ present study was from
muscle glycogen (18,20) and that 3 kg of intracellular water is equal to 1 kg dry weight of
muscle, it is possible to calculate glycolytic flux for each bout as the difference between
glycogen breakdown and the accumulation of hexose monophosphates, F-1,6-DP and G-3-P.

We have previously reported such values for this specific protocol (27,34), which can serve
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as a basis for comparison with measured PDHa. Using this method, glycolytic flux was
calculated to be 39 (27), 40 (34) and 11 (34) mmolmin’kg ww! in bouts 1, 2 and 3,
respectively, which were similar to the sum of the rates of lactate plus pyruvate accumulation
and PDHa flux, in our subjects. The corresponding measures of PDHa for bouts 1, 2 and 3
were 3.0, 2.9 and 2.8 mmol'min™kg ww (Fig 2). Thus, glycolytic rate was 13 fold greater than
PDHa in bouts 1 and 2, and 4 fold greater in bout 3. Since the PDHa values reported here
were 100% of PDHt activity, they also represent the upper capacity for glycolytic flux into
the TCA cycle. Given that mitochondrial O, was not limiting in our subjects, these data argue
that muscle lactate production during maximal exercise in normoxia may simply be a function
of widely different capacities between the ability to generate and to oxidize pyruvate.

During maximal cycling exercise 265, 254 and 80 mmoles of lactate accumulated in
the active muscle mass, in bouts 1, 2 and 3, respectively. In addition, from a previous study
(25) it is possible to estimate that during this protocol, 34 (10%), 28 (10%) and 7 (8%)
mmoles of lactate are released into the extracellular space during bouts 1, 2 and 3. Thus,
total lactate production during bouts 1, 2 and 3 was approximately 299, 282 and 87 mmoles,
during 30 seconds of cycling in each of bouts 1, 2 and 3, respectively.

During the first and second recovery periods, the decrease in muscle lactate
accumulation (Figure 4) is consistent with greater PDHa flux than glycolytic flux due to both
sustained PDHa activity and inhibition of glycolytic rate. Measures of muscle lactate in our
subjects (Figure 4) combined with arterial-venous lactate measures from a previous study
(25) and using a leg blood flow of 10 lmin?, allow us to estimate the proportion of
accumulated muscle lactate that was oxidized during recovery. Of the 265 mmoles that

accumulated in bout 1, 60 mmoles were released into the extracellular space, 62 mmoles
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were oxidized and 143 mmoles remained in the active muscle mass. Similarly, of the 254
mmoles that accumulated in the active muscle mass during bout 2, 92 mmoles were released
into the extracellular space, 65 mmoles were oxidized in the active muscle mass and 97
mmoles remained in the active muscle mass. Thus during 4 min of recovery from bouts 1 and
2, 23% and 26% of the accumulated lactate was removed by oxidation. Additionally, during

4 min of recovery from bouts 1 and 2, 23% and 36% of the accumulated lactate was released

into the extraceflular space.

4.52 PDHc Regulation
4.5.2.1 Rate of PDHc Transformation

Muscle contraction has previously been shown to result in transformation of PDHe
to PDHa in humans (10,12,13,29,30) but the maximum rate of PDHa transformation during
muscle contraction has not been charactenized. Thus, it was of interest in the present study
to also examine the rate of change of PDHa transformaticn (aPDHa/at). sPDHa/at can be
calculated from a previous report which employed electrical stimulation at 20 Hz (13). PDHa
was transformed from 26% to 64% of PDHLt after 16 s and 78% after 32 s. No further
transformation occurred after 73 s of stimulation where PDHa was 79% of PDHt. Thus at
20 Hz the majority of transformation occurred in the first 16 s of stimulation and was equal
to a aPDHa/at of 3.1 mmolmin?kg ww'! during this period. In contrast to that study,
complete transformation occurred during each 30 s exercise bout in our subjects (Figure 2).
In bout 1 this corresponded to a aPDHa/at that was 2 5 mmol'minZkg ww and is to our
knowledge the largest observed rate of PDHa transformation reported for human muscle.

Given that each contraction was maximal in our subjects, it is possible that most of the
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transformation could have cccurred early in the exercise bout (13) and the aPDHa/at may
be greater. The difference between the APDHa/at in the present study and that calculated

from the data of otners (13) is probably due to the more intense protocol that we employed.

4.5.22 AcctylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP Ratios

The mitochondrial ratios of acetylCcA-to-CoASH, ATP-to-ADP and NADH-t0-NAD
are important signals regulating the rate of aerobic metabolism and PDHa transformation.
The regulatory influence of these factors has been recently reviewed (37). NADH and
acetylCoA inhibit PDH-phosphatase and increase the activity of PDH-kinase, while NAD and
CoASH accumulation have the opposite effect, increasing the activity of PDH-phosphatase
and inhibiting PDH-kinase activity. Thus, an increase in either of the acetylCoA-to-CoASH
or NADH-to-NAD ratios will activate PDH-kinase and inhibit PDH-phosphatase. Conversely,
a decrease in the NADH-to-NAD and acetylCoA-to-CocASH ratios will inhibit PDH-kinase
and activate PDH-phosphatase. The effects of the acetylCoA-to-CoASH and NADH-t0-NAD
ratios are thought to be primarily mediated through allosteric effects on the regulatory
subunits (37).

Unlike the other regulatory ratios, the ATP-to-ADP ratio acts on PDH-kinase alone
and does not exert its effect by allosteric interaction. Since ATP is the substrate for PDH-
kinase it is competitive with its product, ADP, which inhibits catalytic activity. Thus, the net
balance of acetylCoA-t0-CoASH, NADH-t0o-NAD and ATP-t0-ADP ratios are important
determinants of the relative activities of PDH-kinase and PDH-phosphatase which in turn
determine the extent of PDHc phosphorylation and PDHa activity. When the activity of

PDH-kinase is greater than that of PDH-phosphatase, PDHa will decrease. Conversely, when
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the activity of PDH-phosphatase is greater, PDHa will increase.

4523 AcetylCoA-to-CoASH Ratio

In the present study, each exercise bout resuited in an increase in the mitochondrial
acetylCoA-10-CoASH ratio (Figure 3) which should have resulted in lower PDHa. During the
ensuing 4 min recovery periods, the changes that occurred in the acetylCoA-to-CoASH ratio
during exercise were resolved. Oscillation of the acetylCoA-to-CoASH ratio (Figure 3) and
acetylCoA (Figure 5) coincided with a continuous increase in acetylcarnitine and decrease
in free carnitine throughout the exercise and rest periods (Figure 6), which is consistent with
the reversible transfer of acetyl-groups from mitochondrial CoA to carnitine. The resulting
acetylcarnitine is then transported to the cytosol for storage. This system of acetyl-group
transfer has previously been characterized in human muscle (10,12,13,17). In our subjects,
it acted to buffer against excess acetylCoA when its production through PDHa exceeded its
rate of entry into the TCA cycle. The absence of any apparent inhibitory effect of the
acetylCoA-to-CoASH ratio on PDHa during cycling exercise indicates that other regulatory
factors were sufficient to override this inhibitory stimulus.

During exercise, the continuous transfer of acetyl-groups from CoA to carnitine
attenuated the rise in mitochondrial acetylCoA (Figure 5) and the acetylCoA-to-CoASH ratio
(Figure 3) and regenerated CoASH (Figure 5) at a rate that was sufficient to sustain maximal
PDHa activity. During the recovery periods this mechanism of acetyl-group transfer allowed
recovery of the acetylCoA-to-CoASH ratio to pre-exercise levels (Figure 3), thus preventing
complete inactivation of PDHa (Figure 2) and allowing continued PDHa flux. During

exercise these events would have been vital to ensuring maximal pyruvate oxidation and
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minimizing muscle lactate accumulation. In contrast, duria; *he recovery periods continued

PDHa flux guaranteed net removal of accumulated lactate.

4524 NADH-to-NAD Rstio

Before exercise, the mitochondrial NADH-to-NAD ratio was very large (Figure 3),
possibly due to a substrate limitaticn of ADP at oxidative phosphorylation, resulting in
inhibition of the electron transport chain and NADH accumulation (39). Extensive NADH
accumulation under rest conditions would have increased PDH-kinase activity and inhibited
PDH-phosphatase, thus maintaining PDHc in a phosphorylated state and sustaining low
PDHa.

The NADH-to-NAD ratio decreased 2 fold during boui 1 and 4 fold during bout 2,
where it remained throughout the remainder of the protocol (Figure 3). Consequently, the
stimulatory and inhibitory effects of NADH on PDH-kinase and PDH-phosphatase,
respectively, should have been removed, resulting in a shift toward greater PDH-phosphatase
activity and greater PDHa transformation (Figure 2). A rise in the NADH-to-NAD ratio
during e first rest period would have reversed this transformation and resulted in greater
PDH-kinase activity and lower PDHa. In contrast, maintenance of a low NADH-to-NAD
ratio during the second rest period would have allowed PDHa transformation to be
maintained at a higher level.

Despite the fact that the NADH-to-NAD ratio was altered so as to support greater
PDHa during exercise, it is not likely to have exerted a major effect on PDHa transformation
since its effects are apparently secondary to the potent stimulatory affects of Ca?* (13).

During exercise the role of NADH-to-NAD ratio was probably relegated to one of support,
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acting in concert with the other regulatory ratios in PDHa regulation. In contrast, during rest
and recovery, when the influence of Ca?* on PDHa transformation is less, the NADH-to-
NAD ratio appeared to be an important factor. A continuous decrease in this ratio (Figure
3) occurred from pre-exercise rest to the second recovery period which coincided with an
increase in PDHa (Figure 2). This is consistent with the gradual removal of the inhibitory
effects of the NADH-to-NAD ratio with each successive recovery period, resulting in

progrescively greater PDHa.

4525 ATP-to-ADP Ratio

Fluctuations in the ATP-t0-ADP ratio (Figuie 3) were similar to changes in the
NADH-to-NAD ratio (Figure 3). At rest the ATP-to-ADP ratio was ~9 and dropped by
33% to ~ 6 after bout 1. Similar to the effects of the NADH-to-NAD ratio, a high ATP-to-
ADP ratio at rest would have stimulated PDH-kinase and served to maintain low PDHa. A
fall in this ratio during each exercise bout would have had the opposite effect, reducing PDH-
kinase activity and allowing greater PDHa transformation. In our subjects, the fall in the
ATP-to-ADP ratio followed a step-wise pattern with each successive bout, never fully
recovering during the rest periods. Consequently, there was less of a stimulus for increased
PDH-kinase activity with each successive exercise and recovery period. This would have
resulted in greater PDHa during the recovery periods and a faster rate of PDHa
transformation during bouts 2 and 3.

While the ATP-to-ADP ratios reported here are of the whole cell, it is assumed that
similar quantitative changes occur in the mitochondria, since mitochondrial and cytosolic

compartments are in equilibrium (36). This is also supported by changes in whole cell PCr
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which parallel changes in the mitochondrial ATP-to-ADP ratio (36): a reduction in muscle
[PCr] reflects a lack of available mitochondrial ATP and a rise in ADP, while an increase in
[PCr] reflects a relative increase in ATP over ADP. In our subjects, alterations in muscle

[PCr] also paralleled changes in the ATP-to-ADP ratio.

4526 Pyruvate

The primary substrate of PDHc, pyruvate, is also a potent stimulus for PDHa
transformation, exerting its effects by inhibiting PDH-kinase, with an estimated K; of 0.5-2.8
mM (37). During bouts 1 and 2, muscle pyruvate increased 4 fold over pre-exercisc rest levels
(Figure 4), contributing to PDHa transformation. In the first and second rest periods,
pyruvate partially recovered but remained elevated, sustaining a substantial stimulus for
greater PDHa transformation. Assuming that the fluid volume of muscle is 75% of the total
volume, it is possible to calculate that muscle pyruvate concentration was 0.2 mM at rest and
reached a maximum concentration of 0.7 mM after bout 1 which is in the range of the K; of
pyruvate for PDH-kinase. Thus, in our subjects changes in muscle pyruvate concentration
would have been in an optimal range to exert a significant inhibitory effect on PDH-kinase,
stimulating rapid PDHa transformation during exercise and slowing the conversion back to

the inactive form during recovery.

4527 [H']
We used the relationship found by Sahlin and coworkers (32) between the sum of
pyruvate plus lactate, and muscle homogenate pH to estimate intramuscular (H*]. Although

many factors contribute to intracellular [H*] in heavy exercise (24), they appear to change
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in parailel. Spriet et al (34) found a closely similar relationship in maximal cycling exercise
of the type used in the present study, supporting its validity, and allowing us to examine the
influence of changes in [H*] on PDHa transformation.

While few reports are available on the etfects of [H*} on PDHa transformation, one
study reported that acidosis increased PDHa transformation in perfused rat heart (28). Thus,
as muscle [H*] increased in our subjects {(Figure 4) this would inhibit of glycogen
phosphorylase (7) and PFK {14), slowing the rate of lactate production. At ihe same time,
increases in [H*] would have increased PDHa activity and oxidation of lactate. Since PDHa
transformation was rapid and complete during each exercise bout and there already exists
a multitude of regulators of PDHa transformation, it may seem redundant that this aspect
of PDHa regulation should be functionally significant in our subjects during very intense
muscular contractions. However, the utility of this mechanism is highlighted during recovery
from intense exercise when intramuscular acidosis inhibits lactate production in concert with
sustained PDHa activity and lactate oxidation, to reduce muscle lactate concentration and

alleviate the acidosis.

4.52.8 PDHa Flux

Under normal dietary conditions, measures of PDHa are equal to in vivo flux
(10,12,29,30). For the present data, calculation of PDHa flux was based on the following
axioms: 1) 100 mmol of O, occupies 2.24 L; 2) 1 mmol of pyruvate is oxidized by 3 mmol of
O;; 3) the active muscle mass is the primary consumer of the increased O, uptake during
exercise; and 4) the active muscle mass (13 kg) is equal to the average of thres previously

reported estimates (4,27,31). Subtracting resting from total O, uptake (mmol'min?),
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converting the balance to the equivalent pyruvate flux and correcting for the active muscle
mass yields a calculated PDHa flux of 3 mmolniin™kg ww™ for all three bouts. This is similar
to the measured values o>f PDHa during this time which were 3.0, 2.9 and 2.8 mmolmin’kg
ww! (Figure 2) in bouts 1, 2 and 3, respectively. Thus factors that determined PDHa
transformation during exercise also determined PDHa flux.

Similar calculations for each of the recovery periods resulted in a calculated PDHa
flux of 1 mmol'minkg ww?! which was 2 fold ilower than the average measured PDHa for the
first and second recovery periods (Figure 2). During recovery from maximal exercise, the
average measured PDHa may have been greater than PDHa flux if the enzyme activity
decreased in a linear fashion over the 4 min period (Figure 2). If so, this suggests that during
recovery PDHa transformation did not present a limitation to oxidation of the lactate load
as factors that determined PDHa ensured that the potential for flux was 2 fold greater than
actual flux. However, if PDHa actually decreased to ~ 1 mmolmin'kg ww? upon cessation
of exercise, then measured PDHa would have been equal to PDHa flux It is likely that
PDH» actually decreased to 1.1 and 1.2 mmolminlkg ww! (Figure 2) almost immediatcly
after cessation of exercise in bouts 1 and 2, respectively, since the quantity of lactate oxidized
during each of the recovery periods would have required an average PDHa flux of ™1
mmolmintkg ww?. This suggests that under these conditions, the factors that determined
PDHa transformation also determined PDHa flux. Use of lactate as a metabolic fuel during
recovery from exercise was probably used to replenish the PCr pool (16), and support

intracellular ATP requirements during this period.
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453 Contribution of PDHa Flux to ATP Production

During intense muscular contractions, of the duration employed in the present study,
the major sources of ATP production have traditionally been thought to come from PCr
breakdown and anaerobic glycolysis (20). However, it is not clear what proportion of ATP
production is supported by aerobic metabolism during 30 s of maximal sprint activity. Thus,
it was of interest in the present study to determine the proportions of the varicus fuels
utilized to generate ATP and determine what proportion was supplied by flux through PDHa.
ATP production from both anaerobic metabolism (PCr and glycolysis) and aerobic glucose
oxidation are summarized in table 2.

In the first two bouts, approximately 67-71% of the ATP was generated from
anaerobic sources: 16% was from PCr and 51-55% was from anaerobic glycolysis. Meanwhile,
aerobic glycolysis contributed 29-33% of the ATP. Since there were no apparent differences
between the amount or proportions of fuels utilized to supply ATP, the drop in power output
from 19.3 kJ in bout 1 to 16.3kJ in bout 2 was probably related the development of muscle
fatigue (24). In contrast, during bout 3 total ATP production decreased, contributing to a
further decrease in power output to 14.2 kJ. In bout 3, only 37% of the ATP was generated
from anaerobic sources while generation from aerobic glycolysis increased to 63%. The
difference in total ATP generation and the proportion of fuels utilized between bout 3 and
the first two bouts was primarily attributed to a 3 fold decrease in ATP production from
anaerobic glycolysis and a 1.4 fold increase in aerobic glycolysis. Flux through PDHa provided
an increasing amount of energy with each bout (220 mmol ATP in bout 1; 255 mmol ATP
in bout 2; and 357 mmol ATP in bout 3) and was the result of greater PDHa transformation

during each recovery period.
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Table 2: Sources of ATP generation during 3 consecutive 30 second bouts of maximal
isokinetic cycling exercise, each separated by 4 minutes of rest recovery. Data are expressed

as mmol of ATP and are also summarized as % of total ATP generated.

Anaerobic Aerobic
PCr Glycolysis  Total Glycolysis Total
Bout ATP 118 410 528 220 748
1 (mmol)
% of 16% 55% 71% 29% 100%
Total
Bout ATP 126 390 516 255 771
2 (mmol)
% of 16% 51% 67% 33% 100%
Total
Bout ATP 9 122 212 357 569
3 {mmol)
% of 16% 21% 37% 63% 100%
Total
Calculations: ATP production from PCr and anaerobic glycolysis were calculated

from the breakdown of PCr and the accumulation of lactate, respectively. Production of ATP
from aerobic glycolysis was calculated from total acetylCoA production as the arca under the
PDHa curves for each bout. 1 mmol of acetylCoA from glycogenolysis was equal to 19.5

mmol of ATP. The contribution of fat fuels was assumed to be negligible (22).
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454 Summary of PDHa Regulation

In summary, during intense cycling exercise PDHc was rapidly transformed to PDHa.
The primary stimulus for this transformation was probably Ca?* which activates PDH-
phosphatase and inhibits PDH-kinase (37). During exercise, greater PDHa may have been
further supported by, falls in the NADH-to-NAD and ATP-to-ADP ratios, increases in
pyruvate and H* concentrations, and attenuation of the rise in the acetylCoA-to-CoASH
ratio. However, the physiological relevance of these changes on PDHa regulation may not
be realized until recovery when intracellular Ca?* decreases and the alterations in these
regulatory factors persist. During exercise PDHa flux matched measured values of PDHa.
It is suggested that the role of PDHa is to supply oxidizable substrate to the TCA cycle for
generation of ATP and that this source of energy becomes increasingly important with each
successive bout of maximal isokinetic cycling because anaerobic sources become increasingly
inhibited.

During recovery, the influence of Ca?* was removed but PDHa remained clevated
due to, lower NADH-to-NAD and ATP-to-ADP ratios, greater pyruvate and H*
concentrations and recovery of the acetylCoA-to-CoASH ratio. Measured PDHa was also
similar to PDHa flux, during recovery, which allowed a significant portion of the accumulated
lactate to be ox lized. Correlation and multilinear regression analysis were able to explain
76.5% of the vaniation in PDHa, suggesting that all of the regulatory factors examined may
have been important determinants of PDHa transformation and PDHa flux during rest and

recovery from exercise.
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46  Summary

The present study examined PDHa regulation and lactate metabolism in human
muscle during repeated bouts of maximal isokinetic cycling. Transformation of PDHa was
rapid and complete after each of three 30 s maximal sprints. Lactate accumulation during
exercise was attributed to differences in the maximal fluxes of glycolysis and PDHa, while no
evidence was found to indicate that lactate production was dependent on O, availability.
Thus, the results of the prescai study support our hypothesis, that lactate accumulation in
maximally contracting human skeletal muscle results from a greater rate of glycolytic pyruvate
production than pyruvate oxidation by PDHa. During exercise, glycolytic flux was much
greater than PDHa flux resulting in muscle lactate accumulation. Conversely, during recovery
from exercise, maintenance of muscle PDHa flux while glycolytic flux was slowed, appears
to be responsible for net lactate oxidation.

The primary determinant of PDHa during exercise appears to have been Ca?*, while
the other regulatory factors examined were secondary. Conversely, during rest and recovery
from exercise, the important predictors of PDHa were found to be the ratios of ATP-to-ADP
and NADH-to-NAD, as well as the concentrations of pyruvate, PCr and H*. The contribution
of PDHa flux to total ATP production during repeated 3C s bouts of maximal sprint activity
became increasingly important with successive bouts, accounting for 29%, 33% and 63% of
total energy production, respectively. The progressive increase in intramuscular [H*] during
the recovery periods served to simultaneously inhibit glycolysis and maintain greater PDHa

transformation, to account for the progressive reduction in 1nuscle lactate accumulation.
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CHAPTER 5

GENERAL DISCUSSION

5.1  Introduction

PDHc regulation has been extensively studied in vitro using isolated enzyme
preparations and 7n situ using a variety of animal models (see 1,11,32,33,36,37,47,48,49,50,54
for reviews). However, regulation of PDHc transformation by the putative allosteric
regulators in human skeletal muscle i vivo and the integrated functional role of this enzyme
in muscle energy production remains largely unexplored. Excluding the studies of the present
thesis, only three previous reports have correctly determined PDHa and PDHt in human
skeletal muscle and have examined its regulatory properties in vivo (7,8,9). Other reports of
PDHc regulation in human skeletal muscle (43,46,51,52,53) have been plagued by
ntethodological problems which preclude any useful conclusions to be drawn from these
studies.

In contrast, the present series of studies add new information concerning PDHce
regulation in human skeletal muscle iz vivo and set it in the context of its role in cnergy
metabolism. The first two studies (30,31) examined the role of PDHc in intramuscular fuel
utilization and the contribution of the acetylCoA-to-CoASH ratio to the regulation of PDHc
transformation. In a third study, the role of PDHc in muscle lactate production was assessed
and the putative regulatory factors that control PDHc transformation were examined (28).
The present chapter highlights the important findings of these studies and provides
suggestions concerning the future directions for research on PDHc regulation in human

skeletal muscle.
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52  PDHc Regulstion by the AcetyiCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP

Ratias

The metabolite ratios of acetylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP
were examined in the present series of studies to assess their importance in regulating PDHc
transformation between its inactive (PDHb) and active (PDHa) forms, and PDHa flux.
Analysis of these regulatory factors was paramount to gaining a better understanding of the
role of PDHc transformation in human skeletal muscle fuel selection during altered states
of substrate availability, and during varied states of muscle contractile activity. These ratios
are expressed as product/substrate ratios to emphasize their inhibitory effects on PDHc
transformation from PDHb to PDHa and their potential inhibitory effect on PDHa flux,

Since the apparent K,, of the substrates (ie. CoASH, NAD and ATP) are very similar
to ihe apparent K; for their corresponding products (ie. acetylCoA, NADH and ADP), a
small change in one or the other of these metabolites will result in a corresponding change
in the activities of the regulatory subunits PDH-kinase and PDH-phosphatase. Alterations
to any of the three ratios will alter PDH-kinase activity while changes to either of the
acetylCoA-to-CoASH or NADH-to-NAD ratios will also alter PDH-phosphatase activity. The
cumulative effect of these ratios determines PDHa via their integrated effects on the
activities of PDH-kinase and PDH-phosphatase. For example, if one ratio changes in one
direction, the second changes in the opposite direction and the third does not change at all,
it is conceivable that the sum of these changes would have no net effect on the PDH-
kinase/PDH-phosphatase activity ratio or PDHc transformation. Alternatively, an increase
in one or more of the ratios, while the remainder are unchanged, will result in a

corresponding increase in the PDH-kinase/PDH-phosphatase activity ratio, increased
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phosphorylation of Ele and a decrease in measured PDHa. Conversely, a decrease in one
or more of these ratios, while the remainder are unchanged, will result in a lower PDH-
kinase/PDH-phosphatase activity ratio, dephosphorylation of Ele and greater PDHa.
Previous reports examining the effect of these ratios on PDHc regulation in human
skeletal muscle are limited to only a few studies (7,8,9,52,53). Moreover, the data are
incomplete and available information on the effect of the regulatory ratios in vivo are
descriptive in nature and do not demonstrate cause-and-effect relationships. The present
studies advance the understanding of the regulatory influences of these key metabolite ratios
on PDHc transformation in vivo. The effects of these metabolite concentration ratios on
PDHc transformation and PDHa flux were assessed in human skeletal muscle during rest and

at various exercise intensities. In the following sections each of these ratios is considered

individually.

521 PDHc Regulation by the AcetylCaA-to-CoASH Ratio

The acetylCoA-to-CoASH ratio has been examined in human skeletal muscle, in vivo,
in only three previous studies (7,8,9). However, these studies were limited to exercise (7,8)
and electrical stimulation (9) under normal dietary conditions, when the effect of the elevated
acetylCoA-to-CoASH ratio was likely to be overridden by the effect of elevated intramuscular
Ca?* (19). In contrast, the present studies (30,31) were the first to independently manipulate
this ratio in human skeletal muscle, and to demonstrate corresponding reductions in PDHa
and muscle glucose oxidation under resting conditions. In these studies, two approaches were
employed to independently manipulate the ratio of acetylCoA-to-CoASH. First, carbohydrate

depletion followed by a period of chronic carbohydrate deprivation and fat feeding was used
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to increase mobilization and oxidation of fat fuels in skeletal muscle (31). Second, acetate
infusion was used to acutely increase the availability and oxidation of an alternative fat fuel
by skeletal muscle (20). These approaches resulted in 3.5 (31) and 2.6 fold (30) elevations
in the intramuscular acetylCoA-to-CoASH ratios, respectively, which resulted in
corresponding 3.2 (31) and 2.3 (30) fold reductions in measured PDHa. During dietary
manipulation these changes resulted in decreased glucose utilization and increased oxidation
of fat fuels (31). Although similar changes occurred to the acetylCoA-to-CoASH ratio as a
result of acetate infusion (30), lack of parallel arterial-venous blood samples prevented direct
determination of the corresponding effects on muscle glucose uptake and oxidation at rest.

In ali three studies (28,30,31), the acetylCoA-to-CoASH ratio increased in proportion
to exercise intensity (28,30,31) but the putative regulatory effects of this ratio on PDHa were
absent. During exercise, dietary manipulation (31) and acetate infusion (30) were not
successful at increasing the acetylCoA-to-CoASH ratio beyond that which occurred as a result
of exercise alone. Under normal dietary conditions, the acetylCoA-to-CoASH ratio increased
substantially in parallel with PDHa (28,30,31). In contrast, during prolonged carbohydrate
deprivation (31), this ratio decreased during exercise at the same time that PDHa was
significantly inhibited. The sum of these observations argue against a direct physiological role
for the acetylCoA-to-CoASH ratio in regulating PDHc transformation during muscle
contraction in humans. However, it is likely that the direct effect of the acetylCoA-to-CoASH
ratio on PDHc transformation occurs during rest and the effect of this ratio on PDHa during
muscle contraction in humans is proportional to the extent and duration that it is elevated

prior to exercise, causing multi-site phosphorylation of El« and resistance to transformation.
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522 PDHc Regulation by the NADH-to-NAD Ratio

In the third study (28), the effect of the NADH-to-NAD ratio on PDHa was
examined. Although this ratio was not manipulated independently, it was highly correlated
with PDHa during rest and recovery from exercise. When the NADH-to-NAD ratio was high
during rest, the corresponding PDHa activity was low. With each successive rest period, the
mitochondrial NADH-to-NAD ratio decreased and PDHa increased. While these
observations are not proof of a direct regulatory effect on PDHc transformation, they are
consistent with the gradual removal of the stimulatory effect on PDH-kinase and inhibitory
effect on PDH-phosphatase, as has been previously shown in vitro (2,27,38,54).

During exercise, the mitochondrial NADH-to-NAD ratioc was lower while
transformation of PDHc to PDHa was maximal. This observation was also consistent with
the NADH-to-NAD ratio causing greater PDHa during muscle contraction. However, it has
recently been shown that PDHc transformation to PDHa was maximal during intense
electrical stimulation combined with circulatory occlusion (9). This approach resulted in a
very large and prolonged elevation of the NADH-to-NAD ratio in the cytosolic and
mitochondrial compartments which should have inhibited PDHc transformation and resulted
in lower PDHa. The fact that this did not occur suggests that other factors which activated
PDH-phosphatase were more important during muscle contraction. The most likely
regulatory factor was Ca?*, which is known to reach saturating concentrations for PDH-

phosphatase during maximal contractile activity (19).



184
5221 Future Directions for the Study of PDHc Regulation by the AcetylCoA-to-CaASH

and NADH-to-NAD Ratios

The existence of multi-site phosphorylation of PDHc has been established in rat
skeletal and heart muscles (33,39,40,41,42) but operation of a similar mechanism in human
muscle has not been shown. Moreover, the magnitude and importance of changes to the
acetylCoA-to-CoASH and NADH-to-NAD ratios to PDHc transformation and intramuscular
fuel selection and oxidation remains to be fully characterized in human skeletal muscle.
Future studies examining the effect of the acetylCoA-to-CoASH and NADH-to-NAD ratios
on PDHc regulation should first attempt to determine the range and extent of PDHc
regulation by these ratios. This could best be achieved by infusing sodium-acetate at varying
rates and allowing a new steady state to be achieved at each level. This should resuit in step-
wise increases in the intramuscular acetylCoA-to-CoASH and NADH-to-NAD ratios and
result in similar step-wise decreases in PDHa. Such an approach would also allow parallel
examination of the PDH-kinase/PDH-phosphatase activity ratio and the extent of Ele-
phosphorylation, which could both be correlated to changes in these regulatory ratios and to
PDHa. To establish the existence of, and delineate the time course for multi-site
phosphorylation of Ele by this mechanism, acetate could be infused for a prolonged period.
Such an approach would also allow the simultaneous determination of the PDH-kinase/PDH-

phosphatase activity ratio over time.

523 PDHc Regulation by the ATP-to-ADP Ratio
In the present studies, the ATP-to-ADP ratio was not manipulated independently.

Thus, the data do not show a cause-and-effect relationship between this ratio and measured
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PDHa. However, measurement of ATP, ADP and PCr in whole cell extracts combined with
paralle] measurements of PDHa and PDHt do permit qualitative statements to be made
about the effect of this ratio on transformation of PDHc from PDHb to PDHa. Whole
muscle ATP (28,30), ADP (28) and PCr (28,30) concentrations remained unchanged from
rest (28,30) to moderate exercise at 40% VO,max (30), indicating that the mitochondrial
ATP-to-ADP ratio was also unchanged. However, PDHa increased considerably during
moderate exercise which suggests that the ratio of ATP-to-ADP did not influence PDHc
transformation directly.

In contrast to rest and submaximal exercise, during heavy (30) and maximal exercise
(28), and during recovery from maximal exercise (28) muscle PCr was considerably lower
(12,28,30) and the ATP-to-ADP ratio from whole cell extracts also decreased (28). The
magnitude of changes observed in the ATP-to-ADP ratio during exercise and recovery (ic.
8.9-4.5) were similar to those reported in perfused rat heart (26) and skeletal muscle (18)
during electrical stimulation. Similar ATP-to-ADP ratios have also been reported in human
skeletal muscle during rest (5.7-9.4), after submaximal exercise (3.1) and after maximal
exercise (3.9) (53). However, lack of accurate PDHa and PDHt measurements in that study
(33) preclude assessment of the qualitative or quantitative importance attached to PDHc
regulation in human skeletal muscle. In contrast, the results of the present studies (12,28,30)
argue that, at best, the ATP-to-ADP ratio plays a relatively minor role in the regulation of
PDHc transformation in human skeletal muscle during exercise. However, during rest and
recovery from exercise, the ATP-to-ADP ratio is an important determinant of PDHc
transformation to PDHa.

In spite of the apparent relationship between the ATP-to-ADP ratio and PDHa
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measures during rest and recovery in the present studies, the data do not provide a
quantitative assessment of the importance of this ratio to PDHc transformation in vivo. It is
possible that this ratio only becomes physiologically relevant during resting conditions or
during recovery from exercise, and acts in co-operation with the ratios of acetylCoA-to-
CoASH and NADH-to-NAD to regulate PDHc transformation. However, with the
experimental approaches currently available, independent manipulation of the ATP-i0-ADP
ratio alone without also altering one of the NADH-to-NAD or acetylCoA-to-CoASH ratios

is not possible in human skeletal muscle, in vivo.

5.23.1 Future Directions for the Study of PDHc Regulation by the ATP-to-ADP Ratio
To further examine the physiological importance of the ATP-to-ADP ratio in skeletal
muscle, future studies should examine PDHc transformation during rest or recovery from
exercise in the presence of uncouplers of oxidative phosphorylation (je. oligomycin, 2,4-
dinitrophenol or cyanide) or the electron transport chain (ie. amytal-rotenone or antimycin),
in an in situ preparation such as the perfused rat hindlimb (20,44) or perfused dog gracilis
(6,45). Gradually increasing the concentration of an uncoupler, in the perfusate, in a step-
wise manner would allow controlled reductions in the ratio of ATP-to-ADP and the effects
on PDHa could be examined. Unfortunately, such experiments would also be complicated
by the simultaneous rise in the NADH-t0-NAD ratio in the cytosol and then in the
mitochondria, unless inhibitors of the malate-aspartate shuttle or cytosolic malate
dehydrogenase could prevent this occurrence. In addition, such an approach would also
increase pyruvate production and add to PDH-kinase inhibition, since pyruvate acts

synergistically with ADP to inhibit the kinase (54). Therefore, inhibitors of glycolysis should
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also be used to prevent pyruvate accumulation.

53  PDHc Regulation by Pyruvate

The activating effects of pyruvate on PDHc occur by inhibiting PDH-kinase with a
K, of 0.5-2.8 mM (54). In the present work, muscle pyruvate was determined in two studies
(28,31). Knowing that 1 kg dw of muscle is equal to approximately 3 kg of intracellular water,
it is possible to convert the measured pyruvate contents to concentrations for comparison
with the known kinetic constant for PDH-kinase. At rest, pyruvate concentration was 0.2 mM
(28) and increased to 0.3 mM during heavy exercise (31). During maximal exercise pyruvate
concentration increased further to 0.7 mM (28). Thus, the range of changes in pyruvate
concentration (0.2-0.7 mM) is similar to the range of experimentally determined K; for
pyruvate, and this metabolite is in an optimal position to effect large changes in PDH-kinase
activity in response to only small changes in concentration.

Pyruvate regulation of PDHc transformation may be most important during recovery
from exercise when sustained PDHa flux provides a route for removal of accumulated
intramuscular lactate via oxidation in the TCA cycle (28). In addition, this aspect of PDHc
regulation would also be central to the operation of the "lactate shuttle hypothesis” as
proposed by Brooks (4,5). According to this hypothesis, lactate produced by actively
contracting muscle fibers is oxidized by neighboring inactive fibers of the same muscle or in
distally located inactive muscles. Indeed, during recovery from maximal intermittent sprint
cycling, PDHa was maintained 2.4-2.8 fold greater than at rest and pyruvate concentration
was positively correlated with elevated PDHa (28). In addition, it has recently been shown

in humans that uptake of lactate into inactive muscles during recovery from high intensity
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exercise resulted in corresponding elevations in intramuscular lactate and pyruvate
concentrations, and a 2.3 fold increase in PDHa (29). Thus, the elevation of muscle pyruvate
seems to serve as its own feed forward signal, inhibiting PDH-kinase and causing PDHc
transformation to PDHa. Consequently, a greater portion of lactate can be oxidized resulting

in attenuation of the intracellular acidosis that accompanies lactate accumulation.

53.1 Future Directions for the Study of PDHc Regulation by Pyruvate

Future studies examining the role of pyruvate regulation of PDHc transformation
should first determine the K, for E1 of PDHc and the K; for PDH-kinase under conditions
that mimic the intramitochondrial milieu, since it has not been determined if the affinity for
pyruvatc is altered when this enzyme complex is bound to the inner mitochondrial
membrane. It is possible that the K, of pyruvate for the E1 component and the K; of
pyruvate for PDH-kinase are lower than that reported for isolated enzyme preparations
(54). If this proves to be true, the implications for the physiological role of PDHc would
likely remain unchanged. However, it would provide a more meaningful set of kinetic
constants from which measured tissue concentrations could be compared. Currently available
constants were determined using isolated enzyme preparations in solution, which limits their
utility for purposes of comparison.

Future studies should examine the transformation of PDHc to PDHa, in inactive
muscle during incremental exercise. This approach would increase pyruvate content in a step-
wise manner and would confirm the importance of this mechanism of PDHc regulation. In
addition, if these measures are obtained in conjunction with measures of total lactate

production by the active muscle mass and lactate uptake by the inactive muscle mass, then
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the quantitative importance of lactate oxidation by this mechanism of PDHc regulation could

be determined.

5.4  The Role of PDHc in the Selection and Oxidation of Metabolic Fuels in Human

Skeletal Muscle

In their original article describing the theory of the glucose-fatty acid cycle in skeletal
and heart muscle, Randle et al (34) suggested that the restriction on glucose utilization was
most prominent at the level of pyruvate oxidation, pointing to PDHc as a major control point
in the selection of metabolic fuels. Subsequent studies on perfused rat heart and diaphragm
confirmed that transformation of PDHc to PDHa was lower at rest and this was due to the
inhibitory effects of increased acetylCoA and decreased CoASH accumulation, secondary to
elevated fat fuel availability and oxidation (13,14,15,35). This led to the suggestion that
changes to the acetylCoA-to-CoASH ratio was the primary signal which reduced PDHa and
initiated this inhibitory mechanism of intramuscular glucose oxidation. This was thought to
subsequently lead to the accumulation of glycolytic intermediates and key metabolic inhibitors
of phosphofructokinase, hexokinase (34) and probably glycogen phosphorylase that also
inhibited glucose oxidation at these control points.

The present studies (30,31), and an additional study (12) (Appendix B), examined the
existence of this reciprocal cycle of glucose and fat oxidation in human skeletal muscle at rest
and during various exercise intensities. At rest, diet manipulation (31) and acctate infusion
(30) were successful at elevating the intramuscular acetylCoA-to-CoASH ratio, lowering
PDHa and restricting intramuscular glucose oxidation (31). In contrast, infusion of Intralipid

(12) did not cause an elevation in this regulatory ratio or inhibition of PDHa. Together, the
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results of these three studies indicate that this reciprocal cycle of intramuscular fat and
glucose selection is operational in human skeletal muscle during rest. Moreover, acute
elevations of alternative fat fuels (ie. acetate and Intralipid) suggest that the source of
acetylCoA accumulation is from the oxidation of short-chain fatty acid anions. Thus, under
conditions of starvation, high fat feeding or uncontrolled diabetes, the primary fuel source
for intramuscular generation of acetylCoA is likely from hepatic generation of the ketone
bodies, acetoacetate and f-hydroxybutyrate.

The absence of any acetylCoA accumulation after Intralipid infusion (12) may have
been limited by an associated increase in malonyl-CoA (49), which may have inhibited
carnitine palmitoyl transferase and therefore pfovided a feedback mechanism to restrict
transport of long chain fatty acid acyl-CoA into the mitochondria. In contrast, acetate (30),
acetoacetate and p-hydroxybutyrate rapidly diffuse into the mitochondria where they can be
converted to acetylCoA at a rate that is only dependent on the availability of these short
chain fatty acid anions. Consequently, acetylCoA can accumulate quickly and to a large
extent and inhibit PDHc transformation to PDHa. Alternatively, the capacity to generate
acetylCoA via B-oxidation of long chain acyl-CoA was very low in the subjects examined (12).

During moderate (30) and prolonged heavy exercise (12,30,31), reduced intramuscular
glucose oxidation and lower PDHa were only observed after a period of prolonged
carbohydrate deprivation (31). During acute manipulations of the glucose-fatty acid cycle
using acetate infusion, intramuscular glycogen utilization was not impaired and a lower rate
of PDHc transformation to PDHa was not observed (30). However, during Intralipid infusion
(12), reduced intramuscular glycogen utilization was observed but this occurred independent

of changes to the acetylCoA-to-CoASH ratio and PDHa. The apparent site of conservation
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of muscle glycogen during Intralipid infusion appeared to have been at the level of glycogen

phosphorylase. In each condition, except the LCD condition, the acetylCoA-to-CoASH ratio
increased as a direct result of muscle contraction during exercise and transformation of
PDHc to PDHa was not inhibited. In contrast, after prolonged consumption of a LCD the
acetylCoA-t0-CoASH ratio decreased with exercise while PDHc transformation to PDHa was
inhibited (31).

Together, these studies suggest that the glucose-fatty acid cycle did not operate in
human skeletal muscle during exercise, as originally proposed by Randle et af (34). Instead,
operation of this reciprocal metabolic cycle during exercise may have occurred via alterations
in the phosphorylation state of Ele of PDHc. Prolonged carbohydrate restriction via
consumption of a LCD, resulting in increased availability and oxidation of intramuscular fat
fuels may have led to a prolonged increase in PDH-kinase activity and increased
phosphorylation of the barrier sites (sites 2 and 3) on El« of PDHc. Consequently, when
PDHc was exposed to activating stimuli during muscle contraction, the rate of PDHc
transformation to PDHa was inhibited. While this aspect of PDHc regulation has been
confirmed in rat heart and rkcletal muscle (see section 5.2.2.1 above), it has not been

demonstrated in human skeletal muscle.

3.4.1 Future Directions for Studying the Role of PDHc in the Selection and Oxidation of
Metabolic Fuels in Human Skeletal Muscle
In the present studies (12,30,31), there is evidence for 2 levels of PDHc regulation
in human skeletal muscle as it operates in the glucose-fatty acid. The first is an acute phase

that is dependent on the increase in mitochondrial acetylCoA-to-CoASH ratio (and possibly
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the NADH-to-NAD ratio) which increases PDH-kinase activity, inhibits PDH-phosphatase

activity and increases site 1 occupancy on Ele of PDHc. These events lead to lower PDHa
and a short term restriction on pyruvate oxidation. The second level of regulation is also
dependent on an increase in the acetylCoA-to-CoASH ratio (and possibly the NADH-to-
NAD ratio) resulting in a sustained increase in PDH-kinase activity and a decrease in PDH-
phosphatase activity. This may result in additional phosphorylation of the barrier sites of Ela
of PDHc (site 2 and 3) and resistance to activation by simulators of PDHc transformation
to PDHa.

In the second phase, changes in the PDH-kinase/PDH-phosphatase activity ratio may
also be supported by alterations in the affinity of the acetylCoA-to-CoASH and NADH-to-
NAD ratios for the regulatory subunits. In addition, it is interesting to speculate that as a
further mechanism of restricting pyruvate oxiclation and protecting muscle and whole body
glucose reserves, alterations in PDH-kinase and PDH-phosphatase content would follow or
coincide with these changes during prolonged elevation of fat fuels combined with
carbohydrate restriction. Alterations in PDH-kinase and PDH-phosphatase affinity could
easily be tested by examining changes in the kinetic constants over time. In addition, the
recent availability of a cDNA probe for PDH-kinase (24) makes it possible to examine
changes in PDH-kinase expression during long term glucose deprivation and long term
elevations in fat fuel availability.

Future studies examining the role of PDHc in the selection and oxidation of
intramuscular fuel selection should first establish the time course and extent of Ela
phosphorylation in human skeletal muscle, in response to prolonged elevations in fat fuels.

Specifically, the time course for multi-site phosphorylation should be established and
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characterized. It would also be interesting to characterize parallel changes in the affinity of
the regulatory subunits to the key regulatory ratios of acetylCoA-to-CoASH, NADH-to-NAD
and ATP-to-ADP. Finally, it would also be possible to examine alterations in the expression
of the main catalytic subunits (E1, E2 and E3) (25) and PDH-kinase (24) using cDNA
probes. These aspects of PDHc regulation could best be studied in humans using a model
of prolonged carbohydrate deprivation combined with high fat feeding. Such an approach
would allow subjects to be examined over the course of several weeks and would also allow

the prolonged effects of catecholamine and the glucoregulatory hormones on PDHc to be

examined.

55  The Role of PDHc in Muscle Lactate Production

The role of PDHc regulation in muscle lactate production in humans was examined
using a model of repeated 30 seconds bouts of maximal isokinetic sprint cycling separated
by 4 minute periods of rest recovery (28). This model! allowed simultaneous determination
of the rates of muscle lactate production and removal, and allowed determination of the
mitochondrial redox state. During maximal exercise, the mechanism of muscle lactate
production was found to be due to a rate limitation for pyruvate oxidation at PDHc and it
was not due to the acceleration of glycolysis, secondary to the development of tissue hypoxia
as suggested by others (10). During exercise, the rate of glycolytic pyruvate production
exceeded the rate of pyruvate oxidation by PDHa, by a factor of 13 in the first and second
sprint bouts and by 4 fold in the third bout. The remainder of the lactate produced was
accounted for by release from the muscles of origin into the extracellular space (21) and

accumulation within the muscles of origin (28).
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In contrast to exercise, during the recovery periods muscle lactate accumulation
decreased concurrently while the mitochondrial redox state became more reduced. During
this time PDHc was maintained 34-44% transforrned to PDHa and was 2.2 and 2.8 fold
greater than at rest. It has previously been shown that during the rest recovery periods there
is no change in muscle glycogen content (22,44) and glucose uptake is low (21). Thus,
glycolytic flux probably ceased or was at least slowed in our subjects. Together these events
suggest that the decrease in muscle lactate accumulation was due, in part, to a greater rate
of pyruvate oxidation by PDHa than pyruvate production by glycolysis. The remainder of
muscle lactate was probably released from the muscle of origin into the extracellular space
(21). During rest recovery, maintenance of PDHa activity provided an important route for
the removal of the excess lactate. The mechanism by which PDHa activity was maiutained
was consistent with a feed forward mechanism mediated by elevated pyruvate and H*
concentrations causing inhibition of PDH-kinase and activation of PDH-phosphatase,
respectively. Additionally, lower NADH-to-NAD and ATP-to-ADP ratios, and attenuation
of the acetylCoA-to-CoASH ratio would have also supported a lower PDH-kinase/PDH-
phosphatase activity ratio and resulted in greater PDHa.

The findings of the present work (28) show that muscle lactate production in normal
healthy individuals exercising maximally under normoxic conditions is not due to the
development of tissue hypoxia. This implies that in normoxia, the theory of muscle lactate
production termed the "anaerobic threshold” (3,10) may be incorrect. However, this does not
preclude the possibility that exposure to a hypoxic environment would lead to tissue hypoxia

causing acceleration of anaerobic glycolysis and result in muscle lactate production.
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551 Future Directions for Studying the Role of PDHc in Skeletal Muscie Lactate

Production

The present work (28) has shown that muscle lactate production can be explained
by a discrepancy between the rates of pyravate production by glycolysis and pyruvate
oxidation by PDHa. However, the present work examines lactate production only at the
extremes of muscular activity. Future studies should further characterize and compare
glycolytic rate, PDHa transformation and PDHa flux as a function of increasing exercise
intensity. This could best be examined in humans during incremental exercise while
simultaneous arterial and venous lactate measurements are obtained along with measures of
intramuscular glycogen, lactate, PDHa and the mitochondrial redox state. This approach
would allow a complete accounting of all of the lactate produced from glycogenolysis, and
glycolysis derived from glucose. It would also allow the rate of glycolytically produced
pyruvate to be compared to the rate of pyruvate oxidation by PDHa at the same time the
redox state could be monitored.

A similar approach could also be used to study muscle lactate production while
hypoxia is induced to cause a reduction in the mitochondrial redox state and a corresponding
shift in the "threshold for lactate production” to a lower exercisc intensity. Altcrnatively,
muscle lactate production could be examined before and after a period of short-term
submaximal training which should result in a shift in the "threshold for lactate production”
to a higher exercise intensity, independent of changes in VO,max (16,17,23). These
approaches would 2llow independent manipulation of the mechanisms controlling muscle
lactate production and assess the importance of PDHc regulation to muscle lactate

production. These studies would provide additional insight into the mechanisms of muscle
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lactate production and extend the findings of the present study (28).

5.6  Summary and Conclusions
5.6.1 Biochemical Regulatory Propertics

Examination of PDHc transformation to PDHa under the conditions of the present
studies (12,28,30,31) provide additional insight into the regulation of PDHc transformation
in vivo. Regulation by the acetylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP ratios
were found to operate as described for isolated enzyme preparations in vitro. However, the
quantitative effects of these ratios on PDHc transformation to PDHa must be further
characterized in vivo by independent manipulation through the physiological range.
Furthermore, the role of the acetylCoA-to-CoASH and NADH-to-NAD ratios in the short
term and long term regulation of PDHc transformation to PDHa during the selection and
oxidation of intramuscular fuels must be better defined and the synergistic nature of these
ratios remains to be delineated in vivo.

Increasing the acetylCoA-to-CoASH ratio at rest resulted in a proportional decrease
in PDHa which restricted pyruvate oxidation. In contrast, during exercise, the methods
employed were not successful at altering the acetylCoA-to-CoASH ratio over the changes
that occurred as a result of exercise alone. The effect of aiterations to the NADH-to-NAD
and ATP-to-ADP ratios on PDHc transformation also remains to be determined under the
conditions of the present studies (30,31). Complete characterization of their regulatory
influence on PDHc transformation by these other regulatory ratios and the implications for
the selection and oxidation of meiabolic fuels remains to be fully determined.

At rest and during recovery from maximal exercise and under normal dietary
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cord:tions, the acetylCoA-to-CoASH, NADH-to-NAD and ATP-to-ADP ratios appeared to

act in concert to regulate PDHc transformation to PDHa. At rest, these ratios appeared to
maintain lower PDHa and their effects were consistent with a high PDH-kinase/PDH-
phosphatase activity ratio. Conversely, during recovery from maximal exercise, alterations in
these ratios appeared to have caused greater PDHa and the changes were consistent with
a lower PDH-kinase/PDH-phosphatase activity ratio. During exercise, these regulatory ratios
had no apparent effects on PDHc transformation to PDHa. The overriding factor controlling
PDHc transformation to PDHa was probably Ca?* release from the sarcoplasmic reticulum.

Muscle pyruvate concentration varied within the range of the estimated inhibitory
constants of pyruvate for PDH-kinase. In addition, muscle pyruvate content increased in
parallel with PDHa. These findings were consistent with pyruvate activation of PDHa during
exercise and recovery from maximal exercise. However, the present studies did not assess the
quantitative importance of PDHc regulation by pyruvate. Conceivably, pyruvate exerted some
regulatory action on PDHc transformation during rest and recovery from exercise and
regulation by pyruvate was central to the operation of the "lactate-shuttle” hypothesis. The
results of the present studies argue in support of the operation of this mechanism in human
skeletal muscle in vivo. However, the quantitative importance of this mechanism of PDHc

regulation to energy metabolism and acid-base homeostasis remains to be established.

5.62 Physiological Relevance
The present series of studies examined the regulation of human skeletal muscle
PDHc in vivo. These studies sought to determine the physiological importance of this flux-

generating enzyme to muscle energy metabolism. Acute and chronic manipulation of fat fuel
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availability revealed that PDHc was an important control point for the selection and
oxidation of fat and carbohydrate fuels during rest and possibly during exercise. During rest,
PDHc transformation to PDHa was inhibited by elevation of the acetylCoA-to-CoASH ratio,
restricting pyruvate oxidation at this first control point as predicted by Randle et al (34).
However, during exercise, lower PDHa could only be induced by chronic dietary
manipulation and it occurred seemingly independent of variations in the acetylCoA-to-
CoASH ratio. This finding is in conflict with the predictions of Randle et al (34) and more
study is required to establish the role of PDHc regulation in fuel selection during exercise,
as well as the mechanism by which transformation is inhibited.

Examination of PDHc transformation during repeated maximal sprint activity allowed
determination of the role of PDHa in muscle lactate production in humans. The results of
this study indicated that under normoxic conditions lactate production was simply due to a
rate limitation at the level of PDHc. A greater rate of pyruvate production by glycogenolysis
than oxidation by PDHa led to accumulation of excess pyruvate which was then converted
to lactate via LDH. During recovery from maximal sprint exercise the decrease in muscle
lactate accumulation resulted from lower glycolytic rate and maintenance of PDHa by the
putative allosteric regulators of PDHc transformation, leading to oxidation of a portion of

the lactate load by the TCA cycle.
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APPENDIX A

A COMPARISON OF RADIOMETRIC METHODS FOR DETERMINATION

OF PDHa AND PDHt IN SKELETAIL MUSCLE

61  Abstract

The present study characterized and compared two currently available radiometric
assays of pyruvate dehydrogenase activity in skeletal muscle. The limits within which each
assay can be reliably used are outlined. Upper limits are suggested for sample volume and
reaction time. The “CO, method of determination was found to be reliable when 50-200 ul
of a 19 volume muscle homogenate was assayed over a 2 minute reaction time. Suggestions
are also made to further improve the sensitivity of this assay system. The acetylCoA method
of determination was found to be reliable when 10-70 ul of a 30 volume homogenate was
used over a 3 minute reaction time. In addition, the acetylCoA method of determination can
be reliably run for up to 5 minutes at the larger homogenate volume of 70 ul. Direct
comparison of these two assays further revealed that each gave similar absolute results.
However, the acetylCoA method of determination was found to be much less variable, and

much more accurate and precise than the *CO, method of determination.
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62  Introduction

Several different methods of determining pyruvate dehydrogenase activity in tissue
extracts are currently available (see Stansbie et al (34) and Weiland (43) for reviews).
However, most have inherent problems which limit their practical application for analysis of
small muscle samples such as those obtained from a biopsy of human skeletal muscle.
Spectrophotometric assays that are designed to measure the rate of acetylCoA and NADH
formation lack the sensitivity required to determine the active fraction (PDHa) or the total
activity (PDHt) of PDHc in very small biopsy samples. In addition, several other problems
limit their use.

Spectrophotometric determination of PDHa and PDHt from the rate of NADH
formation is limited by simultaneous oxidation of NADH by other metabolic processes (34).
Similarly, spectrophotometric determination from the rate of acetylCoA formation is made
cumbersome by the need to isolate acetylCoA:arylamine N-acetyltransferase (EC 2.3.1.5.})
from pigeon liver which is not commercially available. Depending on the particular assay
used, this enzyme is required to transfer the acetyl moiety from acetylCoA to either p-(p-
aminophenylazobenzene sulphonic acid) or cresyl violet acetate, producing their
corresponding acetylated forms and causing increased absorbance and fluorescence,
respectively.

The only other assay system for PDHa and PDHt determination that existed until just
recently was a radiometric method that determines the rate of *CO, formation from 1-“C-
Na-pyruvate (35,36,39,40). The “CO, liberated then reacts with a strong basc (hyamine
hydroxide), is "captured” and the amount of CO, produced is calculated as a function of time.

This system has been extensively used for determination of PDHa and PDHt in the following
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human tissues: fibroblasts (3,6,15,16,31), platelets (4,13,15) and skeletal muscle

(14,27,29,37,39,40). It has also been used to analyze PDHa and PDHt in adipose tissue
(35,36) and various other tissues in animal models (21,22). This method is ideal for PDHa
and ?DHt determination in small skeletal muscle biopsy samples, since it is many fold more
sensitive than spectrophotometric assays. However, when used to make measurements in
skeletal muscle, as outlined in the literature (3,4,6,14,15,16,29,31,35,36,37,39,40), serious
limitations arise rendering it inaccurate. The main problems are very low and highly variable
results. Therefore, the first purpose of the present work was to improve this assay system and
to characterize its utility for analytical use.

Recently, another radiometric method for PDHc determination in muscle was
reported (9). This assay was adapted from one previously reported by Dohm et al (5), that
was designed for PDHa and PDHt determination in kidney. Constantin et al (9) improved
this system by using a second radiometric assay to determine the concentration of acetylCoA
(7) in aliquots obtained at 1, 2 and 3 minutes into the reaction. Like the former radiometric
method, this method was also much more sensitive than any of the spectrophotometric
methods and was found to be ideal for PDHa and PDHt determination on small tissue
samples (5-15 mg wet wgt.). The original report of this assay demonstrated very good
reproducability and precision of measurement. Therefore, given the problems encoun:ered
with the “CO, method, the second purpose of the present work was to examine this new
radiometric assay and to compare it to the *CO, method, to determine which of the two was

better for analytical purposes in skeletal muscle.
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6.3  Methods

63.1 Muscle Sampling

The red gastrocnemius, plantaris and soleus muscles were excised from male Sprague-
Dawley rats (300-500 grams), while under a general anaesthetic (phenobarbital injected
intraperitoneally). The rats were then euthanized with an overdose of the anaesthetic
followed by intracardial injection of a saturated solution of KCl. After excision, muscles were
immediately freeze clamped and stored in liquid N,. Prior to use in the PDHa and PDHt
assays muscle samples were pulverized under liquid nitrogen. The resulting frozen muscle
powder was then dissected free of blood and connective tissue, also under liquid nitrogen,
using a stereomicroscope with paired 10X wide-field eyepieces. The resulting clean muscle
powder was then stored frozen in liquid N; and portions were used on a daily basis for PDHa
and PDHt analysis.

Human muscle biopsies were obtained from healthy male volunteers between the
ages of 19 and 29 years. Biopsies were obtained by the method of Bergstrom (1). One thigh
was prepared for needle biopsy of the vastus lateralis with incisions of the skin through to
the deep fascia, under local anesthesia (2% xylocaine without epinephrine). Biopsies were
immediately frozen in liquid N,, removed from the needle while frozen and stored in liquid
N, until analyzed. Between 10 and 35 mg was chipped from each biopsy and dissected free
of blood and connective tissue, under liquid N, using a stereomicroscope with paired 10X
wide-field eyepieces. From this, two clean 5-20 mg portions were stored separately in liquid
N,. Rat and human skeletal muscle samples were collected as part of larger ongoing studies

and had the approval of McMaster University Ethics Committee.
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6321 Resgents
6322 Preparation of 1-*C Na-pyruvate

The labelied substrate (1-*C-Na-pyruvate) was obtained from Amersham (1-"C-
Pyruvic Acid, Sodium Salt, Code CFA.85) and had a specific activity of 32 mCimmol™. 6.0
ml of double distilled, millipore purified H;0 was placed into a 250 £Ci ampule and mixed.
200 pl of this mixture was placed into 30 separate 1 ml glass vials with screw on caps. These
were then frozen in liquid nitrogen and freeze dried. The resulting vials each contained 260
nmol of 1-*C-Na-pyruvate (8.3 pCi) and were stored frozen at -50 °C, under desiccant until
used.

On the day of the assay 804 ul of 0.004 N HCI was added to 1 vial, resulting in a
stock solution that was 10.02 pCiml™. 230 ul of stock solution was then added per 10 m} of
assay buffer just before commencing the assay each day. Suspension of 1-¥C-Na-pyruvate in
an acidic medium was necessary to minimize nonspecific spontaneous decarboxylation of the
MC.label (33) and to prevent the formation of aldol condensation products that can form

when pyruvate is suspended in solution (38).

6323 PDHa Homogenizing Buffer (HB, .}

For PDHa the sample was homogenized in a solution containing 10 mM XK,HPO,,
0.1% bovine serum albumin, 1 mM DTT, 1 mM EDTA and 0.1% triton X-100 (vol:vol) at
pH 7.4. Throughout this chapter the homogenizing buffer for PDHa will be referred to as

HB, i -
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6.3.24 PDHt Homogenizing Buffer (HB,o;)

For PDHt determination, the homogenizing buffer used was the same as outlined for
PDHa, with the following differences: 1) 100 1 of a solution containing 1.0 M glucose and
10 mM KHPO, (pH 7.4) was added to 10 ml of the homogenizing buffer before
homogenization of the sample, 2) hexokinase was added to a final concentration of 2 U'ml*
before homogenization and 3) after homogenization, 8 ul of a preincubation reagent
containing 385 mM CaCl, and 385 mM MgCl, was added for every 300 ul of muscle
homogenate. These changes resulted in a final concentration of 10 mM for each of CaCl,,
MgCl; and glucose.

Ca?* and Mg?* were used to activate PDH-phosphatase and inhibit PDH-kinase,
while glucose and hexokinase were used to deplete the homogenate of ATP, thus removing
any available substrate for the kinase and further inhibiting PDH-kinase activity. Examination
of the time course for transformation of PDHa to PDHL revealed that conversion by these
reagents was complete in 4-6 min. PDHt measures are stable for up to 30 min under these

conditions, as previously reported (39,40).

6.3.25 Assay Buffer

The assay buffer utilized for PDHa and PDHt determination contained the following
reagents: 25 mM K,HPQ,, 0.1% bovine serum albumin, 2.5 mM DTT, 2.5 mM EDTA, 2.0
mM MgCl,, 10 mM Na-pyruvate, 1-*C-Na-pyruvate (0.13 pCiml* or 230 pl of stock solution
per 10 ml of assay buffer), 3.0 mM CoASH, 30.0 mM NAD* and 1.5 mM thiamine
pyrophosphate (TPP), at pH 7.6. The fraction of pyruvate labelled was varied at times simply

by increasing the amount of stock 1-1*C-Na-pyruvate added to the assay buffer.
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6326 Acid Reagent

An acid reagent containing 80 mM citric acid and 40 mM Na;HIPO, (pH 2.9) was

used to stop the reaction.

63.2.7 Preparation of Tissue Homogenate

For PDHa determination muscle samples were gently homogenized in a 2 ml glass
homogenizer in 19 volumes of HB,.4. (1 volume sample plus 19 volumes of buffer) while on
ice (0-5 °C). For PDHt determination, samples were homogenized in HB,,,, in a similar
manner. In addition, 8 ul of the preincubation reagent was added and the sample was
incubated for 6-10 min at 37 °C. Samples were homogenized untii all tissue was in suspension
which usually required 1-2 min of slow gentle twisting of the glass pestle. Homogenization

by this procedure resulted in a homogenate with a muscle tissue content of 50 mgm!™.

6.3.28 PDHa and PDHt Assays

Before the assay, 250 ul of the assay buffer was transferred into all of the 10 ml
reaction flasks (Knootes Glass Co, New Jersey, USA) in a cold room (4 °C), while on ice. 200
1l of 1.0 M hyamine hydroxide was then placed into a plastic center well (Knocotes Glass Co.,
New Jersey, USA) for each flask. Center wells were then fastened to the top rubber stopper
(Knootes Glass Co. New Jersey, USA) and the top of the flask was sealed. A side arm
rubber stopper (Knootes Glass Co, New Jersey, USA) was then placed on each flask,
creating an air tight environment in which the reactions were run.

Before starting the reaction, each flask and sample was prewarmed for 2-3 minutes

in a shaking water bath at 37 °C. The reaction was initiated by adding 50-200 u1 of muscle
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homogenate and mixing. The reaction was stopped after 2 minutes by adding 800 ul of the
acid reagent. Each flask was then incubated for 60 min at 37 °C to allow complete recovery
of the CO; generated.

After 60 min, the plastic center well was cut from each of the top rubber stoppers,
placed in 10 ml of scintillation fluid and counted. The efficiency of counting was determined
using a standard quench curve. PDHa and PDHt were calculated as the rate of CO,
generated as a function of time and tissue content in each flask. Since only the labelled CO,
was detected by scintillation counting, the results were corrected for the total amount of
pyruvate (labelled + unlabelled) present in the assay buffer. Since nonspecific spontaneous
decarboxylation of 1-*C-Na-pyruvate is variable with temperature and time, at least 2 blanks
were run with each set of sample replicates. Blank tubes were prepared exactly as the
samples, except that the appropriate homogenizing buffer was used in place of the actual

muscle homogenate.

6.3.2.9 Pyruvate Requirement of PDHt

The pyruvate requirement for the PDHt assay was examined using 200 ul samples
of a 19 volume muscle homogenate and a 2 min reaction time. The following pyruvate
concentrations were used for this analysis: 0, 0.004, 0.014, 0.05, 0.104, 0.504, 1.004, 3.004,
5.004 and 10.004 mM. Several blanks were run at each of the 10 different concentrations.

The data were then fit to a Michaelis-Menton model and the K, and V,_,, were determined.
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63210 CO; Recovery

The recovery of the CO, was examined in the following manner. 3.0 ml of 36 mM
NaHCO,, 2.98 ml of 25 mM K,HPO, buffer (pH 8.9) and 0.02 m! of 540 mM NaH“CO, (100
pCimmol?) were mixed resulting in a solution with the following composition: 18 mM
NaHCO,;, 124 mM K,HPO, and 1.8 mM NaHMCO; (100 pCimmol?), at pH 8.9. This
resulted in total NaHCO; and NaH"CO, (100 pCimmol?) contents of 101 and 11 umoles,
respectively, and a solution with 9.1 % of the NaHCO, labelled.

A center well containing 200 .l of hyamine hydroxide was placed in each flask and
500 pl of the NaHCO, solution was then added. This resulted in 0.9 gmole of NaH*CQO; and
10.1 pmole of NaHCO; in each flask. Flasks were then placed at 37°C for 2 min and then
acidified with 800 pl of the acid reagent. Each flask was then allowed to equilibrate for 60
min at 37 °C after which the center wells were removed, placed in 10 ml of scintillation fluid
and counted. Given that the specific activity of the label was 100 #Cimmol”, the expected
DPM per flask was 20.0x10*, Standards were run in parallel by adding 500 u! of the original
9.1% mixture of labelled-to-unlabelled NaHCO, directly into 10 ml of scintillation fluid for

counting. Recovery of the CO, was determined as follows:

(sample DPM / standard DPM) x 100.

200 ul of acidified assay mixture from each reaction flask was also counted after the
60 min incubation period and compared to 200 ul of a solution containing only 18 mM
NaHCO; and 12.4 mM K,HPQO, and a series of scintillation vials with no additions. This was

done to determine if any of the label remained in solution after the 60 min incubation period.
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63211 Lineanity of the PDHa and PDHt Assays As a Function of Homogenate

Volume
CO, production was examined as a function of homogenate volume. The volume of
added homogenate was varied from 0 (blank) to 200 ul, in 50 ul increments. Three such
experiments were repeated for both PDHa and PDHt on the same muscle sample and the
data were pooled. A 19 volume muscle homogenate preparation was used for these

experiments. A 2 min reaction time was used for all replicates.

63212 Effects of Freezing and Thawing, Triton X-100 and NaF

The effects of freezing and thawing, and adding a mild detergent (Triton X-100) to
the homogenization procedure were examined as a means to improve PDHa and PDHt
measures. The effect of freezing and thawing the homogenate was determined by measuring
PDHa and PDHt on one day, then freezing and storing the homogenate overnight in liquid
nitrogen and measuring PDHa and PDHt on the same homogenate the following day.

The effect of adding a mild detergent was also assessed by first homogenizing a
tissue sample in HB, . or HB,, and splitting this into two portions. To one portion of
muscle homogenate Triton X-100 was added to a final concentration of 0.1% (vol:vol), while
gently mixing. Nothing further was added to the remaining portion. The samples were then
assayed according to the method for PDHa or PDHt determination described above.

The effect of NaF on PDHa was examined by adding NaF, to a final concentration
of 50 mM, to HB,.;. and homogenizing one portion of a muscle sample. Another portion of
the same muscle sample was homogenized in HB,_,,. that did not contain NaF. The resulting

homogenates were then assayed using the method for PDHa determination described above.
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633 The AcetylCoA Method of PDHa and PDHt Determination

6.3.3.1 PDHc Analysis

PDHa and PDHt were determined using a method that relies on the measurement
of acetylCoA as a function of time (5) and has recently been improved by using a radiometric
determination of acetylCoA (9). Briefly, for the measurement of PDHa the sample was gently
homogenized on ice in a solution containing 50 mM tris, 200 mM sucrose, 50 mM KCl, 5 mM
EGTA, 5 mM MgCl,, 50 mM NaF, 5 mM dichloroacetic acid (DCA) and 0.1% triton X-100
(vol:vol), at pH 7.8.

For the measurement of PDHL, the sample was homogenized in a similar buffer but
NaF and triton X-100 were omitted, and 4 U-ml? of hexokinase and 10 mM glucose were
included. Before the assay, 40 pl of the sample was mixed with 10 ul of a preincubation
reagent containing 6 mM CaCl, and 150 mM MgCl,, and was incubated for 15-30 min at 37
°C. Where specified the preincubation step was removed. In such cases the sample was
simply homogenized in a buffer containing 50 mM tris, 200 mM sucrose, 50 mM KCl, 5 mM
EGTA, 10 mM CaCl,, 25 mM MgCl,, 4 Uml? hexokinase, 10 mM glucose, 10 mM DCA and
0.1% triton X-100 (vol:vol), at pH 7.8.

The assay buffer used for the PDHa and PDHt assays contained 100 mM tris, 0.5
mM EDTA, 1.0 mM MgCl;, 0.5 mM NAD*, 0.5 mM CoASH and 1.0 mM thiamine
pyrophosphate (TPP), at pH 7.8. The reaction was initiated by adding pyruvate to a final
concentration of 0.5 mM. When the pre-incubation step was used for PDHt determination,
triton X-100 was dissolved to 0.1% (vol:vol) in the pyruvate solution and added with the
pyruvate. 200 pl aliquots of the reaction mixture were sampled at 1, 2 and 3 min and the

reaction was stopped by adding each aliquot to 40 pl of 0.5 M PCA contained in 1.5 ml
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eppendorf tubes. After 5 min, each aliquot was neutralized with 1.0 M K,;CO; and

centrifuged for 3 min at 15,900xG (microcentrifuge E, Beckman Instrument Co., Mississauga,
Ont., Canada). The resulting supernatant was stored at -50 °C until analyzed for acetylCoA
by the radiometric method of Cederblad et al (7). Plots of acetylCoA as a function of time

were used to determine the reaction rates.

6.3.32 Linearity of PDHa and PDHt Assays With Time and Concentration

Using human muscle biopsy sampies, 30 volume muscle homoge - ates were prepared
for PDHa and PDHt determination as outlined above. Using a 70 pl sample from each
preparation, acetylCoA production was determined as a function of time. Both the PDHa
and PDHt reactions were run as outlined above except that 100 pl aliquots of the reaction
mixture were obtained at 1, 2, 3, 4, 5 and 6 minutes. Also using a 30 volume homogenate,
the rate of acetylCoA production was determined as a function of homogenate volume as the
volume of added homogenate was varied from 10 to 70 u! (ie. 10, 20, 30, 50 and 70 ul).
Assays were completed as described above for both the PDHa and PDHt methods of

determination.
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634 (Calculations

The Coefficient of variation (CV), accuracy and precision were calculated for

repeated duplicate measures, as summarized below.

cv: (SD / Mean) x 100
Accuracy: Z (X - Mpoputan)” / N
Precision: Z (% - Muepe)? / N-1,

where "m" is the mean and x; refers to individual data values.

635 Statistical Analysis

Most data were analyzed by a two-tailed t-test. A one-tailed test was used to assess
the effects of adding Triton X-100, freezing and thawing, and NaF to the homogenization
procedure. The CO, recovery data were analyzed by a one-way analysis of variance with
repeated measures over time. When a significant F ratio was found, Fisher's pairwise
comparisons was used to identify differences. Data are means + SD. Results were considered

significant at p < 0.05.
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6.4 Results

64.1 Pyruvate Requirement for the 1“CO, Method of PDHt Determination

PDHLt activity increased as a function of pyruvate concentration from 0.006 mmolmin-
Lkg ww! when the pyruvate concentration was 4 uM, to 2.03 mmol'minkg ww! at a pyruvate
concentration of 10 mM (Figure 1). The data fit a Michaelis-Menton model and accounted

for 99% (R?2) of the variation in the data. The resulting regression equation was as follows:

PDHt = 2.27 x [pyruvate] / (1.07 + [pyruvate]), R = 0.9%

where [pyruvate] is mM and PDHt activity is mmol'min'kg ww. The asymptote of this curve,
which is equivalent to the V., was 2.27+0.09 mmolmin'kg ww'. Under the present

conditions and using 200 ul samples of a 19 volume muscle homogenate the apparent X was

1.07+0.15 mM.

6.4.2 Capacity for CO, Recovery for the “CO, Method of PDHa and PDHt Determination

The quantity of *CQO, recovered in the hyamine hydroxide of each flask was similar
to the quantity of *CO, present in the same volume of the standard solution (Figure 2). 500
w1 of the standard (ST) solution resulted in 21.2 x 10 DPM (SD 0.19 x 10%), while 21.4 x
10* DPM (SD 0.08 x 10*) was recovered in the sample (SA) tubes. The standards and
samples were not statistically different and the corresponding efficiency of recovery was
100.8+0.30% which was not different from 1M0%. Similarly, Figure 3 illustrates that none of
the *CO, or H¥CO; remained in solution after the 60 minute incubation period. 200 ul of

a blank assay mixture (ABL), standard assay mixture (AST) and the sample assay mixture
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(ASA) resulted in 38.7% 2.4, 36.7+0.12 and 40.8+3.19 DPM, respectively, which were not

different from one another. Thus the present experiments illustrate that at lc.st 11,000 nmol
of CO, can be absorbed by the hyamine hydroxide in 60 min, which is in excess of ihe
amount of CO, that could be liberated from homogenate samples during 2 mioutes of

incubation.

64.3 Linearity of the PDHa and PDHt Assays As a Function of Homogenate Yolume for

the “CO, Method of Determination

Using a saturating concentration of pyruvate alleviated the limitation in this assay
system. Using a 2 min reaction time, CO, production was observed to increase linearly as a
function of homogenate volume (Figure 4). For PDHL, total CO, production during the 2 min
reaction time for 50, 100, 150 and 200 ul samples of muscle homogenate was 11+3.2 ,
23+35.8, 32+8.0 and 44::10.5 nmol, respectively. For PDHa, total CO, production during the
2 min reaction time for 50, 100, 150 and 200 ul samples of muscle homogenate was 5+1.4,
9+2.7, 14%x3.0 and 19+4.2 nmol, respectively. Since the reaction time was 2 min, the
corresponding rate of CO, production was half of the total CO, produced. In each case the
fraction of PDHa/FDHt was 41-42% in the absence of NaF. The resulting regression

equations were as follows:

PDHt, CO; = 4.453 x (mg tissue)} + 0.306 , R = 0.999, p<0.0001,

PDHa, CO, = 1.877 x (mg tissue) - 0011 , R = 0.999, p<0.0001,

where CO, production is expressed as nmol and the homogenate volume is expressed as
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milligrams ¢ wet muscle tissue in each flask.

6.44 Effects of Freezing and Thawing, Triton X-100 and NaF

The addition of freezing and thawing to the extraction procedure increased PDHa
and PDHt measures 2 and 3 fold, respectively (Table 1). Similarly, addition of Triton X-100
to the homogenizing buffer increased PDHa and PDHLt activities (Table 1). Addition of 50

mM NaF to HB, ., resulted in a 2.8 fold decrease in PDHa (Table 1).

645 Linearity of PDHa and PDHt Assays With Time and Concentration for the
AcetylCoA Method Of Determination
Examination of PDHa and PDHt as a function of time (Figures 5 & 6) did not reveal
any limitation to this method of PDHa or PDHt determination. Using a 30 volume
homogenate of human muscle sample, acetylCoA production increased as a linear function
of reaction time. The PDHa reaction was linear for the entire 6 min duration of the test
(Figure 5). However, the PDHt assay was only linear over 5 minutes (Figure 6). The resulting

linear regression equations for PDHa, PDHt and their respective blanks were as follows:

PDHa AcetyiCoA = 25.038 x (min) - 1.210, R = 0.999, p<0.0001

PDHag,,, AcetylCoA = 3.632 x (min) + 3.035, R = 0.958, p<0.003,

PDH! AcetylCoA

34.080 x (min) - 7.632, R = 0.996, p<0.0001

It

PDHty,,  AcetyiCoA 4105 x (min) + 4.289, R = 0.920, p<0.004



where acetylCoA is expressed as pmol.

A similar analysis of acety!lCoA production as a function of homogenate volume from
10 to 70 pl did not reveal any limitations to the measurement of PDHt by this method
(Figure 7). Using a 3 min reaction time, acetylCoA production also increased as a linear
function of homogenate volume. For the particular sample of human muscle used, the rate

of acetylCoA production in the sample and blank were described by the following equations:

PDHLt, AcetylCoA = 0.322 x (ul homogenate) + 0.244 ,

R = 0.998, p<0.0001,

PDHtp,,. , AcetyiiCoA = 0.063 x (u! homogenate) - 0.039 ,

R = 0963, p<0.002,

where the units of acetylCoA production are pmol'min™. Blank values were not subtracted
from PDHt data. Since PDHt represented the maximum catalytic activity and any limitation
due to sample volume would have been identified more easily under these conditions,
acetylCoA production was examined as a function of homogenate volume only for the PDHt

method of determination.
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64.6 Comparison of Two Radiometric Methods of PDHc Determination

The sample and day-to-day coefficients of variation (CV) for PDHa and PDHt
measures were lowest for the acetylCoA method of determination. The CV,,,,. (same day)
was 2.9 and 3.6 fold greater for the ¥CO, method (Table 2) compared to the acetylCoA
methods (Table 3) of PDHa and PDHt determination, respectively. Similarly, day-to-day
variation of PDHa and PDHt measures (same sample) were greater using the *CO, method.
The CVy, was 3.0 and 2.0 fold greater for the *CO, method compared to the acetylCoA
method of PDHa and PDHt determination, respectively. The accuracy and precision terms
were also much greater for PDHt determination, using the CO. method. Similarly, the

accuracy term was significantly greater for PDHa determination using the CO, method.
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FIGURE 1:

Pyruvate requirement for the “CO, method of PDHt determination. PDHt
activity is plotted as a function of pyruvate concentration and fitted to a
Michaelis-Menton model. Using 200 pl samples of a 19 volume rat muscle
homogenate the V,,, was 2.27+0.09 mmol'minkg ww! and the apparent K,,
was 1.07+0.15 mM. The data were described by the following equation;
PDHt = 2.27 x [pyruvate] / (1.07 + [pyruvate]), R = 0.996,

where [pyruvate] is mM and PDHL! activity is mmol'mintkg ww™.
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FIGURE 2:

Capacity for CO, recovery for the “CO, method of PDHa and PDHt
determination L. DPM resulting from 500 ul of the stock solution (ST) and
from the center wells of the samples (SA) containing 200 pl of hyamine
hydroxide after 60 min of incubation at 37 °C. ST contained 18 mM NaHCO;,

12.4 mM K,HPO, and 1.8 mM NaH™CO; (100 xCimmol?).
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FIGURE 3:

Capacity for CO, recovery for the “CO, method of PDHa and PDHt
determination II. DPM resulting from 200 ul of a blank assay mixture (ABL),
standard assay mixture (AST) and the sample assay mixture (ASA). ABL
contained only scintillation fluid and AST was composed of 18 mM NaHCO,
and 12.4 mM K,HPO,. 200 ul of ASA was obtained after 60 min of

incubation at 37°C from those tubes that originally contained the NaH!“CO,.
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FIGURE 4:

Linearity of the PDHa and PDHt assays with homogenate volume, for the
1“CO, method of determination. CO;, production and the corresponding rate
of CO, production are plotted as a function of homogenate volume.
Homogenate volume is expressed as milligrams of wet muscle tissue per flask.
For PDHt determination, 50, 100, 150 and 200 ul of homogenate were
equivalent to 2.4, 49, 7.3 and 9.7 mg of wet muscle tissue per flask,
respectively. For PDHa determination, 50, 100, 150 and 200 ul of
homogenate were equivalent to 2.5, 5.0, 7.5 and 10.0 mg of wet muscle tissue

per flask, respectively.
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Table 1: The effects of freezing and thawing, triton X-100 on PDHa and PDHt, and the

effect of NaF on PDHa, for the *CQO, method of determination.

PDHa PDHt
Additions
Con Exp n Con Exp n

Freezing & 0.10 022 ¢t 3 0.72 223 £ 3
Thawing +£0.007 =0.021% +0.422 +0.110

Triton 0.10 0.16 t 3 0.91 1.26 % 6

X-100 +0.007 =0.012 *+0.342 +0.070

NaF 41.0 14.8 ¥ 20 NA NA NA
(% of PDHY) +11.0% =2.3%

Data are mean + SD. "Con" indicates control condition and "Exp" indicates the experimental
condition. y indicates that Exp is different from Con at p<0.0002. T indicates that Exp is
different from Con at p<Q.007. § indicates that Exp is different from Con at p<(0.03. NA

indicates not applicable.
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FIGURE 5:

Linearity of PDHa assay with time for the acetylCoA method of
determination. AcetylCoA production is plotted as a function of time for the
PDHa assay. A 70 u! sample of a 30 volume human muscle homogenate was
used for this analysis (2.3 mg of muscle tissue per tube). Assay reagents and
conditions for PDHa determination were carried out as outlined in the

methods section.
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FIGURE 6:

Linearity of PDHt assay with time for the acetylCoA method of
determination. AcetylCoA production is plotted as a function of time for the
PDHt assay. A 70 ul sample of a 30 volume human muscle homogenate was
used for this aralysis (1.7 mg of muscle tissue per tube). Assay reagents and
conditions for PDHt determination were carried out as outlined in the

methods section, with the incubation step.



——@— PDH: = 34.080%{min}~7.632, r=0.996, p<0.0001

- )~ =~ Blank = 4.105%{min) + 4.289, r=0.920, p<0.004

225 | | ] |

150 -

75

AcetylCoA (pmol)

Reaction Time (min)

234



235

FIGURE 7:

Linearity of PDHt assay with homogenate volume for the acetylCoA method
of determination. AcetylCoA production is plotted as a function of muscle
homogenate volume, for the PDHt assay. Tissue homogenate volume is
expressed as ul of a 30 volume homogenate. 10, 20, 30, S0 and 70 pl samples
were analyzed which were equivalent to 0.3, 0.6, 1.0, 1.6 and 2.3 mg of wet

muscle tissue per tube, respectively.
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Table 2:

of PDHa and PDH!t determination. 19 volume rat muscle homogenates were used for these

237

Characterization of variation, accuracy and precision for the *CO, method

analyses.
PDHa PDHt

Measures
Mean SD n Mean SD n
CVeampio 19.3% t 13.94% 20 16.6% % 11.77% 20
CVbsy 21.9% ¢ 12.30% 18 21.0% ¢ 11.01% 32
Accuracy 0.0578+ 0.0387 20 0.3097 % 0.2497 19
Precision 0.0768 0.0680 21 0.58390 % 0.4890 20

Data are mean *= SD. CVy,,,. indicates coefficient of variation for repeated duplicate
measures on the same day. CVy,, indicates day-to-day variation of measures for the same
muscle sample. T indicates that the *CO, method is different from the acetylCoA mecthod

of PDHa and PDHt determination at p<0.002. £ indicates that the *CQO, method is different

from the acetylCoA method of PDHa and PDHt determination at p <0.0005.
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Table 3: Characierization of variation, accuracy and precision for the acetylCoA

method of PDHa and PDHt determination. 30 volume human muscle homogenates were

utilized for these analyses.

PDHa PDHt
Measures
Mean sD n Mean SD n
CVsampto 6.7%t 3.98% 7 4.6%1 291% 12
CVbay 7.3%%t 5.13% 11 10.3%% 7.87% 16
Accuracy 0.0033% 0.0014 3 0.0024% 0.0014 11
Precision 0.0493 0.0776 7 0.0669% 0.0e94 23

Data are mean * SD. CVg,,. indicates coefficient of variation for repeated duplicate
measures on the same day. CVyp,, indicates day-to-day variation of measures for the same
muscle sample. § indicates that the “CO, method is different from the acetylCoA method
of PDHa and PDHt determination at p<0.002. £ indicates that the “CO, method is different

from the acetylCoA method of PDHa and PDHt determination at p<0.0005.
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65  DISCUSSION

The purpose of the present work was to improve a radiometric method of PDHa and
PDHt determination that was previously used for measurement in tissue extracts
(3,4,6,14,15,16,29,31,35,36,37,39,40) and to characterize its utility for measurement in skeletal
muscle. This method relies on detection of the rate of “CO, liberated from Na-1-1*C-
pyruvate. Unforiunately, Na-1-*C-pyruvate is very labile in solution and this method gives
highly variable results. In addition, other reports of PDHa and PDHt measurements made
in human skeletal muscle using this assay (14,27,29,37,39,40) have reported low values when
compared to another radiometric method (9) which measures acetyiCoA production. PDHt
measures obtained using the CO, method were typically 3-10 fold lower than measures
obtained using the acetylCoA method.
| Therefore, in pursuit of a more reliable method of PDHa and PDH!t determination
the “CO, method of PDHc determination was compared io an alternative method that has
recently been developed for measurement in skeletal muscle extracts. Characterization of
these two methods individually, delineated the parameters within which each can be reliably
used. In addition, a direct comparison of the variability, accuracy and precision of the two
methods, indicates that the newer method which employs radiometric measurement of

acetylCoA is a more reliable method of both PDHa and PDHt determination.

65.1 MCO, Method of PDHa and PDHt Determination
6.5.1.1 Pyruvate Requirement for the “CO, Method of PDHt Determination
Previous reports of PDHa and particularly PDHt measurements in human

(14,27,29,37,39,40) and rat (19) skeletal muscle, using the *CO, collection method, have
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typically reported very low values. Similarly, when initial measurements were made by the
author, using this method, comparably low values were also obtained. This suggested that in
its present form, one or more of the substrates were limiting. Since the K, ’s of CoASH,
NAD* and TPP for isolated PDHc preparations are approximately 36 fold lower than the
K, of pyruvate for PDHa, the pyruvate requirements were examined. It was hypothesized
that insufficient pyruvate availability was the source of the limitation for measurement of
PDHa and PDHt activities. Moreover, since PDHt represents the maximal activity of this
enzyme, it was only necessary to examine pyruvate requirements under conditions of maximal
transformation.

The apparent K, for pyruvate using 200 ul of a 19 volume muscle homogenate was
approximately 1 mM (Figure 1). Thus, to ensure that pyruvate is saturating and does not
limit the maximal rate of catalytic activity, the pyruvate concentration for this large volume
of homogenate should be 10 times the value of the K (ie. 10 mM). This finding suggests that
the low values previously reported by others (14,19,27,29,37,39,40) may be the result of
insufficient pyruvate. Previous reports have used pyruvate concentrations between 0.3 and
1.0 mM (14,19,27,29,37,39,40), with a fraction of this existing as 1-1“C-Na-pyruvate. However,
the present data indicate that under similar conditions the appropriate concentration of
pyruvate is 10 fold higher (ie. 10 mM). Still, others have used smaller volumes to determine
PDHa and PDHt but have experienced the same probiem as they allowed the reaction to
proceed for 20-30 minutes (37). This also resuits in a imitation to PDHc determination as
the concentration of pyruvate is not sufficient to support maximal activity for this period of
time. The longer reaction time may also lead to inaccurate measurements due to insufficient

concentrations of CoASH and NAD.
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When the “CO, method was previously employed to measure PDHa and PDH in

skeletal muscle (14,37,39,40), it was applied as previously described for measurement in
human fibroblasts (3,6,15,16,31), platelets (4,13,15) and adipose tissue (35,36). However, the
PDHc content in skeletal muscle is at least ten fold greater which could account for the
limitation if applied directly to skeletal muscle without modification. Instead, if the sample
volume had been limited to 20 ul of muscle homogenate and the reaction time had been
limited to 2-3 minutes, previous measures probably would not have been in error.

It is recommended that the method of PDHc determination described here should
be used with a pyruvate concentration of 10 mM. In addition, it would be advisable to limit
the amount of tissue in each flask to 5.0 mg (wet wgt.) or less. This could best be achieved
by preparing a 30-40 volume homogenate and limiting the sample volume to less than 150-
200 pl, respectively. While this will not eliminate the variability encountered with this
particular assay, it will at least remove any further limitation to the accuracy of PDHa and
PDHt measurements.

Alternatively, when sample size is limited to 5-15 mg, it is advisable to prepare a 30-
40 volume homogenate and limit the sample volume to 20-30 ul. Under these conditions, it
is also possible to decrease the pyruvate concentration to ~1 mM. In addition, to reduce

counting time, the proportion of labelled-to-unlabelled pyruvate can also be increased.

6.5.1.2 Capacity for CO, Recovery for the *CO, Method of PDHa and PDHt Determination
Another possible limitation to this assay system was the collection of CO, after the
reaction was stopped by addition of the acid reagent. The maximum capacity for CO,

entrapment in 200 pf of 1.0 M hyamine hydroxide contained in the center well was 200
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pmoles. Since the amount of CO, produced is not likely to exceed 100 nmoi in 2 min, then
it is not likely that the capacity for CO, absorption by hyamine hydroxide would be
approached. However, the recovery of the CO, produced is also dependent on the rate of
its reaction with the hyamine hydroxide and its solubility in the assay solution. Therefore, it
was necessary to examine CO, recovery in the current assay system to determine if all of the
CO, could be recovered in the 1 hour incubation period following acidification (Figures 2 &
3). While the present data do not characterize the kinetics of the reaction of CO, with the
hyamine hydroxide, they do at least confirm that all of the CO, can be recovered in the
hyamine hydroxide within the 1 hour period (Figure 2) and that no radioactivity remains in
the assay mixture (Figure 3). Thus, the present data illustrate that recovery of a volume of
CO,, which far exceeds the volume that can be generated in the same period by a sample

of muscle homogenate, can be recovered by this method in only 1 hour.

6.5.1.3 Lincarity of the Assay With Homogenate Volume

CO, production increased as a linear function of homogenate volume, as the sample
volume was varied from 50 to 200 pl in 50 pl increments (Figure 4). The linear nature of
CO; production for the PDHa and PDHt assays suggest that over the 2 min reaction time
employed, there was no limitation to measurement of PDHa or PDHt. A limitation to
measurement of either of these two assays would have resulted in a lower relative rate of
CO, production at the larger homogenate volumes. However the catalytic activity was exactly
the same for each volume of muscle homogenate examined. For PDHa, the measured
catalytic activity was ~0.9 mmolminkg ww at all four homogenate volumes. Similarly, for

PDHLt, the measured catalytic activity was ~ 2.3 mmol'mintkg ww at all four homogenate
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volumes, which is similar to the calculated V_,, for this tissue as illustrated in Figure 1.
The present data demonstrate that this reaction was not limiting over a 2 min
duration. However, with the current data it is not possible to estimate at what time point the
substrates become limiting. If this particular assay system were to be utilized beyond 2 min,
PDHLt should first be characterized as a function of time, using a 200 ul sample of a 19
volume muscle homogenate. Thereafter, it is only necessary to ensure that the proportion of

homogenate-to-pyruvate present in the assay is not increased, although a much smaller

homogenate volume could be used.

Given that biopsy samples from human skeletal muscle are very small and often must
be used for multiple analyses, this method could be further down-scaled to use one-tenth of
the homogenate volume. As described above, a similar result could be obtained by increasing
the dilution of the sample by preparing a 30-40 volume homogenate and reducing the sample
volume to as low as 20 pul. At the lower sample volume it would also be possible to decrease
the unlabelled pyruvate concentration to ~1 mM. This would increase the specific activity
of the pyruvate in the assay and allow measurement of PDHa and PDHt on samples that

vary in weight from 5-15 mg, and place it in the range of sensitivity that currently exists for

the acetylCoA method (9).

6.5.1.4 Effects of Freezing and Thawing, Triton X-100 and NaF

To further improve the extraction of PDHc and thus improve PDHa and PDHt
measures, the effects of freezing and thawing, and adding a detergent (Triton X-100) to the
homogenization procedure were examined. It was hypothesized that freezing and thawing the

homogenate would rupture the mitochondrial membrane and the presence of Triton X-100
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in HB, ;. and HB,,,,would prevent the re-formation of membrane vesicles in solution (10).
Collectively, these additions to the homogenizing procedure should increase the solubility of
the PDHc complex, allowing unrestricted access to all reagents and result in greater activities
of PDHa and PDHt. A< the data in Table 1 illustrate, both PDHa and PDHLt increased as
expected. Thus, freezing and thawing and inclusion of Triton X-100 to the homogeniziag
buffer appeared to have improved the extraction of PDHc during homogenization.
Homogenization of a muscle sample is associated with increased release of
endogenous Ca?* from the sarcoplasmic reticulum whick could potentially result in activation
of PDH-phosphatase, inhibition of PDH-kinase and artificial elevation of PDHa in vitro.
Therefore, to control for this, 50 mM NaF was added to the homogenizing buffer. The
presence of NaF in the homogenizing procedure resulted in a 3 fold decrease in PDHa
measures (Table 1) and is consistent with previous reports which have shown that a
concentration of 50 mM is sufficient to inhibit PDHc transformation in vitro (9,17,31). The
apparent K; of NaF for PDH-phosphatase is 0.8 mM, in the presence of 10 mM Mg?* (17).
Thus, the high concentration of NaF employed for PDHa determination in both assay
methods should have saturated PDH-phosphatase and inhibited Ca?* induced transformation
of PDHb to PDHa. The lower PDHa observed after NaF treatment indicates that the release
of endogenous Ca?* during homogenization is significant and must be controlled. Moreover,
the concentration of NaF employed in the present work was successful at preventing
increased PDH-phosphatase activity due to Ca®* release during the homogenization

procedure.
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6.5.1.5 Determination of PDHt Using the “CO, Method

In the present study, 10 mM Ca®* and 10 mM Mg?* were used to activate PDH-
phosphatase and inhibit PDH-kinase. In addition, glucose and hexokinase were used to
deplete the homogenate of ATP, thus removing any available substrate for the kinase and
further ensuring inhibition of PDH-kinase activity. These additional reagents appear to have
worked as previously described (5,9,39,40), since PDHt measures were approximately 2.5 fold
greater than PDHa in the absence of NaF and 6.7 fold greater than PDHa measured in the

presence of NaF.

6.5.1.6 Source of Variability in the “CO, Method of PDHa and PDHt Determination
The results obtained from the CO, method of PDHa and PDHt determination were
highly variable. It was not uncommon for the SD of replicates to be as large as 25-50% of
the mean sample value and for blank values to be as a high as 50% of the sample vaiues.
Most of the variation in the CO, method was probably the result of nonspecific spontaneous
decarboxylation of the labelled pyruvate which has previously been described (33,34,38),
where reported blank values have been shown to be up to 50% of the sample values (34).
In the present study high blank values occurred despite attempts to circumvent much
of the nonspecific spontaneous decarboxylation of the labelled pyruvate. The labelied
pyruvate was frozen and stored in vacuo over desiccant and dissolved in a solution of 0.004
N HCI only on the day of the assay. In the present study this step was used to lessen the
degree of decarboxylation since pyruvate is most stable in its acid form (33,38). This step also
should have prevented the formation of aldol condensation products that can form in solution

and contribute to disappearance of pyruvate (38).
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Other means of reducing nonspecific spontaneous decarboxylation of the pyruvate
label have also been suggested but wer.: 10t examined in the present study. Schofield (30)
showed that lactate dehydrogenase (LDH) could be added to the assay mixture with 1-1C-
Na-lactate, allowing labelled pyruvate to be generated through LDH. Using this approach,
much of the nonspecific spontaneous decarboxylation was eliminated since lactate is stabile
in solution. In addition, others have reported limited success in reducing the degree of
nonspecific spontaneous decarboxylation by: 1) storing the 1-¥C-Na-pyruvate in vacuo at -20
°C under phosphorous pentoxide (4), 2) pre-incubating the label under hyamine hydroxide

before use (31,30) and 3) inclusion of 5% rat serum in the incubation mixture (18).

652 AcetylCoA Method of PDHa and PDHt Determination
6521 Linearity of PDHa and PDHt Assays With Time and Concentration

The linear increase in the acetylCoA production as a function of time (Figure 5) and
homogenate volume (Figure 6) indicates that there were no limitations to the measurements
of either PDHa or PDHLt. In addition, these data delineate the limits within which these
assays must be used. As indicated in the original publication describing this method (9), the
PDHa and PDHt assays can be reliably used within in a range of homogenate volumes from
10-70 ul over a 3 min duration. However, for a 70 pl sample volume the PDHt assay reaches
its limit of reliability after 5 minutes. If PDHa is maximally transformed, such as during
maximal muscular contractions, the assay for this fraction of PDHc could also result in a
limitation after 5 minutes.

Therefore to circumvent the possibility of a limitation arising, when using this assay,

it is important to use a 30 nl sample volume and to sample aliquots at 1, 2 and 3 minutes but
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not after 3 minutes. In addition, since mitochondrial content of skeletal muscle is variable
between species and between fiber types (12), the concentrations of critical substrates can
also be further increased to reduce the possibility that one or more of the reagents could
become limiting. The concentrations of substrates should be increased as follows: pyruvate
to 1.0 mM, NAD* to 3.0 mM, CoASH to 1.0 mM and TPP to 1.0 mM. These alterations to
the acetylCoA method of PDHa and PDHt determination will ensure that a limitation does
not arise due to differences in mitochondrial content between subjects and fiber types. These

changes should also allow the direct application of this method of PDHa and PDHt analysis

to skeletal muscle of different species.

6522 Determination of PDHt Using the AcetylCoA Method

The measurement of PDHt using the acetylCoA method of determination, as
originally described (9), resuited in low values in samples obtained from a resting skeletal
muscle biopsy (Chapter 2). The reason for the incomplete transformation was not obvious,
since several possibilities existed. First, it was possible that the concentrations of Ca?* or
Mg?* were not saturating to ensure maximal PDH-phosphatase activity and inhibition of
PDH-kinase activity. However, increasing the concentrations to 10 mM and 25 mM,
respectively, did not completely resolve the problem.

A second possibility was that since Triton X-100 was not present during the initial
homogenization and incubation step, access of the reagents to PDHc were limited due to the
reformation of smaller membrane vesicles after freezing and thawing, resulting in low PDHt
values. Therefore, the preincubation step was omitted and the reagents responsible for

activating PDH-phosphatase (ie. Ca?* (11,20), Mg?* (11,20)) and inhibiting PDH-kinase (ic.
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DCA (42,41), glucose and hexokinase (9,39,40)) were added directly to the homogenizing

buffer with Triton X-100. These alterations to the homogenization and treatment of the
muscle sample gave similar results to the method that employed the preincubation step.
However, under these conditions, incubation at 37 °C resulted in a loss of PDHt activity with
time. The reason for this is unclear but it may be related to the very vigorous effects of
Triton X-100 on PDHc, causing it to be destroyed at high temperatures. When PDHt was
determined shortly after homogenization of the sample and kept on ice, the activity was not
lost and was similar to values obtained when the incubation step is included.

Since PDHt decreased when the sample was incubated at 37 °C in the presence of
Triton X-100, PDHt was examined as a function of incubation time on ice. Only one such
experiment was completed but it revealed that PDHt did increase over time and was stabile
between 30 min and 2 hours.

Lastly, in other experiments o increase PDHt measures from resting muscle biopsies,
a white potato phosphatase (2) was added to the assay and the preincubation step was
employed as originally described (™). This phosphatase was chosen since it is commercially
available and, like PDH-phosphatase, is specific for mono-phosphate esters located on serine
residues. Initial experiments did not show an increase in PDHt but in fact there was a
decrease in PDHt measures. The most likely explanation was that the high concentration of
ammonium sulphate, in which the potato phosphatase was suspended, caused an increase in
PDH-kinase activity and lower PDHt, since ammonium is a potent activator of PDH-kinase
(23,26,28). Unfortunately, dialysis of the phosphatase preparation before use did not result
in greater PDHt measures when the sample was preincubated with the phosphatase. This

appears to be related to the extremely labile nature of this particular phosphatase, which
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requires the presence of high concentrations of ammonium sulphate as a stabilizing reagent
(2). Even if the these problems could be overcome, the specific activity of this preparation
is low compared to PDH-phosphatase (32). Therefore, large quantities of this particular
preparation would be required to obtain the necessary activity to completely transform PDHb
to PDHa. Since the phosphatase is currently expensive, the cost of such large quantities
would make this approach prohibitive.

A more viable alternative would be to isolate PDH-phosphatase from bovine or
porcine heart as previously described (31,32). This preparation is also labile but could be
reliably used with two modifications. First, this particular phosphatase preparation is
contaminated with PDHc (31,32), which would artificially elevate the measures of PDHt. This
could easily be corrected by subtracting the PDHc activity in blanks, containing only the
phosphatase preparation. If this particular method is employed, it is also imperative that the
phosphatase not be separated from the PDHc until just before it is required in the assay.
This is because the phosphatase is highly labile and rapidly looses activity when stored
separately from PDHc (31). This can be completed by following the isolation procedure
previously described (32) up to but excluding the last step, whereupon it should be stored
frozen at -20 °C. Isolation of PDH-phosphatase should be completed just before use in the
PDHt assay.

An alternative that requires much less work and is more practical for PDHt
determination in human muscle biopsies, is to simply use the average of PDHt measures
from exercise samples above 60% VO,max. This is known to result in maximal

transformation of PDHc (8,24,25).
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6.53 Comparison of Two Radiometric Methods of PDHc Determination

Characterization of the variability of PDHa and PDHt determination by these two
radiometric assay systems illustrates that the acetylCoA method was far better than the CO,
method of PDHa and PDHt determination. The CV,, ;. for PDHa and PDHt were 2.9 and
3.6 fold _reater for the CO, method as compared to the acetylCoA method of PDHc
determination. Similarly, the CV for day-to-day variation of PDHa and PDHt measures of
the same sample were 3 and 2 fold greater for the CO, method as compared to the
acetylCoA method.

The variation observed for both assay methods were also expressed as accuracy and
precision terms. The acetylCoA method was 20-100 fold more accurate and 2-10 fold more
precise than the *CO, method of PDHa and PDHt determination.

The variation observed in the acetylCoA method of PDHa and PDHt determination
is similar to that originally reported by Constantin-Teodosiu et af (9) and is adequate for
analytical purposes. The only draw back of this method of determination is that it requires
two days to complete analyses of 8-10 biopsy samples, in duplicate. By comparison, the CO,
method of determination has similar sensitivity but the same number of samples can be
analyzed in only one day. However, since it is also necessary to run more blanks and more
replicates for the “CO, method, it may ultimately take a similar amount of time to get

sufficiently accurate measures.
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654 Summary and Conclusions

The present study examined and compared two radiometric methods of PDHa and
PDHLt determination in skeletal muscie. The ¥CQO, method of determination has been used
extensively to study PDHa activity in skeletal muscle but has some inherent problems which
have limited its accuracy and precision. As a result of the present analysis, several
modifications were made to improve the accuracy of measurement and suggestions were
made to further improve the sensitivity of this assay system. In addition, the limits within
which this assay system can be reliably used were defined and should facilitate its correct
application for PDHa and PDHLt analysis in skeletal muscle. While precautions were also
taken to reduce the major source of variability in this assay system, it remains highly variable.

In contrezi, the acetylCoA method of determination has just recently been adapted
for use in small muscle samples. The present study has also examined the limitations of this
assay system. The boundaries within which it can be reliably used were found to be as
originally reported (9). The present analysis also illustrates that the PDHa and PDH} assays
can be reliably run for 5 minutes. It is also suggested that increasing the concentration of
substrates will facilitate use of this method for analysis of skeletal muscle samples from other
species that have a higher mitochondrial content.

A comparison of the acetylCoA method of PDHa and PDHt determination with the
1CO, method indicates that the former method varied less within the same muscle sample
on a given day and varied less from day-to-day. Calculation of accuracy and precision for the
two methods indicate that the acetylCoA method is a far more accurate and precise method

of PDHa and PDHt determination.
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APPENDIX B

Regulation of fat-carbohydrate interaction in skeletal
muscle during intense aerobic cycling
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Dyek, D. J,, C, T. Putman, G. J. F. Heigenhauser, E.
Hultman, and L. L. Spriet, Regulation of fat-carbohydrate
interaction in skeletz] muscle during intense aerobic cycling.
Am. J. Physiol. 265 ( Endocrinol, Metab. 28): E852-E859, 1993,
—Six male subjects received either a saline {control} or In-
tralipid infusion during 30 min rest and 15 min ¢ycling at 85%
mazximal O, uptake (Vo, ...} to examine the regulation of fat-
carbohydrate interaction (glucose-fatty acid cycle) in skeletal
muscle. Muscle biopsies were sampled immediately before and
at 3 and 15 min of exercise in both trials. A muscie biopsy was
also taken at =30 min rest in the I=tralipid trial. Intralipid
infusion significantly elevated plasma free fatty acids abave
control during reat (0.21 % 0,04 to (.94 = 0.09 mM) and ezercise
(5 min: 1.27 = 0.15 mM; 15 min: 1.42 = 0.13 mM): Muscle
glycogen degradation was significantly lower in the Intralipid
trial (109.7 = 29.3 vs. 194.7 % 32.1 mmol/xg dry muscle}. Muscle
lactate accumulation after 15 min was similar in both trials
(control, 60.7 = 12.2 and Intralipid, 60.9 % 12.4 mmol/kg dry
muscle). Muscle citrate increased at rest during Intralipid (0.32
+ 0.05 to 0.58 =+ 0.06 mmol/kg dry muscle) but was not different
between trials at 3 min (control, .73 * 0.07 and Intralipid, 0.68
+ (.06 mmol/kg dry muscle) and 15 min of cycling. Resting
acetyl-CoA was unafiected by Intralipid and increased similarly
in both trials at 3 min of cycling (control, 59.0 = 10.3 and
Intralipid, 50.7 % 13.6 umol/kg dry muscle) and remained un-
changed at 15 min. Pyruvate dehydrogenase activily increased
five- to sevenfold during exercise and was similar in both trials
(15 min: control, 242 % 0.30 and Intralipid, 2.73 * 0.41
miol-min~!-kg wet wt~?). The results suggest that, during 15
min of cycling at 85% V0, .., muscle citrate and acetyl-CoA
are not responsible for reduced glycogenolysis in the Intralipid
trial as proposed in the classic glucose-fatty acid cycle. It is
suggeated that regulation exists at tha level of muscie glvcogen
phosphorylase.

Intralipid; muscle glycogenolysis; pyruvate dehydrogenase;

phosphofructokinase; citrate; acetyl-coenzyme A; glucose-fatty
acid cycle

THE CONCEPT OF the glucose-fatty acid cycle was pro-
posed in the 1960s by Randle and co-workers {16, 17, 31)
while studying rat heart and diaphragm muscles. It was
postulated that enhanced fat oxidation elevates muscle
citrate and acetyl-CoA contents, resulting in the down-
regulation of carbohydrate metabolism due to inhibition
of the enzymes phosphofructokinase (PFK) and pyru-
vate dehydrogenase (PDH). This concept has been sup-
ported by in vitro studies (1, 13, 15) demonstrating regu-
lation of these enzymes as classically proposed.
However, since the studies by Randle and co-workers
{16, 17, 31), there has been controversy regarding the
existenice of the glucose-fatty acid cycle in human skel-
etal muscle during exercise. The majority of studies have
been concerned with the regulation of glucose uptake in
the face of enhanced fat oxidation, whereas fewer stud-
ies have examined the aspect of glycogen utilization.
Furthermore, there is a lack of information regarding

E852

the mechanisms by which fat-carbohydrate interaction
occurs in skeletal muscle and whether the regulation is
consistent with that proposed in the classic glucose-
fatty acid cycle.

Several studies have investigated the effects of el-
evated plasma free fatty acids (FFA) on carbohydrate
utilization in humans during fasting, fat feeding, and
infusion of triglyceride emulsion at rest (2, 14, 27, 38, 40)
and exercise (12, 19, 25, 27, 32). Studies using fasting or
high-fat meals to elevate plasma FFA (12, 25, 27) have
the disadvantage of altering substrate and hormone lev.
els and possibly confounding the results. Infusion of &
triglyceride emulsion (Intralipid) has the advantage of
acutely elevating arterial FFA levels without additional
substrate or bormonal changes. Intralipid infusion stud-
ies in resting humans (2, 14, 38, 40) have clearly dem-
onstrated a reduced glucose utilization subsequent to
elevated plasma FFA. However, few studies have inves-
tigated the effects of Intralipid infusion during exercise,
and these studies have yielded inconsistent results. Ra-
vussin et al. (32) were unable to demonstrate a lower
respiratory exchange ratio with Intralipid during pro-
longed low-intensity exercise. Hargreaves et al. (19)
were unable to demonstrate reduced muscle glycogen
utilization during dynamic knee extensions with In-
tralipid infusion but demonstrated a significant reduc-
tion in thigh glucose uptake during rest, exercise, and
recovery.

Although several studies have examined various as-
pects of the glucose-fatty acid cycle during rest and ex-
ercise, there has not been a detailed examination in
exercising humans. A previous experiment in our labo-
ratory demonstrated significant sparing of muscle gly-
cogen during the initial 15 min of intense aerobic exer-
cise subsequent to caffeine ingestion (37). Caffeine may
enhance FFA mobilization via increases in plasma epi-
nephrine concentration. The measurements of citrate,
acetyl-CoA, and acetyl-CoA-to-CoA ratio in muscle
were not consistent with the classic regulation of the
cycle. However, the muscle measurements were not
made before 15 min, which was the period during which
the glycogen sparing cccurred. PDH activity was also
not measured. Therefore, the initial purpose of the pre-
sent study was to determine whether enhanced exog-
enous FFA availability (Intralipid and heparin infusion)
would spare muscle glycogen during 15 min of intense
aerobic ¢yeling, independent of hormonal and substrate
changes. Second, if muscle glycogen was spared in the
presence of elevated FFA during exercise, we measured
muscle citrate, acetyl-CoA, and PDH activity to deter-
mine if the regulation of fat-carbohydrate interaction
was consistent with the classically proposed theory.

0193-1848/93 $2.00 Copyright & 1993 the Amcrican Physiological Society
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FAT-CARBOHYDRATE INTERACTION DURING AEROBIC EXERCISE

METHODS

Subjects. Six healthy males of varied training status, mean
age 27.0 (range, 21-31} y1, and weight 74.9 (range, 60.2-84.2) kg
volunteered for the experiment. Two subjects were classified as
well trained, two as moderately trained, and two as untrained
(see Table 4). Subjects were informed of the experimental pro-
cedure and potential risks both verbally and in writing and gave
consent. The experiment was approved by the University Ethics
Committee.

Preexperimental protocel. All participants reported to the
Iaboratory before the onset of experiments to perform an incre-
mental maximeal O, uptake (V03 n,,) test on a cycle ergometer.
The mean VO, g, for the group was 3.97 = 0.31 (SE)} l/min.
Subjects reported to the laboratory on a second occasion before
the experiment for a practice trial at a power output designed to
elicit ~B5% VO, 0y

For the actual experiment, each subject reported at the same
time of day on two occasions, separated by 7-10 days. Subjects
cycled for 15 min at ~85% VO, ..., while receiving, in random-
ized order, an infuston of either saline (control) or a triglyceride
emulsion of soybean oil (20% Intralipid). Identical pan balance
weights, cadence, and seat height were used to ensure that the
power outputs were identical between trials.

Subjects were instructed to maintain normal training and
dietary patterns during the study. Analysis of the diets indi-
cated a moderately high percentage of carbohydrate intake (57%
of total caloric consumption), ensuring adequate liver, muscle,
and blood carbohydrate stores before each trial. Subjects re-
frained from caffeine consumption and intense physical activity
48 h before each trial and reported to the laboratory having
eaten a meal high in carbohydrates 2-4 h before the experiment.

Experimental protocol. Subjects rested i= the supine position,
and a catheter was placed percutaneously in an antecubital vein.
Catheter patency was maintained with & saline drip {~100-175
ml/h), and a resting blood sample was obtained at —30 min (Fig.
1). In the control trial, subjects remained resting for 30 min
while receiving a saline infusion. At the end of the rest period,
a final blood sample and a muscle biopsy from vastus lateralis
were taken, In the Intralipid trial, a second catheter was placed
in the contralateral antecubital vein for infusion of Intralipid at
a rate of 102 ml/h. An initial resting muscle biopsy and blood
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sample were taken at —30 min just before the initiation of
Intralipid infusion. Intralipid infusion was started, and 1,000 U
heparin (1-ml bolus) were immediately administered. Blood
samples were taken at —20, —10, and 0 min at rest. Additional
heparin (500 U) was administered at —15 and 0 min during rest,
and a second resting muscle biopsy was taken at 0 min (Fig. 1).

Subjects then cycled at ~85% VO, .. for 15 min (Fig. 1).
The Intralipid infusion rate was increased to 180 mil/h during
eycling. Muscle biopsies were taken at 3 and 15 min of cycling
in both trials. Blood samples were taken while the subject was
exercising at 1.5, 5, 10, and 14 min of exercise. Expired gas
samples were collected for 1-min periods in Douglas begs start-
ing at 6 and 11 min of exercise, A total of 2,000 U heparin was
administered during the Intralipid trial. Although this is Jess
than the dose given to promote anticoagulation, we guarded
against the possibility of excessive bleeding during biopsy sam-
pling in several ways; subjects refrained from using aspirin dur-
ing the week preceding the trial, pressure was maintained on the
resting biopsy site during the 30-miw. resting infusion, the ex-
ercise component of the experiment was limited to 15 min, and
the leg was bandaged for several hours after the trial.

Analyses. Expired gas samples were analyzed for 0, and CO,
content with an Applied Electrochemical 5-3A Q. analyzer and
a Sensor Medics LB-2 CO, detector. Expired volumes were
measured with a Parkinson-Cowan volumeter calibrated with a
Tissot spirometer.

Muscle biopsies were immediately frozen (5-7 8 from the
insertion of the needle) in liquid N, A small piece of each
biopsy (15-20 mg) was remaved under liquid N, and used for the
determination of PDH activity (9). The remainder of the
sample was freeze-dried, dissected frec of nonmuscular ele-
ments, and powdered. Two aliguots {2-3 mg each) were used for
the enzymatic determination of muscle glycogen (£1) on the
resting (0 min) and 15-min exercise biopsies. Approximately 10
mg of each sample were extracted in 0.5 M HCI0O, (1.0 mM
EDTA) and neutralized with 2.2 M KHCO; for the determina-
tion of ATP, phosphocreatine (PCr), creatine, lactate, and cit-
rate {3}. The remaining muscle was extracted in identical fash-
ion and analyzed for acetyl-CoA and acetylcarnitine, as outlined
by Cederblad et al. (6).

The mean muscle wet-to-dry ratio (£SE) at rest was 4.04 +

Fig. 1. Ezperimental protecol. VO, ..
maximal O, uptake.
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0.05 and increased to 4.50 = 0.05 after 15 min of cycling. All
muscle metabolites were expressed per kilogram dry muscle and
were corrected to the highest total creatine content for an in-
dividual's biopsies. The mean total creatine was 110.2 & 3.5
mmol/kg dry muscle.

PDH activity in the transformed or active form (PDHa) was
measured in muscle homogenates, as outlined by Constantin-
Teodosiu et al. (9), with the modification of increasing the
concentration of NAD, coenzyme A {CoASH), and thiamine
pyrophosphate to 3.0, 1.0, and 1.0 mM, respectively. Briefly, the
reaction was initiated by the addition of pyruvate, and 200 pul
homogenate aliquots were sampled at 1, 2, and 3 min. The
reaction was terminated in each sample by adding 40 ul of 0.5 M
HCIO, and subsequently neutralized with 1.0 M K,CO,. Acetyl-
CoA production was measured in each aliquot, as outlined by
Cederblad et al. (6), and regressed against time to determine the
reaction rate. PDHa was expressed as millimoles acetyl-CoA
produced per minute per kilogram wet muscle. Total creatine
was measured on the muscle homogenate to correct for varia-
tions in nonmuscular elements of the biopsies.

Blood samples were divided into two aliquots (5 ml into a
sodium-heparinized tube for metabolite and hemoglobin mea-
surements and 7 ml into a second sodium-heparinized tube for
catecholamine determination). A 200-xl aliquot of heparinized
blood was added to 1.0 ml of 0.6 N HCIO,, and the supernatant
was used for fluorometric determination of whole blood glycerol,
lactate, and glucose {3). A 1-m! aliquot of heparinized blood was
analyzed for hemoglobin content and Q. saturation with a he-
moximeter IL 482 {Instrument Laboratory, Lexington, MA).
Heparinized blood collected for catecholamine determination
was mized with 120 1 0.24 M ethylene glycol-bis(8-aminoethyl
ether)-N.N,N' N'-tetraacetic acid (EGTA)-reduced glutathione
and analyzed by high-performance lquid chromatography (Wa-
ters), as described by Weiker et al. (41).

For valid plasma FFA determination after heparin adminis-
tration, in vitro lipolysis due to the presence of lipoprotein
lipase (LPL) must be prevented. A 1.5-m) aliguot of heparinized
bload was added to an Eppendorf tube containing 30 »i 0.2 M
EGTA to prevent in vitro lipolysis and was centrifuged. Plasma
was stored at =20°C and enalyzed with an enzymatic colori-
metric technique (Wako NEFA C kit; Wako Chemicals, Dallas,
TX). EGTA inactivation of LPL was reported to be as effective
as an alternative method of LPL inactivation involving the
addition of 200 ul 5 M NaCl to 800 ul plasma and heating at
56°C for 30 min (19). Our own comparison of the two tech-
niques demonstrated that initial FFA concentrations were simi-
lar but that repeated bouts of freezing and thawing resulted in
elevation of FFA in the EGTA-treated samples only. Therefore,
all FFA concentrations reported in the present study were de-
termined after the initial thaw.

Statistics. All bloed and muscle metabolites were compared
between trials at a given time point using a paired ¢ test, Sta-
tistical significance was accepted at P < 0,05. All data are ex-
pressed as means + SE.

RESULTS

Oxygen uptake and heart rates were not significantly
different between the control and Intralipid trials at 6
and 11 min of exercise (Table 1).

Intralipid infusion during 30 min of rest increased
plasma FFA concentration from 0.21 = 0.04 to 0.94 =
0.09 mM (Fig. 24). No change was observed at rest in the
control trial. During exercise, FFA levels increased in the
Intralipid trial to 1.27 £ 0.15 and 1,42 + 0.13 mM at 5 and
15 min, respectively, and were unchanged in the controi
trial (Fig. 24). Plasma FFA were significantly higher at
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Table 1. Oxygen uptake and heart rate during cycling

Time, min
[ 11

Percentage of Voo ma,

Conzrol 86925 90.8+2.6

Intralipid 85.9x2.0 89.0+3.7
Heart rate, beats/min

Control 16822 1743

Intralipid 167=4 17624

Values are means + SE. VO, p,,, maximz] O, uptake.
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Fig. 2. Plasma free fatty acid (FFA) and blood glycerol concentrations at
rest and during intense aerobic cycling with saline (control} nr Intralipid
infusion. *Significantly different from control.

all time points beyond —30 min during the Intralipid trial
compared with control.

Changes in blood g'vcerol were similar to the observed
changes in plasma FFA (Fig. 2B). Intralipid infusion re-
sulted in a significant elevation of resting blood glycerol
in comparison with control from 0.07 = .01 to 0.16 %
0.02 mM and nearly a sixfold increase by 15 min of ex-
ercise (Fig. 2B),

There were no significant differences in blood lactate at
rest or during exetcise as a result of Intralipid infusion
(Fig. 3). Blood glucose concentration was similar at —30
min in both trials but was significantly lower in the In-
tralipid trial just before exercise (3.5 = 0.1 vs. 4.2 & 0.3
mM; Fig. 3B).

Intralipid infusion had no effect on blood catechol-
amine levels during rest or exercise (Tabte 2). Epineph-
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Fig. 3. Blood lactate and glucose concentrations at rest and during in-
tense gerobic cycling with saline (control) or Intralipid infusion. *Sig-
nificantly different from control.

Table 2. Plasma epinephrine and norepinephrine
concentrations at rest and during intense cycling

Epirephrine Norepinephrine
Time, min
Intralipid Cantrol Intralipid Control
~30 0.3920.05  0.4420.09 1.72£0.15 1.55+0.09
0 0.360.02  0.4120.09 1.50£0.12 1.58+0.11
5 0.85£0.07  1.09+0.20 8.23+0.85 11.11x2.54
i0 176034  2.00+0.45 20992294 2487257

Values are means = SE in nmol/L

rine and norepinephrine concentrations progressively in-
creased throughout exercise in both trials,

Muscle ATP content was unaffected by exercise and
Intralipid infusion (Tsble 3), Muscle PCr decreased by
50-60% at 3 min of exercise in both trials. After 15 min

Table 3. Muscle ATP and PCr contents
at rest and during intense cycling

ATP PCr
Time, min
Intralipid Contral Intralipid Control
=30 26.5+0.8 79.0£2.0
4] 27.0£1.2 26.1+1.0 794420 79.422.7
3 26.4+1.2 25.6+0.9 37.2%6.1 31.5+4.0
15 26.4+0.6 24.9=1.1 37.524.7* 24,9+3.6

Values are means + SE in mmol/kg dry muscle, PCr, phosphocre-
atine. * Significantly different from ceontrol.
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Table 4. Individual muscle glycogen data
before and after 15 min of intense cycling
Intralipid Centrol
Subject
0 min 15 min A 0 min 18 min A
1 7933 6697 1236  B40.8 5489 2919
2 429.1 3487 804 4254 3017 1237
3 3408 2555 854 2604 1299 1305
4 8296 5823 2473 6354 3415 2939
3 2503 175.0 753 2874 1070 1804
6 3675 3215 460 3265 1786 1479
Means 5018 892.1*  109.7* 4627 2679  194.7
=SE 1008 787 29.3 939 678 321

Values are expressed as mmol glucosyl unita/kg dry muscle. Training
status as follows: subjects I and 4, well trained; subjects 2 and 5, mod-
erately trained; subjects 3 and 6, untrained. * Significantly different
from control.
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Fig. 4. Muscle lactate content at rest and nccumulation during intense
aerobic cyeling with saline (control) and Intralipid infusion. dm. dry
muscle.

of cycling, PCr content was significantly higher in the
Intralipid trial vs. control.

Resting muscle glycogen contents were not signifi-
cantly different between trials (Table 4}, Muscle glycogen
degradation during the Intralipid triel (109.7 + 26.3
mmol/kg dry muscle) was significantly lesa than during
the control trial (194.7 + 32.1 mmol/kg dry muscle) and
represented a 44% sparing of muscle glycogen. Muscle
glycogen was also measured in three subjects in the —30-
min resting biopsy to establish that there was no change
in resting glycogen as a result of Intralipid infusion. The
mean glycogen contents of the —30-min and 0-min rest-
ing biopsies were 5459 # 127.2 and 552.0 + 1412
mmol/kg dt, nuscle, respectively.

Intralipid infusion had no effect on resting muscle lac-
tate or accumulation during exercise, despite the magni-
tude of giycogen sparing (Fig. 4). Muscle citrate content
increased from 0.32 + C.06 to 0.58 mmol/kg dry muscle at
rest during Intralipid infusion, a value significantly
greater than the control resting citrate content (0.37 +
0.08 mmol/kg dry muscle; Fig. 5). Muscle citrate contin-
ued to increase during exercise, but at 3 and 15 min there
was no difference between trials,

Both muscle acetyl-CoA and acetylcarnitine were un-
affected by Intralipid infusion at all time points (Fig. 6).
Acetyl-CoA increased during the first 3 min of cycling
{control, 59.0 = 13.5 mmol/kg dry muscle; Intralipid, 50.7
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aerobic cyeling with saline (control) and Intralipid infusion. *Signifi-
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+ 13.6 mmol/kg dry musele) and was unchanged there-
after, After 3 and 15 min of exercise, acetylcarnitine in-
creased to 14.9 & 0.8 and 12.6 + 0.7 mmol/kg dry muscle
and 25.0 + 3.5 and 22.8 * 2.5 mmol/kg dry muscle in the
control and Intralipid trials, respectively. PDHa was
similar at 0 min rest in the Intralipid trial compeared with
control (0.37 = 0.05 vs, 0.49 %= 0.08 mmo! acetyl-CoA
units-min™*-kg wet wt~!; Fig. 6). There were dramatic
increases in PDHa by 3 min of exercise and no further
changes in activity at 15 min. PDHa values were not
statistically different between trials at 3 and 15 min.

DISCUSSION

The present study demonstrated that Intralipid and
heparin infusion, resulting in elevated plasma FFA, pro-
duced a significant sparing of muscle glycogen during 15
min of intense aerobic cycling. The glycogen sparing that
occurred with Intralipid infusion was unrelated to
changes in muscle citrate and acetyl-CoA contents. These
results demonstrate that the downregulation of glycogen-
olysis at 85% VO, ,,, in the presence of high FFA was not
mediated as proposed in the classic glucose-fatty acid
cycle. These findings were observed in all subjects, re-
gardless of their training status and resting glycogen
contents.

Regulation of fat-carbohydrate interaction. Several
studies have used Intralipid infusion both at rest (2, 14,
38, 40) and exercise (19, 32) to investigate the effect of
elevated plasma FFA on carbohydrate metabolisi. In ad-
dition, fat feeding (12, 25) and fasting {(27) have been used
to elevate plasma FFA before exercise. Studies at rest
have unequivocally demonstrated a significant reduction
in glucose utilization subsequent to elevated plasma FFA.
Relatively few studies have measured glucose flux in ex-
ercising humans, although Hargreaves et al. (19) and
Knapik et al. {27} demonstrated a reduced glucose uptake
during exercise subsequent to Intralipid infusion and
fasting, respectively.

There is also little direct information regarding musele
metabolism during exercise when FFA availability is en-
hanced, and the information is controversial, Costill et al.
{12} and Knapik et al. {27} demonstrated a reduced gly-
cogen utilization during cycling at 70 and 45% V0 g,
respectively, but Hargreaves et al. (19) reported no spar-
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Fig. 6. Muscle acetyl-CoA and acetylcarnitine contents and transforma-
tion of pyruvate dehydrogenasc (PDHa) at rest and during intense
aerobic eycling with saline (control) and Intralipid infusion.

ing during knee extensor ezercise. Jansson and Kaijser
(25} reported signifieantly lower muscle lactate during
exercise after & fat meal but did not measure glycogen.
However, in a related series of experiments, Jansson and
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Kaijser reported less glycogen utilization after 6 min {24}
and 25 min (23) of submaximal cycling (65% VOg mae)
after a high-fat diet. Ravussin et al. (32) were unable to
demonstrate a reduction in carbohydrate utilization
based on respiratory exchange measurements as a result
of Intralipid infusion. From the previous studies, only
Jansson and Kaijser (25) measured muscle citrate and
reported higher citrate values at 5 min of exercise in the
high-fat trial. No studies measured acetyl-CoA or PDH
activity. Therefore, controversy exists whether carbohy-
drate is spared when fat availability is increased during
exercise in humans, and there is a paucity of information
regarding the mechanisms that regulate fat-carbohydrate
interaction.

Increases in muscle citrate and acetyl-CoA content as &
result of enhanced lipid oxidation may inhibit carbohy-
drate metabolism at the nonequilibrium reactions cata-
lyzed by PFK and PDH, respectively, as proposed in the
classic glucose-fatty acid cycle (16, 17, 31). This is sup-
ported by in vitro studies demonstrating inhibition of
PFK and PDH by citrate and acetyl-CoA, respectively (1,
13, 15). In addition, several animal studies have demon-
strated a relationship between reduced glycogen utiliza-
tion in contracting oxidative fibers and elevated citrate,
subsequent to enhanced fat availability (22, 33, 34). How-
ever, the present findings do not support this argument.
Infusion of Intralipid at rest resulted in a significant el-
evation of muscle citrate above control, but this differ-
ence was abolished within 3 min of exercise. This extends
the findings of Spriet et al. {37) in which muscle citrate
was elevated at rest after caifeine ingestion but was simi-
lar to control at 15 min of cycling., Acetyl-CoA content
was unaffected by Intralipid at all time points. In agree-
ment with the similarity of acetyl-CoA content in the
control and Intralipid trials, there was also no effect of
Intralipid on PDHa during rest or ezercise. Under the
present experimental conditions, it is unlikely that either
muscle citrate or acetyl-CoA are responsible for the
downregulation of musele glycogenolysis. However, there
were no muscle measurements during the initial 3 min at
this intensity, and it is possible that the glucose-fatty acid
cycle may be regulated as originally proposed under con-
ditions of rest or lower-intensity exercise.

The measurements of PDHa are made under optimal in
vitro conditions and represent maximal flux through the
transformed (active} form of the PDH complex. There-
fore, it is possible that the actual flux through PDHa in
the cell is less than what is measured in vitro, In the
present study, the maximal activity through the trans-
formed PDH was similar in the two trials, and, therefore,
the total possible acetyl-CoA production from pyruvate
was also similar. However, if glycogen utilization is cor-
rected for muscle intermediate and jactate accumulation
and estimated lactate release, it can be calculated that a
lower than expected acetyl-CoA production must have
occurred in the Intralipid trial. In the control trial, the
calculated acetyl-CoA production was similar to that pre-
dicted from the in vitro measurements. This suggests
that, depsite similar degrees of PDH transformation in
the two trials, there existed a lower flux through this
enzyme in the Intralipid trial. This reduced flux must
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have been due to the presence of intracellular varighles,
However, acetyl-CoA cannot be the regulator responsible
for the reduced flux, as it was similar throughout exercise
in the two trials. Recent evidence also suggests that el-
evated acetyl-CoA does not alter the activity of trans-
formed (active) PDH during muscular eontraction (10,
11). It is possible that muscle free CoASH content was
lower during the Intralipid trial due to the formation of
thicesters with coenzyme A, resulting in a reduced PDH
flux (acetyl-CoA formation from pyruvate).

Acetyl-CoA facetylcarnitine relationship. Formation of
acetylearnitine during exercise provides a sink or tetapo-
rary store for excess acetyl groups, maintaining a viable
pool of free CoA (CoASH) during situations where the
production of acetyl-CoA is greater than its condensation
with oxaloacetate (5, 20). We are unaware of any previous
reports of acetylcarnitine after 15 min of exercise at an
intensity similar to that used in the present study. How-
ever, the acetylcarnitine value obtained at 3 min of exer-
cise in the present study is similar to that reported after
4 min of intense electrical stimulation (20). Previous re-
ports have demonstrated a linear relationship between
muscle acetyl-CoA and acetylecarnitine formation in hu-
mans (8, 11}, horses {5), and rats (36). However, the
present study demonstrates a continuous increase in ace-
tylcarnitine throughout exercise despite a lack of increase
in acetyl-CoA beyond 3 min. It can be calculated that the
Aacetylcarnitine-to-Aacetyl-CoA ratio from rest to 15
min is ~530 but from rest to 3 min is only ~250-280.
This indicates that the buffering of acetyl units is not
facilitated to its full extent during the initial stages of
exercise. This is likely due to the rapid increase in turn-
over of the tricarboxylic acid (TCA) eycle at the onset of
exercise and the resultant consumption of acetyl-CoA
units to establish a new equilibrium with the TCA cycle.
This is also supported in a study of prolonged moderate
intensity (75% V0 ,,,) where it can be calculated that
the Aacetylcarnitine-to-Aacetyl-CoA ratio in the first 3
min was ~360 and thereafter increased to ~700 during
the subsequent 37 min of exercise (10).

Elevation of muscle citrate. ‘The present results have
clearly indicated that there is no relationship between
glycogen sparing in the Intralipid trial and the changes in
muscle citrate and acetyl-CoA content. It has been pro-
posed that elevation of citrate subsequent to oxidation of
fatty acids or ketones may be the result of increases in
ozxaloacetate or acetyl-CoA-to-CoA ratio (17). It has also
been suggested that oxaloacetate may be substrate limit-
ing for the citrate synthase reaction {18, 29, 42). ‘This iz
consistent with the findings of Sahlin et al. {35), who
demonstrated a reduction in TCA cycle intermediates in
exercising bumans at fatigue despite adequate acetylcar-
nitine levels (reflecting availability of acety] units). In the
present study, muscle citrate increased significantly at
rest during Intralipid infusion despite the absence of
change in acetyl-CoA, suggesting that oxaloacetate may
have been the limiting factor. It has been demonstrated in
isolated liver mitochondria that oxidation of palmitoyl-
carnitine increases the carboxylation of pyruvate to oxa-
loacetate (30). Acetyl-CoA has been demonstrated to be a
stimulator of liver pyruvate carboxylase (26, 30, 39), as
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well as other acyl-CoA compounds such as propionyl-CoA
(26). It is possible that an elevation of fatty acyl-CoA
during the Intralipid trial may have stimulated pyruvate
carboxylase, resulting in elevation of the oxaloacetate
pool and subsequently citrate.

Glycogen sparing. A previous study in this laboratory
demonstrated glycogen sparing (37) after caffeine inges-
tion during intense exercise (80% V02 ua,). It was postu-
lated that enhanced lipid utilization may have been the
cause of sparing, although this could not be proven. The
present study was undertaken to determine whether el-
evation of plasma FFA would spare muscle glycogen dur-
ing the initial 15 min of intense exercise when the rate of
glycogen degradation would be the greatest (4). The de-
gree of glycogen sparing in the present study (44%) is in
close agreement with our previous finding (37. It is in-
teresting to note that there was a strong correlation be-
tween resting glycogen content and the magnitude of gly-
cogen degradation (control, r = 0.81 and Intralipid, r =
0.87), although this does not necessarily imply cause and
effect. For example, well-trained subjects had the highest
resting glycogen contents, and the large glycogen utiliza-
tion in vastus lateralis in these subjects may have been
due to preferential recruitment of this muscle in compari-
son with lesser trained individuals who were not experi-
enced in cycling. There was no relationship between rest-
ing glycogen content or training status and the magnitude
of glycogen sparing.

Regulation of glycogenolysis. It is not possible to discuss
with any certainty the mechanism of glycogen sparing in
the present study. However, regardless of the mechanism,
there must ultimately be regulation at the level of glyco-
gen phosphorylase. It is interesting to note that there was
less PCr degradation during exercise in the Intralipid
trial, which reached significance at 15 min, This suggests
a closer match between ATP hydrolysis and phosphory-
lation of ADP to ATP in the Intralipid trial, resuiting in
a lower free ADP concentration. This should translate
into a decreased free AMP concentration, which is a
stimulator of glycogen phosphorylase a (7} and b (28). In
addition, it may be possible that the formation of fatty
acyl-CoA subsequent to entry of FFA into the cytoplasm
may have a direct effect on glycolytic enzymes, including
phosphorylase, resulting in the downregulation of glyco-
genolysis. Further study will be required to investigate
these possibilities.

Summary. The present study has demonstrated a re-
duction in muscle glycogenolysis during intense aerobic
eycling subsequent to an Intralipid-induced elevation of
plasma FFA. The glycogen sparing could not be explained
by citrate-induced inhibition of PFK or acetyl-CoA-in-
duced inhibition of PDHa. Therefore, during 15 min of
cyeling at 85% VOs may the interaction of fat-carbohy-
drate metabolism does not appear to be regulated as clas-
sically proposed in the glucose-fatty acid eycle. It is sug-
gested that regulation exists at the level of glycogen
phosphorylase.
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Lindinger, Michael 1., Lawrence L. Spriet, Eric Hult-
man, Ted Putman, Robert S. McKelvie, Larry C. Lands,
Norman L. Jones, and George J. F. Heigenhauser.
Plasma volume and ion regulation during exercise after low-
and high-carbohydrate diets. Am. J. Physiol. 266 (Regulatory
Integrative Comp. Physiol. 35): R1896-R1906, 1994.—This
study compared plasma volume (PV) and ion regulation during
prolonged exercise in control vs. glycogen-depleted (GD) condi-
tions, with emphasis on the initial minutes of exercise, In two
trials separated by 1-2 wk, four adult males cycled at 75% of
peak oxygen cohsumption (Vo.) until exhaustion (50 = 7 min
for GD} or until the GD exhaustion time in the control trial.
Blood was sampled from catheters placed in the brachial artery
and retrograde in the femoral vein (fv). Arterial PV decreased
rapidly and by 15 min PV was 83% (control) and 88¢% (GD) of
initial. The decrease in PV was accompanied by a net osmotic
flux of water from plasma and inactive tissues to contracting
muscles. The significantly greater decrease in PV in control
compared with GI) was associated with a hipher muscle lactate
content {Lac™; 36 vs. 17 pmol/g dry wt, respectively). In-
creases in plasma [Cl-) and [Na*{ were less than predicted
from decreased PV, indicating net loss of these ions from the
plasma compartment. Increases in arterial and fv [K~] were
50% greater than could be accounted for by ¢~creased PV,
corresponding with increased arterial and fv plasma K* con-
tents. The rapid net release of K* and Lac~ from contracting
muscle during the first few minutes of exercise in both trials
was abolished (control) or reversed (GD) within 15 min of
beginning exercise. In summary, 1} the greatest rate of water
and ion flux occurred during the initial 2 min of exercise; 2} the
reduced magmitude of PV and ion disturbances during exercise
in the GD trial, compared with control, was associated with a
reduced accumulation of lactate in contracting muscle; aii 3)
a steady state was achieved in 10-15 min, at which time there
was no evidence of net Jactate or K* release from contracting
muscle to the circulation. It can be concluded that water flux
between vascular und tissue compartments during exercise
occurred independent of ion flux.

blood volume; erythrocyte volume; potassium: chloride; so-
dium; lactate; hemoglobin; hematocrit; human; skeletal muscle;
glvcogen depletion

EXERCISE IS ASSOCIATED with ionic disturbances in blood
and muscle, which are due in part to a redistribution of
water and ions between body fiuid compartments, Mod-
erate-to-intense exercise results in a decrease in blood
and plasma volume (7, 9, 21, 29, 30) as water moves
from the plasma compartment into both the interstitial
and intracellular fluid compartments of contracting
skeletal muscle (17, 29, 30). This is partially counter-
acted by a simultaneous movement of water to the
circulation from inactive tissues, resulting in a reduced
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volume in these tissues (21). During maxima! exercise
the water does not originate from the red blood cells
(RBC), since RBC volume (RCV} remains unchanged
(22} or changes very little {27). This, however, may not
be the case during submaximal exercise where 1 to 7%
decreases in RCV have been reported (4, 7, 9, 30).

The net movement of water from the vascular compart-
ment at the onset of exercise is, at least in part,
independent of net solute movement and results in
increased plasma concentrations of protein, Na*, Cl ,
K- and other constituents (9, 20, 29, 30}. Typically,
concentrations of Na* and Cl- do not increase in
proportion to the decrease in plasma volume, indicating
some solvent drag of Na* and Cl- as water flows out ¢f
the vascular compartment. Simultaneous and indepen-
dent ion movements between plasma and contracting
musele, inactive tissues, and RBCs further modulate the
ion concentrations of these tissues (12, 16, 17, 19, 20,
23.

The main driving forces for the net flux of water from
the plasma compartment into contracting muscle dur-
ing moderate-to-intense exercise are the increases in
intracellular and interstitial osmolality of contracting
muscle {6, 21, 32) and the increases in capillary pressure
and surface urea (15, 21}, The former is thought to be
due to the rapid hydrolsis of phosphocreatine at the
onset of muscle contraction yielding the osmaolytes
creatine -nd inorganic phosphate, as well as muscle
lactate ‘lac”) accumulation resuiting from increascd
rates of glycolysis (6, 10

Exercise at ~ 75% of peak oxygen cansumption (Voy)
in the glycogen-depleted (GD) state results in reduced
Lac~ production and lower muscle and blood [Lac-]
compared with exercise under conditions of normal or
high carbohydrate diet and high liver and muscle glyco-
gen stores (24). The present study examined the hypoth-
esis that exercise at 75% of peak Vo, by subjects who
were GD and consumed a low-carbohydrate diet wouid
result in an attenuated decrease in plasma volume,
which would correspondingly affect the exercise-induced
changes in plasma ion concentrations. This follows from
the prediction that a reduced intracellular-interstitial
osmolality in contracting muscle, consequent to the
reduced muscle Lac - production and accumulation,
would result in a smaller transcapillary flux of water
into contracting muscles.

Because the rapid and large orotic changes in skel-
etal muscle occur during the initial minutes of exercise,
an additional purpose was to carefully study the time
course of plasma volume and jon changes over the first
several minutes of exercise.

£363-6119/94 $3.00 Copyright ¢ 1994 the American Physiological Socicty



PLASMA VOLUME AND ION REGULATION

METHODS

Subjects. Four healthy males participated in the study. The
characteristics of the subjects are as follows (means = SE:
body mass 76.9 = 9.8 kg, height 182 = 3 ¢m, age 22.5 = 2.1y,
maximal oxygen censumgtion (VOy ., 1 4.88 = 0.34 I/'min. The
procedures and risks were explzined to the subjects, and
written informed consent was obtained. The studies were
approved by the university's ethics committee.

Experimental protocel. Two trials of leg cycling exercise
were performed at 75% of the subject’s peak VO, for identical
durations; the trial in the GD state was performed 1-2 wk
before the control trial, Three days before the GD trial the
subject’s peak VO, was determined on a Monark cycle ergom-
eter. This was immediately followed by continuous cycling at
high and low intensities until exhaustion (60-80 min) to
deplete muscle and liver stores of glycogen. The subjects then
consumed a low-carbohydrate diet consisting of 3% carbohy-
drate, 51% fat, and 46% protein for 2.5 days and reported to
the lab for the GD trial. At rest, just before starting the GD
trial, muscle giycogen was 185 = 19 mmol glucosy! units/kg
dry muscle (24). Three days before the control trial subjects
aguin exercised to exhaustion to reduce glycogen stores, and
then consumed & diet consisting of 86% carbohydrate, 4% fat,
and 10% protein. At rest, just before starting the control trial,
muscle glycogen was 655 = 71 mmol glucesyl units/kg drv
muscle (24). Subjects were asked to abstain from caffeinated
beverages and aleohol for at Jeast 24 h before the study.

Catheters were inserted into the brachial artery and femoral
vein as detailed previously (20, 24), Biopsy sites were infil-
trated with 2% xylocaine {(without epinephrine). The thigh of
one leg was prepared for needle biopsy of the vastus lateralis
with incisions of the skin through to the deep fascia. The
subject sat for 15 min and a resting muscle biopsy and blood
samples were obtained. The subject sat on an electronically
braked cycle ergometer (Corival 400; Lode, The Netherlands)
and exercised to exhaustion in the GD trial and to the GD
exhaustion time in the control trial, at 75% of peak V0.,

Musclc, Biopsies were obtained from the vastus lateralis at
rest, after 16 min of exercise, and at the GD exhaustion time in
each trial. Biopsies were immediately frozen and stored in
liquid nitrogen. The sample was weighed, freeze dried, and
weighed again for determination of total tissue water (TTW).
The muscle was then powdered to remove connective tissue
and bloed, and Lac™ was measured enzymatically (1),

Blood. Blood samples were simultaneously drawn from the
brachial artery and femoral vein in lithium-heparinized plastic
syringes (Sarstedt) at rest, 0.5, 1, 2, 5, 10, 15, 30, and 45 min of
exercise and at exhaustion. Plasma was immediately separated
from a 3-ml blood sample by centrifugation for 2 min at 15,900
£ in high-speed centrifuges. A 200-pl aliquot of plasma was
deproteinized in 400 p! of 6% perchloric acid and the superna-
tant analyzed for Lac™ (1}, Plasma was analyzed for Na*, Cl-,
and K- using ion-selective electrodes (AVL 983.S electrolyte
unalyzer). Hematocrit determinations were made on whole
biood using heparinized microcapillary tubes centrifuged for 5
min at 15,000 g (IEC MB microhematocrit centrifuge). Hemo-
globin (|Hb]) was measured using an hemoximeter (Radiom-
eter model OSM3, Copenhagen, Denmark). The mean differ-
ences between duplicate measurements were 0.3 = 0.1 meq/l
for [Na*], 0.6 = 0.2 meq/! for [Ci~], 0.02 = 0.02 meq/] for [K*),
0.2 = 0.2 meq/! for |Lac~), 0.4 = 0.3% for hematocrit, and
0.2 = 0.2 g/dl for [Hb).

Caleulations. The change in plasma volume (dPV) was
caleulated using Eq. 1 of Gillen et al. (8) from rest (r) and
exercise {e) measures of |Hb) and Het. Het (%) was mu'*tiplied
by 0.96 and 0.91, giving H, to correct for trapped plasma and
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peripheral sampling, respectively.
%dPV = 100 x [(Hb,/Hb,) x (100 - H,)/(100 — H,) = 1]

The change in red cell volume (dRCV} was calculated azcord-
ing to Dil! and Costill (4)

%dRCV = 100 = [(Hb, (Hb,) x (Het, (Het,) — 1] (2)

I

The net flux (F) of ions across the exercising leg was
calculated from measured plasma jon concentrations and
accounted for the simultaneous transcapillary flux of water
from the plasma compartment (J,), according to Watson et al.
(32)

F=1(Q -4J,) x[ion], - Q x lion], )]

where [ion);, and [ion}, are the femnoral venous and arterial ion
concentrations, and @ is leg plasma flow calculated as leg blood
flow x (1 - arterial Het). Leg blood flow {LBF) was estimated
from measured ventilatory Vo, and leg arteriovenous oxygen
difference (24) as described by Jorfeldt and Wahren (14},

The net transcapillary flux of water from/to the plasma
compartment was calculated from

J, = Q x |[(Hb,/Hbg,) x (100 - H, /(100 - H,) - 1) (&)

where the term in parentheses is derived from Eq. 2 from van
Beaumont et al. (30} and is equivalent to (assuming no net
gain or loss of protein from the vascular compartment) Eq. 1 of
Watson et al. (32)

J,=Q x (TP, - TR,/ TP,

where TP is total plasma [protein].

Working muscle mass (WMM) of the legs was estimated
assuming that 25% of total body muscle mass (45% of body
mass) was active during leg eycling (3)

WMM = body mass x 0.45 x 0.25

Equation 5 yielded an average WMM of 8,65 = 0.67 k.

Statistics. Results are eapressed as means = SE. Data were
analyzed using two-way analysis of variance (ANOVA} with
repeated measures to compare measures over time and be-
tween conditions. When a significant F ratio was obtained, the
Tukey tett was used to compare means. Significance was
accepted at P < 0.05.

(5}

RESULTS

The time to exhaustion in the GD trial was 49.7 =
11.6 min (range: 30-60 min). In the control trial
subjects exercised for the same duration as in the GD
trial. Exercise was associated with increases in [Hb] and
hematocrit (Table 1), and these data were used to
calculate the plasma o, and the change in plasma and
red cell volumes,

Estimated blood flow at rest was 3.1 + 1.4 and 3.5 =
0.5 I/min in the control and GD trials, respectively.
Plasma fiow (Fig. 1) and blood flow (not shown) in-
creased rapidly and peaked at 2 min. After 5 min of
exercise piasma flow remained at 6-7 1/min until the
end of exercise. There were no differences between the
two groups.

Transcapillary water flux. The greatest rate of fluid
shift occurred during the first 30 s of exercise with peak
values of [Hb) and hematocrit occurring between 2 and
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Table 1. Hematoerit and [Hb] during cycling exercise at 75% of peak V0.,

Hematocnt, % 1Hb), g 100 ml
Arterial Venous Artenal Venaus

Rest

Control 44.57=08 43.8=0.7 14.0=0.1 140=02

GD 46.0=0.6" 46.2=1.0* 14.7=02" 14702
0.5 min

Control 466 =0.3 478=06 149=0.1 15.1=0.1

GD 48.7=1.0" 49.4=1.0* 15.4=02" 156=0.3"
1 min

Control 46.5=0.5 47.3=0.4 15.1=0.1 153=0.1

GD 489=1.0* 50.3=0.9* 15.8=0.3" 159=0.2"
2 min

Control 47.5=0.7 48.1=09 15.3=0.2 154 =101

GD 49.1=0.9" 50.5+0.9* 159=02" 16.1=0.2*
5 min

Control 48.0=0.7 49.6=05 153=0.1 i5.6=0.1

GD 49.5=1.0 50.2=1.1 158=03 159=0.1
10 min

Control 483=09 49.5+09 15.7=0.3 15.7=0.1

GD 489=08 498=1.1 156=0.2 156=02
15 min

Control 49.2=0.5 51.1=0.9 138=0.2 15802

GD 49.1=086 49.6=09 15.7=0.1 156038
30 min

Control 48.3=0.5 49706 1556=02 15202

GD 48.3=03 489 0.7 156=02 156=04
45 min

Control 47.9=0.8 48.5=0.8 15402 15.3x0.1

GD 48.0=0.1 484202 15.4=0. 15401
Exh

Control 47.8=0.8 48.8=1.0 15.8=0.2 15.1=0.2

GD 48.5=0.8 4B.6=0.4 15.7x0.2 156=03

Values are means = SE. V0, oxygen consumption; GD, giveogen-depleted trial; contral, control trial: Exh, exhaustion; Hb, hemoglobin. All
exercise means are significantly different from rest mean. * Significantly different from control.

10 min of exercise (Table 1). In the GD trial, arterial and  peaked at 2 min and rapidly decreased to no significant
venous hematocrit were greater than in the control trial  net flux by 10 min; the last minutes of exercise also
at rest and for the first 5 min of exercise. In controls, showed evidence for net flux of water into the piasma
plasma o, peaked at 5 min of exercise, decreased to no  compartment.

net flux at 30 min, and was followed by a net flux of Plasma and red cell volume. In both trials plasma
water into the vascular compartmenti in the last few volume had decreased to 87.5% of initial rest values
minutes of exercise (Fig. 2). In the GD trial, plasma J, after 5 min of exercise (Fig. 3). In controls, plusma
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Fig. 1. Calculated plasma flow during exercise to exhaustion (Exhyin  Fig.2. The calculated transeapillary flux of water, -/, from the: plasma

the glycogen depleted (GD) and control trials (te the GD exhaustion  compartment during exerase. *Significantly different from lme €
time). All exercise values are significantly different from rest (time 0).  ‘GD mean significantly different from control
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Fig. 3. The chunge in plasma volume (A; all exercise values are
significantly different from rest) and red cell volume (B) during
exercise, For details, see Fig. 2 legend.

volume decreased further to 83% of initial by 15 min,
whereas in the GD trial plasma volume recovered to
90-94% of initial during the remainder of the exercise
period.

In both trials arterial RCV decreased rapidly during
the first 2 min of exercise and remained reduced by
1.5-4% during the exercise period (Fig. 3). The decrease
in RCV during the first 15 min of the GD trial was
significantly less than in controls.

An initial resting volume of RBCs of 2,380 = 250 ml
was calculated assuming that initial plasma volume was
38 ml/kg body mass (13) and blood volume = plasma
volume % [100/(100 - Hct)]. The 1.9% (control) and
1.2% (GI}) decreases in RCV at 1 min represent losses of
93 = 36 and 24 * 16 ml from the vascular compartment,
respectively. In contrast. the corresponding losses from
the plasma compartment were 282 = 66 (control) and
344 = 64 ml (GD).

Muscle TTW and lactate. In controls, muscle TTW
increased significantly from 3.04 = 0.17 ml/g dry wt at
restto 3.56 = 0.07 (+17%) and 3.62 £ 0.15 ml/g (+19%)
at 16 min and the GD exhaustion time, respectively. In
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the GD trial, TTW increased from 3.15 = 0.02 ml/g dry
wt at rest to 5.58 = 0.10 (+12%) at 1€ min and at
exhaustion (3.47 = 0.14 ml/g; +10%}, which was signifi-
cantly lower than control.

The decreases in plasma and red cell volumes only
partially accounted for the increase in active muscle
TTW. In the control trial, the 17.29 decrease in plasma
volume anc 2.5% decrease in RCV at 15 min translates
to 535 mi (462 ml + 73 ml), using the caiculated initial
plasma volume of 2,920 ml and RCV of 2,380 ml. The
increase in muscle TTW at 16 min translates te 1,110
), implying that 575 ml of fluid was transferred to the
contracting muscles from nonvascular inactive tissues.
Similarly, in the GD trial at 15 min the 243-m] (10.4%}
decrease in plasma volume and 28-ml decrease in RCV
(1.3%) was 519 ml less than the 790 ml increase in
working muscle TTW,

Because blood and plasma flows were similar in both
conditions, the osmotic contribution to the increases in
muscle TTW between conditions warranted consider-
ation. Muscle phosphocreatine, creatine, and inorganic
phosphate were not measured in the present study (see
DISCUSSION); therefore the analysis is limited to muscle
lactate.

In the contro! trial, muscle lactate content increased
~31 wmol/g dry wt from 4.80 = 1.68 pmol/g dry wt at
rest to 36.5 = 14.9 and 33.4 = 21.9 umol/g dry wt at 16
min and the GD exhaustion time. In contrast, in the GD
trial muscle lactate increased significantly less (+12.3
wmol/gdry wt) from 2.42 = 0.78 pmol/g dry wt at rest to
16.7 = 11.3 umol/g dry wt at 16 min, and then signifi-
cantly decreased to 5.07 = 1.09 pmol/g dry wit at
exhaustion.

Muscle TTW inecreased as a power function of increas-
ing musecle Lac- content, with muscle Lac~ accounting
for ~48% of the increase in TTW (Fig. 4). There was no
relationship between blood fiow or change in blood flow
and TTW. However, the change in TTW {(dTTW) was
well deseribed by the interaction between the change in
lactate (dLac) and the change in blood flow (dBF}

dTTW = 0.0109 = 0.0561 + 0.0067 = 0.0022 dLac
+ 0.0331 = 0.0084 dBF

rf=0.7199, P < 0.0001. The increase in muscle Lac-
contributed 50%, and the increase in blood flow 20%, to
the increase in muscle TTW after 15 min of exercise,
while 30% was unexplained.

Ion fluxes. Calculated plasma flow and J, were used to
calculate the net flux of ions between contracting tissues
and the vascular compartment. The high resting values
for plasma flow had minimal effect on the reported ion
fluxes because of the small arteriovenous [ion] differ-
ences at rest.

The reduction in plasma volume is expected to in-
crease the concentrations of plasma constituencs if
water moved independently of solute (ions) and pro-
teins. The net addition or removal of solute from the
vascular compartment can be determined by comparing,
to the resting value, the amount of solute present within
the plasma compartment at any point in time (Table 2).
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1.105 = 0.027 + 0.052 = 0.011 Inilactate}, ~ = 0.506, P < 0.0001.

Exercise-induced increases in femoral venous [Lac"]
{Table 3) and Lac- content (Table 2) were significantly
greater than arterial during the first 1-2 min of exer-
cise. Peak lactates occurred at 5 min, and this was
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followed by a gradual decline as exercise continued.
Comparec with the control trial, GD resulted in signifi-
cantly lower peak [Lac-] (Fig. 5, Table 3) and Lac
contents (Table 2), In the control trial, Lac® flux from
muscle peaked at 1.8 = 0.5 meq-kg*1-min-! at 1 min of
exercise, while in the GD trial peak net efflux was only
0.94 = 0.46 meq-kg !-min-! at 1 min of exercise (Fig.
5). In both trials this was followed by a reduced arterio-
venous difference (Table 4) and efflux.

At rest and during exercise arterial {Na-} (Table 3}
and [Cl-] (Fig. ) were higher in the control trial than in
the GD trial. Despite the increased concentrations, both
arterial and femoral venous Na* and Cl contents
decreased significantly in both trials (Table 2), indicat-
ing a net loss of these ions from the plasma compart-
ment. In the control trial, arterial Na* and Cl- contents
decreased rapidly during the first 5 min of exercise and
then continued to decrease at a much slower rate. In the
GD trial the trend was similar but the magnitude of
decrease in arterial Na- and Cl- contents was signifi-
cantly less than in the control trial after the first 5 min
of exercise (Table 2),

Net Cl- influx to muscle peaked at 5 min (control) and
then decreased to zerc at the GD exhaustion time, while
in the GD trial the net Cl- influx peaked at 2 min and
remained elevated until 45 min of exercise (Fig. 6).
Therefore reliance on the arteriovenous differences for
Cl- for an interpretation of Cl- Aux across the leg would
be erroneous. i.e., the negative values suggest net efflux
from muscle.

Table 2. Arterial plasma content of ions ut rest and during eycling exercise at 755 of peak Vo,

Na* Content, meq

K* Content. meq

Cl- Content, meg Lactate Cantent, mey

Rest

Control 116=32 12207 311+22 6314

GD 413=31 127z 1.1 30620 4.0 =08t
0.5 min

Control 390 =34 135=11" 291+ 054 96225

GD 381 =24~ 134 =0.9* 285> 16 4.2+ (L8t
1 min

Control 357 =33 145=09* 289+ 23" 18427

37225t 14.2=1.0" 278=18* 109> 1.4%F

2 min

Contral 38027 14.5=0.9* 2B 19" 29142

GD 371 +26° 144x1.0* 276 = 18 21.8 1491
5 min

Control 374 =28 13.5=1.0" 297 = 20" 3441 4.6°

GD 373 =26+ 13.8=x1.0* 276 =18" 3B =541
10 min

Cantrol 364 =22* 12.9=0.8" 266 =17 JO9+6.0°

GD 3714=27" 13.8=1.1*¢ 279 = 20t t 2.7 = 6201
15 min

Contro! 356 = 25* 12.6=0.8" 262 = 18° 327640

GD JTT=28%F 14.3= 1.2+t 281 = 149+ 199~46%
30 min

Control 370=31" 13.6=1.0" 274=21* 32750

GD 38T =20"% 150=1.1"t 290 =~ 22+ 17605561
45 min

Control 373 =32* 13.6=1.0" 27523 26.8=3.3"

GD 389 = 36"t HEER B 288 * 2541 11y=27%
Exh

Control 366 = 35* 136=1.2" 270 = k5 EHIGEY

GD 376 =23"+ 15.1=0.87F 282 17"t 160517

Values are means = SE. Calculation of content assumes a plasma volume of 38 ml/kg body mass at rest in both trials tses text). * Exercisme

mean significantly different from rest. + GD mean significantly different from control mean.
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Table 3. Plasma concentration of ions at rest and during cveling exercise at 75% peak V0,
[¥a'l (K-] 1C1-} [Lac-]
Arterial Venous iVenous) (Venous) (Venous)

Rest

Cantrol 1425=0.4 144.0=03 4.30=0.14 106.320.6 2.13%0.30

GD 141.2>0.35 1412 =067 4.30=0.10 103.3=08 1.04=0.07*
0.5 min

Control 1450+ 0.3 147.4=08" 5.59=0.08" 106.7=0.7 5.23=1.04*

GD 142.7+£0.5"* 146.0=0.9* 5.55+0.13* 1069+0.7" 2.85=0.69"t
1l min

Control 145.9=0.7" 147.8=1.4* 5.80=0.10" 106.5=0.6 9.60=0.14"

GD 143.6= 1.4%% 146.2=1.7* 5.81=0.13* 106.3=0.8 5.93=1.28"t
2 min

Control 147.8=0.4" 150.0=0.7" 5.73+0.09* 106505 12.2=1.03*

GD 1457=1.1"1 147.3= 1.8*+ 5.91=0.12*% 106.0=0.7 9.13=1.48"
5 min

Cantrel 146.7=0.7" 149.1=1.0* 5.38=0.07 102.7=06 13.4=1.96*

GD 1452+1.1"* 146.2 = 1.5*% 5.64+0.20"¢ 105.5=05 10.1 =2.72%
10 min

Control 147.2+0.5° 149.2=0.8* 5.29+0.05* 105.8=04 13.5= 197"

GD 144.3=1.0* 146.8=1.0" 5.45=0.16*t 105.0=0.5 8.09+231"F
15 min

Control 147.4=04" 149.1=0.7" 5.43=0.16* 105.2+0.7 13.8+1.89*

GD 144.3=1.1*F 145.9=1.2"1 5.43=021" 105.0+0.7 7.80=1.81%
30 min

Control 1468 =0.9* 1487 =12 5.a4=010" 105.5=0.7 12.6=1.97*

GD 144.7=0.8%% 1460~ 1.2** 554=0.13" 105.1=08 6.33 = 1.68*%
45 min

Cantrol 146.1=0.0" 1486=0.3* 5.48=0.10" 1n5.3+0.2 10.6=0.71"

GD 14492 0.7+ 145.0 = 1.4*+ 5.69=0.15*% 104.7=1.1 4222097t
Exh

Control 147209 1498+ 0.7" 5.59=0,19* 105.8=0.5 12.3=2.16"

GD 145.0= 0.8+ 146.2+1.2*% 5.70=0.07*t 105209 5.90=1.70"t

Vulues are means = SE. Units are meq/l. Lac. lactate, * Exercise mean significantly different from rest. t GD mean significantly different from

control.

There was a net flux of Na* from the plasma compart-
ment to the leg musculature during the first 2 min (GD)
to 15 min {control) of exercise. This was followed by no
significant net Na- flux in both trials (Fig. 7). As with
Cl-, the flux data are in contrast to the arteriovenous
differences (Table 4), which are suggestive of net Na*
efflux from muscle,

There were substantia] increases in both femoral
venous (Table 3) and arterial plasma [K-] (Fig. 8) during
the first 2 min of exercise, and elevated values were
maintained throughout. Arterial plasma [K*] increased
significantly less in GD (1.25 * 0.04 meq/l} than in
controls (1.46 = 0.05 meq/1) at 2 min despite peaking at
557 %= 0.12 in both trials. There were only minor
differences in femoral venous [K*] between trials (Table
3). After the first 2 min, arterial plasma [K*) remained
higher in GD than in controls for the remainder of
exercise. Plasma K* contents were similar between
trials during the first 5 min of exercise. However,
between 10 min and exhaustion the K- content was
significantly greater in the GD trial than in controls
{(Table 2). Net K* efflux was significantly greater in the
GD trial, compared with control, at 0.5, 2, 5, and 10 min
(Fig. 7). In the control trial net efflux of K* had ceased
within § min; however, in the GD trial net efflux
occurred for at least the first 10 min of exercise. In the
control trial a significant net K- uptake at 5 and 10 min
was followed by no net Aux between 15 and 30 min and
net efflux during the last several minutes of exercise. In

the GD trial there was a small net influx of K- to muscle
after the first 10 min of exercise.

DISCUSSION

This study appears to be the first to have reported the
volume and icnic responses of both arterial and femoral
venous blood during prolonged submaximal leg exercise
in humans; most previous studies have used progressive
exercise and measured responses oceurring in venous
blood draining inactive tissues. A unique finding of the
present study is that during the onset of exercise there
was a rapid flux of «ater from the vascular compart-
ment to contracting tissues associated with rapid de-
creases in plasma volume. Furthermore, exercise in the
GD state attenuated the reductions in plasma volume
and RCV after the first 2 min of exercise and the net
plasma J, was nearly abolished after the first 5 min of
exercise. It is suggested that the attenuated water flux
after the first 2 min in the GD trial, compared with
control, is related to metabolic-hormonal differences
that resulted in altered osmotic gradients between con-
tracting muscle and the vascular compartment. It is
proposed that the attenuated changes in J,, plasma and
red cell volumes, and muscle TTW in the GD trial are
related to the reduced accumulation of esmolytes such
as Lac~ within contracting muscle.

Methodological limitations. The variables leg muscle
mass, leg blood flow, and initial plasma volume were
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Fig. 5. Arterial [Lac-] (4; all exercise values significantly different
from time §) and net Lac~ flux (B). Inset: net flux during the first 5
min. For details. see Fig. 3 legend.

estimated from measured values (see METHODS) for each
subject individually. Potential errors in the estimation
of leg blood flow arise from the =4% variation for
anthropometric estimates of leg muscle mass (3) and the
=4% variation in estimating leg Vo, from whole body

influx to muscle

-~

Net G- ffux (mEq - kg™ - min1)

2 A
' b4
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o
-2t
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Py . ; L N . R " )
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Fig. 6. Arterial [Cl- | (A; all exercise values significantly diflerent from
time () and net Cl° flux {8}, For details, see Fig. 2 legend.

V0, with leg cycling exercise at ~ 75% of peak Vo, (14).
These two estimates, while quantitatively affecting the
calculated variables plasma flow, J,, and ion fluxes, do
not affect the qualitative interpretation of the results,
since all subjects responded with similar rapidity and
magnitude with respect to both measured and caleu-
lated variables. Similarly, the within-subject variability,

Table 4. Arterial-femoral venous differences for plasma [Na*}, [K*],[Cl ], and {Lac ]

during cycling exercise at 75% of peak V0.

a-v [Na*i, meq/| a-v [K* ], megil

a-v1Cl |, meg/l a-v [Lac- ], mey!)

Control

GD Control GD Control GD Contzol [H]]
Hest -15=04 0.1=1.1 -0.12~0.17 0.03=0.02 01204 =04 =07 -0.04=0.19 0.9 =035
0.5min -25=06 -33=x05" -0.56 =0.06* ~0.53=0.04" 1.7=0.7° 0. = Q.41 -183=052" -125=063%t
1 min -19=09 -26=0.7" 030009 -0.32 = 0.03" 26 =05" 12 =06t -276=058" -17]1=(B2%
2 min -22=0.5 -16=0.7" -0.16=0.04 ~034=0.11"t 27=04" 13=14* 107007 -128+0.39"
5 min -24=06 -10=05 ~0.08=0.05 -025=0.11"t 33=06" 2903 -0.70=0.14 -0.78>0.20"
10 min =21=06 ~2.5=08" —-0.07 = 0.05 =0.13=0.10"t 24=03° 26=05° -0.752 046" ~0.97 - D4k*
15 min -L7=0.T7 -16=05 -0.20=0.27 -0.04=0.07 32=03" 3307 49=038"  -0.41=0.22%¢
30 min ~18=05 =~13=10 =-001=001 0.07=0.05 34=07" 53=09* -39 0.8 ~0. 2%+ 0152
45 min -25=09 -01=x13 -0.14=0.03 0.01=0.05% 22=0.1" 3.1=05" 03420147 -0.04 20041
Exh -26=07 -~15=11 ~0.11=0.12 0.07=0.087 30=03" 25 =05 0.49 = (.38° 024+ 024

Values are means = SE. a.v, Arterial-femoral difference. " Significantly different from rest. t GD mean significantly different from control



PLASMA VOLUME AND ION REGULATION

intlux to muscle

Glycogen depleted

T 2
e PR
- o —
2 T : \l
5-2; 4
E o C ' ' :
4t 4 ' Glycogen . !
é | . depleted Control :
CRuE IR _~ ,
= T4 & t !
2.8 o { *. Control .
: * .
-1g-.2 )
2 r 5 b
° 1Eurciu TﬂﬂE3 imin) efflux from muscle |
P— . . A . . . .
o 5 10 15 45 Exh

3o
{min)

Fig. 7. Net Na- flux between plasma and muscle throughout the
exercise. fnsel: net flux during the first 5 min. Other details as in Fig, 2
legend.

Exercise Time

~ 3-6% for measures of plasma volume (13), will influ-
ence the estimates of plasma ion contents.

The calculation of the water flux from the plasma
compartment is higkly dependent on the accuracy of
measures of arterial and venous [Hb] (Eg. 4). Not
evident from the means presented in Table 1 is that the
difference beiween arterial and femoral venous [Hb} was
consistent within and between individuals, and ranged
between 0 and 0.8 g/dl depending on the time of exercise
and the subject. An error of up to 50%, ie., =2 g/dl
{reasonable), in the calculated plasma o/, quantitatively,
but not qualitatively, alters the interpretation of ion
fluxes.

Plasma volume, The present study appears to have
reported for the first time that the reduction in plasma
volume at the onset of exercise is very rapid and nearly
con:plete within 2 min. The initial time point in previous
studies is typically 5~10 min after the onset of exercise,
by which time most of the change had occurred (9). The
rapidity of the plasma volume decrease and associated /..
is consistent with increases in capillary pressure and
surface area during the transition from rest to exercise
(12, 14). 1t is also consistent with the rapid increase in
intracellular osmolytes, primarily inorganic phosphate
and creatine resulting from phosphocreatine hydrolysis
and lactate accumulation, which pulls water into skel-
etal muscle at the onset of muscle contraction (10). In
the present study, there was a high degree of correlation
between the increase in muscle [Lac™] and the increase
in TTW,

The similar and rapid rates of decrease in plasma
volume and plasma J, during the first 2 min of exercise
in both trials is proposed to result from similarly rapid
initial rates of phosphocreatine hydrolysis in both trials.
There is no reasen to suspect that this relatively anaero-
bic phase during the transition from rest would differ
between the two trials. After the initial 2 min of exercise
the importance of muscle Lac in determining the rate
of fluid movement between blood and muscle becomes
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evident (Fig. 4). Also, the reduction inJJ, after the first 5
min of exercise was concurrent with the reduced Lac-
release frem musele, indicating reduced muscle produc-
tion and accumulation and a decrease in muscle Lac™
between 16 min and the GD exhaustion time. In the GD
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Fig. 8. Arterial (K*] (A; all exercise values significantyy different from
time 0}, net K- flux during the first 5 min of exercise {B), and net K~
flux throughout exercise (C). For details, see Fig. 2 legend.
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trial, in contrast to the control trial. the reduced muscle
Lac- release after the first 5 min of exercise was
concurrent with a decrease in muscle Lac~ content
between 15 min and exhaustion, indicative of a reduced
Lac~ production and decreasing muscle osmolality. This
is consistent with the partial recovery of plasma volume
and low J, in the GD trial compared with the control
trial, where high muscle Lac- maintained throughout
exercise was associated with unly a small recovery of
plasma volume and higher /..

The decrease in plasma velume did not fully account
for the increase in muscle TTW. The contribution of
water from RBCs, through decreased RCV, was small,
and therefore inactive tissues are believed to have
contributed the balance. These results are consistent
with other studies of humans exereising submaximally
where decreases in RCV of 1-7% (4, 7, 9, 30) and
inadequate decreases in plasma volume to account for
increases in leg volume (21) have been reported. The
relatively small decrease in RCV, compared with the
16-18% decreases in plasma volume, is in agreement
with other human studies showing that RBCs regulate
volume during exercise at submaximal (27, 30) and
maximal (22, 23) intensities.

The contribution of sweat fluid losses to the decrease
in plasma volume and changes in ion contents should be
considered during prolonged exercise because resultant
shifts of water from inactive tissues (9) may lead to
intracellular dehydration of these tissues (18). Extrapo-
lation from Harrison et al. (9) yields a predicted sweat
volume loss of ~600 ml for the ~55 min of exercise in
the present study. Volume decreases of ~ 500 ml in the
vascular compartment have been accounted for by up-
take into contracting muscle, in addition to a further
500-600 ml transferred from inactive tissues to contract-
ing muscle (see FESULTS). The additional 600 m} that
may have been lost through sweating would therefore
further contribute to decreased intracellular volume of
inactive tissues.

Potassium. Net K- flux betweer muscle and blood is
dependent on the intensity of muscle contraction (28)
and on the activity i the Na*-K* pump (2), Similar to
the present study, Sjogaard (28) and Vollestad and
Sejersted (31) also reported a large arteriofemoral ve-
nous (a-fv) plasma [K-] difference (up to —0.6 meg/l)
during the first few minutes of submaximal exercise (26,
28, 31). The persistent negative a-fv plasma [K*] of -0.1
to —0.2 meq/] after the first several minutes of submaxi-
mal exercise has led to the conclusion that there is a
continuous net release of K+ from contracting muscle
(26, 28). Earlier studies, however, did not measure or
account for the simultaneous transcapillary flux of
water from plasma to muscle that contributes to the
increase in plasma [K*], particularly in the femoral vein,
during leg exercise. The calculation of ion fluxes in the
present study was careful to account for the transcapil-
lary flux of water into contracting muscle during exer-
cise.

In contrast to the measured a-fv [K-], the net K+ flux
from contracting muscles ceased within 5 (control) to 15
(GD) min after the onset of exercise, and was in fact
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followed by periods of net uptake of K* from the plasma
compartment. A similar result would have been missed
in previous studies of submaximal exercise that did not
account for the simultaneous flux of water from the
plasma ecompartment. An exception is the study by
Vollestad and Sejersted (31), which reported no signifi-
cant a-fv [K*} after the first 4 min of exercise. In the
present study, even a 50% overestimate of the plasma
water flux does not qualitatively change the results,

The absence of a significant net K* and Lac- release
from muscle after the first minutes of exercise is difficult
to reconcile with the persistent elevation in plasma [K-}
(26, 28) and Lac~ (present study) seen through to the
end of exercise, since inactive tissues have been shown
to take up K~ (16, 19, 22, 28) and Lac- (16, 19, 22) from
the circulation. The net flux of water from the plasma
compartment decreased plasma volume by 450 ml in the
contro] trial and contributed ~50% to the continued
high plasma {K*] and [Lac~] during exercise. It is also
probable that K+ and Lac~ were taken up by inactive
tissues and RBCs during the first few minutes of
exercise, as has been shown for high-intensity exercise
(16, 19, 22), and then were later slowly released back to
the circulation. It is proposed that there is a process of
continuous distribution of K* and Lac-, initially re-
leased from muscle at the onset of exercise, through the
tissues during exercise and recovery until whole body
K* and Lac- homeostasis is achieved.

Sodium and chloride. As has been shown in previous
studies (27, 29, 30) the increases in arterial plasma
[Na*] and [Cl-] in the present study were much less
than could be accounted for by the decrease in PV,
indicating the net loss of these jons from the plasma
compartment. There is evidence that these ions may be
taken up by RBCs (20, 22, 23), contracting muscle (17,
28), and inactive tissues (16, 19) during exercise. The
results are consistent with Fenn's (6) early observation
that the loss of K* from stimulated rat muscle was
balanced by a gain of Na~ and associated with a gain n
Cl- and water.

In the present and other studies (27, 32} it is apparent
that the transeapillary fluxes of Na* and Cl- may occur
independently of concurrent water fluxes. The net flux
of Na* and Cl- into the interstitium of inactive tissues
and contracting muscle would reduce plasma osmolality
and reduce osmolality gradients between these tissues
and the vascular compartment. The forces responsible
for and the mechanisms regulating these ion fluxes are
not understood at the present time and require further
investigation.

Perspectives

Volume regulation. The present study has shown
three phases in the plasma volume response to exercise:
an initial rapid decrease that is nearly complete within
the first 2 min, a slower decrease that ceases batween 10
and 30 min, and then a period where plasma volume
slowly increases. In prolonged, severe exercise where the
ability to rehydrate is absent or inadequate, the third
phase may be absent.
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The initial (first 2 min) rapid and large net flux of
water from the plasma compartment during the transi-
tion from rest to exercise in both trials sugpests similar
increases in capillary pressure and osmotic forces within
contracting muscle (15, 21, 32). It is implicit that water
has the potential to move independently of solute flux
(32) and, in maximally vasodilated cat hindlimb perfu-
sion studies, it has been shown that J, is predominantiy
affected by changes in muscle osmeolality (21, 32). The
second phase of plasma volume decrease (and concur-
rent small decreases in RCV) is associated with in-
creases in muscle lactate and other metabolites (10, 11,
24) together with no or minimal recovery of phosphocre-
atine (11), which leaves high concentrations of osmoti-
cally active creatine and inorganic phosphate in muscle.
The third phase, reeovery of plasma volume, reflects the
ability of the busy to defend blood volume and the
decrease in intracellular osmolytes in contracting muscle
(1i, 34, present study). However, the defense against
excessive reductions in plasma volume occurs at the
expense of dehvdration of noncontracting tissues. The
cardiovascular implications of excessive decreases in
bloed volume on eardiovascular function have been well
described (25).

Potassium regulation. The high initial rate of K~
release from muscle during the transition from rest to
exercise is believed to result from a delay in achieving
maximal activation of Na*-K* pumps in contracting
muscles and inactive tissues (3, 5). Maximal aetivation
of Na~-K* pump activity appears to require ~ 10 mir. (5)
and, in the present study, K- efflux from muscle de-
creased within 60 s (peak observed efflux at 30 s). This
suggests that maximal in vivo activation of Na--K-
pump activity occurs much more rapidly than in vitre. It
also oceurs much mare rapidly than the increase in
plasma catecholamines (7), in keeping with the minimal
effect of catecholamines in further stimulating K- up-
take in contracting rat skeletal muscle (5). In the
present study the increased activity of the Na--K- pump
was sufficient to produce a net uptake of K* by muscle
contracting at ~ 75% of peak V0. in both trials. Convine-
ing evidence of the high rate of muscle Na*-K* pump
activity achieved during submaximal (28) or maximal
exercise (17, 20} is shown by the precipitous decrease in
arterial and femoral venous plasma [K*] upon cessation
ol exercise. It is important to observe that the uptake of
K* by contracting muscle is in direct contrast to the
negative a-fv [K*] difference seen in this and many other
studies. It is recommended, therefore, that studies of
muscle ion and metabolite flux also consider the simulta-
neous water flux.
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