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ABSTRACT

In order to assess glucose dynamics and the pathways (direct and
gluconeogenic) by which ntuscle and liver glycogen is synthesized during and
following prolonged submaximal exercise, twelve-hour-fasted catheterized rats were
infused intravenously with [*H-6)-glucose (or [*H-3]-glucose) and either i} NaH"CO,,
ii) [¥C-Ul-actate or iii) [“*C-1]-glucose (three gluconeogenic tracers) throughout two-
hour basal, four-hour swim (or rest) and three-hour postexercise recovery periods.
During recovery, rats were infused with either saline, lactic acid or glucose. Arterial
blood samples were taken throughout the protocols. Liver and three muscles (soleus,
white and red gastrocnemii) were excised and assessed for total and radiolabelled
glycogen content. The results indicate that: J) While plasma glucose concentrations
are maintained during the prolonged swim owing to matched doubling of both glucose
production (R,) and clearance (MCR), glucose increases during the recovery period as
the fall in R, lags behind that of MCR and the rate of gluconeogenesis remains
elevated. 2) Despite increases in direct glycogenesis during prolonged swimming,
glycogen is significantly depleted in white and red gastrocnemii. Glyconeogenmis
contributes at least 20-25% to glycogen repletion during fasted recovery. The source
of this gluconeogenic substrate appears to be lactate which is formed locally in the
muscles (as traced by recycled “C-glucose). Afmough not required to elicit muscle
gluconeogenic activity, high lactate levels enhance glyconeogenesis, especially in the
postexercise period. 3) There is a high turnover of soleus glycogen at rest. The

soleus does not respond to prolonged swimming but rather to the availability of
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substrate (glucose) to synthesize its glycogen almost entirely via the direct route.

4) Glyconeogenesis is the primary pathway of hepatic glycogen synthesis. While
glucose infusion is the most potent stimulus of glycogenesis, the combined effects of

lactate and exercise appear synergistic in the formation of liver glycogen.



~1ii-

DEDICATION

I dedicate this work to the three Persons whose Grace made it possible - the Father,

the Son and the Holy Spint.



-1v-

ACKNOWLEDGEMENTS

Firstly, I would like to thank Dr. Jerry Radziuk for accepting me into his
laboratory for the purpose of supervising my research project and for providing me
with an invaluable learning experience. I am also grateful to all of his laboratory
staff, in particular, Ms. Susan Pye for purifying the radioactive tracers and for all of
her expert technical advice.

I owe Dr. Bernard Candas a great debt for not only for investing countiess
hours into helping me with the statistical analyses of the data and computer-related
problems, but also for his advice, his support and encouragement of my work.

To Mr. Robert Gordon, Il extend my thanks for teaching me the handling of
rats, small animal surgical skills and in vivo experimental techniques.

I am grateful for the technical help and friendship of a very dedicated and
conscientious summer student, Ms. Holly Saffran, who helped me a great deal with
the chemical assays of my samples during my last summer in the laboratory.

I would like to thank M. Richard Belanger, director of the Animal Care Unit
in the Loeb Research Institute at the Ottawa Civic Hospital, and his staff for all of
their help and cooperaﬁoﬁ in allowing me to conduct my studies in the facilities.

I extend my appreciation to my family and my friends, in particular Ms.
Joanne Houlahan and Mrs. Mimi Yurack, for their concern, support and
encouragement, giving me/the. perspective and strength to perservere to see this

project through to the end.



-v-
And David MacFarlane for his patience, love, friendship, kindness, support,
concern, endurance, time, dedication, expert computer skills and advice and help
whenever and however required, I thank most of all.
Finally, I would like to thank the Medical Research Council of Canada, the
Ontario Government and the University of Ottawa for providing me with scholarships
(Medical Research Council Studentship, Ontario Graduate Scholarship and

Supplementary University Scholarships, respectively) in support of my education.



-vi-

TABLE OF CONTENTS

N T - V- A L R 1
Dedication . . v v vt vt i i e m ittty 1
Acknowledgements . ... ... ...ttt iv
Table of Contents . . ... vttt ieennneennnsonsasananssnsonsns vi
Listof Tables . ... ...t ineneeeteenenonocanensoannnnsons xi
Listof FIgUIES . . . v v e vt n it isieiannnssnseansessonenenenns xii
INTRODUCTION ........0ittieeeeinnsannnnnoncacsannnenns 1
I. The Problem: Muscle Glyconeogenesis . .........ccvcveenns 1
Introduction ........oeiiiieninennsn R 1

Definiionof Terms . . . . . . .o ittt it i iiii e e 1

Hepatic Glycogenesis . . . .« oo v vt it iiai s 5

Muscle GlycOgenesis . .. oo v v v v e st nnnoncancsassnns 6

TheProblem .. ........cciiieiiiiiiienncennnns. 17

II. The ApproachtotheProblem . ................. .ot 17
TheRationale .........c.ouiimiiiinnnnennanencsas 17

The Approach ... ...t iiin i it iiinneeenersenns =19

IOI. Tracer Methodology . ... ...t nnnnerrncnnns 22
Introduction . .......c¢ciiii it nennnnnnannacens 22



-vii-

Tracer Methods as Applied to Muscle Glycogen . ........... 33
Unique Approach . . . ... ... .ttt nnnnennnnnn 36
References . ... ... ittt ittt ittt 37

CHAPTER 1: GLUCOSE DYNAMICS AND GLUCONEOGENESIS DURING

AND FOLLOWING PROLONGED SWIMMING INRATS ............ 43
Introduction . ... o vv v s o cennenneeatananannnsannss 48
Methods ...ttt i it it et e e 50

Experimental Protocol . .. ..... .. it 50
Chemical Analysis . .......ciiiiirnnnnnennnnnaanns 52
Calculaions . ... ..ot iiienae ittt 57
ReSUItS . ..ot ittt i tiee sttt 58
DiSCUSSION . . ..t v ittt ittt ittt 67
MethodOIOgY - - - .« i it ittt ittt s e aasaaasaesas 67
Glucose TUIMOVET . . vttt v v vs o vt e m e eaasaannnnns 68
GlUCONEOZENESIS .+ -+ . o o v v ittt 71
Fuel Utilization . .......corvviinnueenneaannnnesas 73
Hepatic GIYCOBEN . . . v ittt it ie e reei e e aeaensneenn 74
References . ..ottt ittt ts et ittt e s e 75

CHAPTER 2: PATHWAYS OF POSTEXERCISE MUSCLE AND LIVER

GLYCOGEN SYNTHESIS . . . ... ... ittt tenarnsnnnanonssos 79
Introduction . . . .. ...ttt i it ittt 79
Methods . ....viiennenitrenessnenseenceasossonss 80



Experimental Protocol . ... ... ... ...t 80
Chemical Analysis . ... ..uuu i inennannnnn 81
Calculations . . ..t ittt ettt 81
Statistical ANalySiS . . . . vttt i a e 82
RESUIS &« i i vt ittt etieennsensseaannansssnannssanns 84
DISCUSSION &+ v v« v v v e e v nansononeeannesasssnssnnnenssss 97
Methodology . . v v vt i ittt it iie et it a i 97
5 98
Muscle Glycogen Synthesis . .. .. ... .o 99
Soleus MUSClE . .. i ii it it e e 100
White and Red Gastrocnemii . . ... ...t v e 105
10 (= (= Ve = 107

CHAPTER 3: INTRACELLULAR GLUCOSE RECYCLING AS AN INDEX

OF MUSCLE AND LIVER GLYCONEOGENESIS . . .. ............. 111
INroduCHON . . . v v v vt vttt tnsananannaeeranasanens 111
Methods . .o v i it it e ittt ittt eaaanaae 113

Experimental Protocol .. ..........c0ciiiiiinn 113
Chemical ASSBYS . - - -« oo vt v vnnonnnnn et 113
Caleulations . ........ouoeemmeeuennnnnnnncacsss 116
Statistical AnalysisS . ... ..-c.cututcrararanaaeanas 116
Results . .. ... ..o enreernunsennonnanacsssonnnon 117
DISCUSSION . . ..ttt ettt ettt 130



------------------------------

--------------------------------------

Muscle Glycogen Synthesis

White and Red Gastrocnemii

-----------------------

-------------------------------------

----------------

---------------------------------------

CHAPTER 4: EFFECT OF POSTEXERCISE LACTATE INFUSION ON
MUSCLE AND LIVER GLYCOGEN SYNTHESIS

-----------------

Introduction

......................................

----------------------------------------

Experimental Protocol

---------------------------

Calculations

Statistical Analysis . ....... ..ttt
DISCUSSION & &t c i o it cie e nansnnseenneecnnannsnnensass
The Effects of Lactate Infusion on Muscle Glyconeogenesis . . . .
The Effects of Glucose Infusion on Muscle Glyconeogenesis . . . .
"Validation” .. ... ...ttt ettt i

--------------------------------------

---------------------------------------



SUMMARY ... ittt iinneneeesentnnsnsnsseneesssnnnnans 189
SOIEUS &« v v vttt stteee et e 190
Whiteand Red Gastrocnemii . . ... v o v i v it i et 193
17 o 193

CONCLUSION .....¢.iiitinrernnetnasanssnsaaassnonnnns 195

APPENDIX A: Sourcesof Chemical Reagents . ... ..... ... e 197

CURRICULUM VITAE . ... ...t iitrencteccnnnsansnnnnnns 198



-Xi-

LIST OF TABLES

4.1: Gluconeogenic glycogen synthesis as indexed by recycled “C-glucose

d.p.m. in tissue glycogen not arising from *C-glucose from plasma. ........ 173

4.2: Effects of various parameters on gluconeogenic glycogen synthesis

Mbverand MUuSCle. . & @t i ittt ittt ittt e sssssesnnnnsseenaees 179

4.3: Effects of various parameters on direct glycogen synthesis in
liver and muscle.

I: Various indices of gluconeogenic glycogen synthesis in liver and muscles
calculated using different methods

II. Average direct liver and muscle glycogen synthesis in mg/g from all rats. .

/i



-xii-

LIST OF FIGURES
I.1: Schematic of glyconeogenic pathway inliver. . ... ... ... ... ... 3
1.2: Schematic of proposed glyconeogenic pathway in muscle. ............ 4
1.3: Tracer strategies: pathways labelled by different tracers. . ............ 32

1.1: Plasma glucose, lactate and CO, concentrations during rest, exercise and
TECOVEIY INTALS. + . ot v vt v vemeannssonenonsanncnsssenannsnans 59

1.2: Rates of glucose production and clearance during rest, exercise and
TECOVEIY INTALS. & o vt v v ensenoccacacnssnssosnennnoneanosss 61

1.3: Indices of gluconeogenesis in rested and exercised rats. . ........... 62

1.4: Rates of CO, production and clearance during rest, exercise and
TECOVEIY IMTAS. . . .o vt ien v canenescnensansanssesnnnnsnense 64

1.5: Total liver glycogen in rats after rest, exercise or postexercise recovery. . . . 66

2.1: Total liver and muscle glycogen in ail rested and exercised rats. ........ 87
2.2: Liver glycogen in rested and exercised rats infused with ’H-6]-glucose and
either NaH¥CO, or [MC-UJactate. .. ... ...t iinntneranacaresnnnn 88
2.3: Soleus glycogen in rested and exercised rats infused with PH-6]-glucose and
either NaH¥CO, or [¥C-Ul-lactate. .. .. v i v ivii it iiiaenanannsnsn 92
2.4: White gastrocnemius glycogen in rested and exercised rats infused with
[H-6]-glucose and either NaH"CO; or [“C-Ul-lactate. . ............... 93
2.5: Red gastrocnemius glycogen in rested and exercised rats infused with
PPH-6)-glucose and either NaH“CO, or [“C-Ul-lactate. ................ 95
3.1: Liver glycogen in rested and exercised rats infused with PH-3]- and
[HC-11-BIUCOSE. & v v v v it e eececconasnsnnenasennnananoncsss 119
3.2: Soleus glycogen in rested and exercised rats infused with [PH-3]- and

(4G 1]-EIUCOSE. « vt v v eeeerecacanaat it 121



-xiii-

3.3: White gastrocnemius glycogen in rested and exercised rats infused with
PH-3]- and [MC-1]-gIu00SE. - <« « v it e it e me i e e et 124

3.4: Red gastrocnemius glycogen in rested and exercised rats infused with
PH-3)- and [MC-11-lUCOSE. « « c vt ittt e metae et 127

4.1: Plasma lactate concentrations in rested and exercised rats infused with

cold lactic acid or glucose during the recovery period. . ............... 148
4.2: Plasma glucose concentrations in rested and exercised rats infused with

cold lactic acid or glucose during the recovery period. . ............... 149
4.3: "C-Glycogen in liver after either saline, glucose or lactic acid infusion

QUINE TECOVEIY. - . i v it v i it enssssnnssnnnnnnsesencannanesss 151
4.4: Glycogen in liver after either saline, glucose or lactic acid infusion

QUONE TECOVELY. « v v vt v v v st e nsnmeasenacceassannonsonsnssns 152
4.5: “C-Glycogen in soleus after either saline, glucose or lactic acid infusion

QUINE TECOVETY. . v v v it es ittt ienarsanacanassssssasssns 157
4.6: Glycogen in soleus after either saline, glucose or lactic acid infusion

dUInE TECOVETY. . . v vt ittt ittt it rnancaasssrsarnnnnn 158
4.7: *“C-Glycogen in white gastrocnemius after either saline, glucose or lactic

acid infusion during TECOVETY. . .« it it v it i i e i e i e it aan s e e e 162
4.8: Glycogen in white gastrocnemius after either saline, glucose or lactic

acid infusion during recovery. . .. ... ... c ittt 163
4.9: “C-Glycogen in red gastrocnemius after either saline, glucose or lactic

acid infusion dUIINE TECOVELY. « v v v v vt vt v m s m s s e e s e esann e 167
4.10: Glycogen in red gastrocnemius after either saline, glucose or lactic acid
infusion QUIiRE TECOVETY. - . . vt v i ittt e e s e v onennnaennssnnnsss 168



INTRODUCTION

I

THE PROBLEM: MUSCLE GLYCONEOGENESIS?
INTRODUCTIC

The quest for the resolution of the pathways, mechanisms, sources and
regulation of muscle glycogen synthesis is rooted in the crucial role glycogen plays in
muscular contraction, and hence, movement. Glycogen, the storage form of glucose
in tissues linked together by a-1-4- and o-1-6-linkages, is a critical source of fuel for
muscular contraction. It is broken down by the action of glycogen phosphorylase
upon hormonal stimulation (epinephrine) to glucose-1-phosphate which is then
metabolized through glycolysis and the Krebs cycle for the production of energy in
the form of ATP required for muscular contraction. Work performance and exercise
duration have been shown to be directly cor<lated with the amount of glycogen in the
muscle (1, 12, 52, 63, 82, 98). The pathway or pathways by which this critical
energy source is repleted following exercise, however, have not been completely
elucidated. Whether muscle glycogen is synthesized entirely from plasma glucose or

partially from glucogenic precursors is the fundamental question of this thesis.

DEFINITION OF TERMS
_ Because the vocabulary associated with glycogen and carbohydrate metabolism
in skeletai-muscle-may be misused in the literature and subtle distinctions of

terminology are crucial to the understanding of this topic, the following terms will be
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defined as used in the context of this thesis. Gluconeogenesis is the formation of
glucose from noncarbohydrate sources such as lactate, glycerol, alanine and
glutamine. It takes place in the liver and kidney cortex. While renal glucose
production and release into plasma occurs primarily in prolonged starvation, hepatic
gluconeogenesis serves to maintain blood glucose levels independent of dietary intake
and to convert lactate generated in exercise into glucose (21). Because muscle lacks
the enzyme glucose-6-phosphatase (80) which liberates glucose into the plasma,
muscle is not capable of gluconeogenesis in the strice sense of the meaning (i.e.
formation of glucose). Glycogenesis refers to the synthesis of glycogen by any route
while glyconeogenesis (the topic of this thesis) is defined as the formation of tissue
glycogen from precursors other than plasma carbohydrates. In the context of this
thesis, glyconeogenesis is also referred to as the gluconeogenic formation of glycogen
as glyconeogenesis and gluconeogenesis are essentially the same pathway except that
in glyconeogenesis, glucose-6-phosphate is converted into glycogen as the final
product rather than being liberated into the plasma as glucose. This pathway is also
referred to as the indirect pathway of glycogen synthesis, although some use this term
specifically in reference to the pathway, glucose - 3-carbon products — glycogen
(glucose). (Refer to pp. 3-4 for Figures 1.1 and I.2 of the proposed glyconeogenic

pathways in liver and muscle, respectively, and enzymes involved.)
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Figure L1: Schematic of glyconeogenic pathway in liver.
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HEPATIC GLYCOGENESIS

Prior to 1980, it had been generally accepted that hepatic glycogenesis
occurred by the direct uptake of glucose from plasma (i.e. glucose — glucose-6-
phosphate — glycogen) during refeeding following a fast. However, glucose itseif,
even in high concentrations and in the presence of insulin, is a poor precursor for
hepatic glycogen synthesis in vitro (see references cited in ref. 79). This "glucose
paradox” (as it has since become known) was also noted in perfused rat liver
preparations in which glycogen was formed primarily from gluconeogenic precursors
rather than glucose (51). Following ingestion of a glucose-rich meal labelled with
[“C-U]- and [’H-6]-glucose, the gluconeogenic rate in mice was high and half of the
glycbgen seemed to be formed from a glucose-6-phosphate pool which was never
labelled (9), again suggesting that hepatic glycogen was formed from precurors other
than glucose. In his studies in man, Radziuk has shown that during oral glucose
loading following fasting, less than 10% of the glucose is taken up on its first pass
through the liver (92) and that while 10 g of hepatic glycogen was made directly from
glucose (87), at least 15 g of glycogen was synthesized from gluconeogenic precursors
(86, 88).

This indirect or glyconeogenic pathway for hepatic glycogen formation
(glucose —» lactate - glucose-6-phosphate — glycogen) was also confirmed by
Newgard et al. (78, 79) and Scofield (99) using infusions of double labelled glucose
([*H-3)- and [“C-U]-glucose) into rats along with a glucose load and assessing the

H/C ratios in hepatic glycogen. If glycogen was formed directly from glucose, then
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the specific activities of glucose in glycogen would be the same as those of the
infused glucose. If, however, glucose was converted to lactate prior to glycogen
formation (indirect pathway), then the tritiated label would be lost in glycolysis,
resulting in a lower ratio of H/**C. Indeed, the ratios of labelled glucose in glycogen
were no more than 37% of that in the infused glucose (78), suggesting significant

glyconeogenic activity in the liver.

MUSCLE GLYCONEOGENESIS
The Original Question - Is It Possible?

While it is fairly well accepted now that, during refeeding following a fast,
liver synthesizes at least 50% of its glycogen via the indirect or glyconeogenic route
(45, 65, 69, 70, 71, 75, 78, 79, 86, 88, 89, 90, 91, 99, 100), the question is,
however, whether skeletal muscle is capable of such glyconeogenic activity or rather,
as classically accepted, muscle glycogen is synthesized strictly or primarily from the
uptake of plasma glucose. This question remains incompletely resolved after almost
70 years of investigation.

Historically, it was generally accepted that muscle glycogen was synthesized

solely from glucose and that conversion of lactate to carbohydrate could occur only in
liver. This was based on a number of early investigations in the 1920’s and 1930’s
which failed to confirm the findings of Meyerhof - the apparent conversion of lactate
to glycogen in perfused hindlimbs of frogs (76, 77). He claimed that the majority of

lactate in muscle was reconverted to glycogen within the muscle and only about 20%
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of the lactate was oxidized to CO,. Earlier, Elias and Schubert (see ref. 24) had

detected no increases in muscle glycogen following intra-arterial injection of lactic
acid into hindlegs of dogs. In 1925, perfusions of dog hindlimbs with DL-lactate by
Janssen and Jost also failed to show any increases in muscle glycogen (see ref. 24).
Eggleton and Evans (41) found no increases in muscle glycogen in cats following
injections of large amounts of lactate. They also repeated Meyerhof’s frog hindlimb
perfusions and found only very minimal quantities of glycogen were formed,
apparently not above control Ievels. In 1935, Sacks and Sacks (97) concluded that
thefe could not have been any detectable muscle glycogenesis from lactate in rabbit
muscles follewing electrical stimulation based on the observation that the total amount
of carbohydrate loss exceeded the disappearance of lactate during the recovery period.
In 1932, Long and Horsfall (see ref. 24) claimed that infusions of 2-10% lactic acid
solutions produced no significant increases in muscle glycogen in decapitated
eviscerated cats. Twenty years later, perfusion with isotopically labelled lactate ([**C-
1]- or [**C-2,3]-lactate) produced no C-labelied glycogen in heart muscle (see ref.
24).

In the mid 1960'5',;; emphasis or evidence for or against muscle
glyconeogenesis shifted towards the presence or absence of the necessary enzymes.
Although Krebs and Woodford (68) demonstrated the presence of significant activity
of fructose-l,6—l;isphosphatase (FBPase) in muscle, they maintained that muscle was
incapable of synthesizing glycogen from lactate and any labelling of muscle glycogen

following administration of isotopically labelled lactate was due to an isotopic-
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exchange reaction in muscle (presumably at the level of pyruvate kinase) rather than
to net synthesis of glycogen from lactate. The authors did, however, propose that
glycogen synthesis from phosphorylated three-carbon compounds («-glycerophosphate
and phosphoenolpyruvate) was possible in light of the presence of FBPase activity. In
1967, Opie and Newsholme (80) not only confirmed the presence of significant
FBPase activity in muscle, but also demonstrated high activities of
phosphoenolpyruvate carboxykinase (PEPCK) and malic enzyme in muscle. They
also reported very low activities of both glucose-6-phosphatase and pyruvate
carboxylase in muscle (80). Due to the lack of pyruvate carboxylase activity, they
too dismissed the possibilty of muscle glyconeogenesis from lactate and suggested that
the high activities of FBPase and PEPCK in muscle were to ensure levels of a-
glycerophosphate and oxaloacetate (OAA) did not accumulate during exercise so that
the a-glycerophosphate - DHAP (dihydroxyacetone phosphate) and malate - OAA
cycles would not be inhibited during postexercise recovery (80). Thus, by this time,
almost fifty years later, there was virtually no corroborated evidence to confirm
Meyerhof’s original claim of muscle glyconeogenesis and it was generally accepted
that conversion of lactate to carbohydrate could occur only in liver and kidney.

The controversy was given new life, however, in 1970 by Bendal!l and Taylor
(11) who repeated Meyerhof™s original experiments and demonstrated in vitro
~ glycogen synthesis from lactate in frog satorius muscles. Although they showed a
high correlation between the rate of lactate disappearance and the rate of glycogen

formation, demonstrating a possible link between the two and speculated on potential
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pathways of such glycogen synthesis, they did not provide direct evidence supporting
the conversion of lactate to muscle glycogen. Moreover, these experiments were
performed in excised amphibian muscles which may not be applicable to the
postexercise situation in human muscle.

Hermansen and Vaage (53), however, extended the question to exercising
humans. Their approach was 10 determine whether the rate of lactate efflux from
muscle was sufficient to explain the rate at which muscle lactate diminished and to
account for the musclie glycogen formed during the recovery period following
maximal intermittent exercise (cycling) in humans. By measuring leg blood flow,
arterial-femoral venous differences and muscle glycogen concentrations, they
presented a case for muscle glyconengenesis based on the following evidence:

1) there was rapid glycogen resynthesis during a fasted recovery period, 2) only 3%
of the glycogen synthesized could have been accounted for by the uptake of blood
glucose, 3) the disappearance of lactate and the formation of muscle glycogen
coincided in time and in magnitude, 4) neither lactate nor alanine efflux from the
muscle could account for lactate disappearance nor for glycogen synthesized (via
hepatic gluconeogenesis), 5) glycolytic intermediates could not account for all
glycogen synthesis, and 6) glyconeogenic enzymes had been demonstrated in fast-
twitch muscles (74, 80). Their case for muscle glyconeogenesis, however, was based
on strong but indirect evidence. However, others (20) have questioned their
experimental assessment of leg blood flow suggesting it may have been

underestimated by 50%, and have criticized their lack of consideration of total body

[
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lactate pools in their calculations.

In 1979, McLane and Holloszy (74) provided the first direct evidence of the
conversion of lactate into muscle glycogen. They demonstrated not only significant
increases in glycogen in fast-twitch muscles in rat hindlimbs perfused with lactate as
the only substrate, but also the direct incorporation of “C-lactate into muscle
glycogen. In addition, they demonstrated significant activities of malic enzyme,
PEPCK and FBPase in the muscles. On the other hand, the soleus muscle, which is
comprised primarily of slow-twitch red fibers, showed relatively low glyconeogenic
capability presumably due to the low activities of PEPCK and FBPase found in the
muscle. These results, however, were obtained from perfused hindlimbs in rats that
had been swum to exhaustion the previous day and maintained on a low carbohydrate
diet overnight, and may not be applicable to the in vivo postexercise situation in
human muscle. Despite the limitations in the experimental design, this was the first
direct evidence that muscle was indeed capable of synthesizing glycogen from lactate
at least in viro. |

Shiota et al. (101) confirmed the in vitro synthesis of lactate into glycogen in
rat muscle. They perfused rat hindlimbs with [*H-6]-glucose and [*C-U]-lactate to
assess the relative contributions of glucose and lactate to muscle glycogen synthesis.
In muscles which were not depleted of their glycogen and in which the rates of
glycogen synthesis were low, the contribution of lactate to glycogen formation
exceeded that of glucose. In prestimulated muscies, however, in which glycogen was

depleted by half, the incorporation of lactate into glycogen was less than that of
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glucose but at high lactate concentrations (17 mM) was about equal to that of glucose.
They also confirmed that muscle glyconeogenesis from lactate occurred in fast-twitch
white and red fibers, but to 2 much lesser degree in slow-twitch red muscles. But
again, these results were obtained in isolated rat hindlimbs which were prestimulated
to deplete glycogen and perfused with artificial concentrations of glucose, lactate and
insulin; the relevance to the postexercise synthesis of glycogen in human muscle thus

remains questionable.

The Contemporary Question - Is It Physiologically Significant?

With the strong (indirect) case for muscle glycogen synthesis from lactate (53)
and the actual in vitro demonstrations of the incorporation of lactate into rat muscle
glycogen (74, 101), the emphasis of the controversy of muscle glyconeogenesis
shicted from the question of its existence to its physiological significance and
quantitative importance in vivo.

Brooks and Gaesser (20) examined the postexercise fates of lactate produced in
rats run to exhaustion on a treadmill by injection of **C-lactate into the animals. In
striking contrast to Hermansen and Vaage (53), they proposed that during recovery
from exhaustive exercise, the majority of lactate was oxidized to CO, with only about
18% being converted to muscle glycogen. Based on radiochromatographic ard
indirect evidence, they also deduced that the majority of muscle glycogen was
synthesized from glucose made via hepatic or renal gluconeogenesis (20).

Radiochromatograms of liver and kidney showed large and rapid incorporation of *“C-
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lactate label into glucose while those from muscle indicated only small pools of
radiolabelled glyconeogenic intermediates and much higher incorporation of the “C
label in rats injected with '“C-glucose than those receiving the *C-lactate tracer.
Restoration of muscle glycogen parallelled that of blood glucose. In addition, while
lactate removal following exercise was rapid, thé amount of glycogen formed during
this time was small. Finally, if all of the lactate present at the end of exercise was
converted to glycogen, it could account for only 40% of the glycogen synthesized
(20). They concluded, therefore, that although lactate was converted to muscle
glycogen, the pathway was likely primarily via hepatic (and renal) glucose formation.

These conclusions should be considered in light of the inherent limitations in
the experimental design. Firstly, direct incorporation of “C-lactate into muscle
glycogen as distinct from that of *C-glucose was not demonstrated, per se. That the
4 label in muscle glycogen following postexercise injection of C-lactate arose
primarily from C-glucose formed via hepatic gluconeogenesis was based on indirect
evidence (above). Thirdly, the incorporation of “C-lactate into muscle glycoge;l
resulting from injection of the tracer into the blood may not adequately label
intramuscular lactate contributions to glycogen synthesis and may only represent those
of blood lactate which may not be a primary source of muscle glycogen synthesis.
Finally, the radiochromatographic results as well as the indirect evidence may not
accurately guantitate intramuscular lactate contributions to muscle glycogenesis.

In contrast to Brooks and Gaesser (20), but in quantitative agreement with

Hermansen and Vaage (53), Astrand et al. (7) proposed that the major postexercise



-13-

fate of lactate in humans is glyconeogenesis and that the dominant substrate for
muscle glycogen is indeed lactate. This was based on calculations derived from
measurements of lactate, oxygen consumption, CO, expiration, blood flow, blood
glucose, muscle glycogen, lactate and hexosemonophosphates before and after heavy
exercise and recovery in humans. They estimated that, of the lactate formed during
the exhaustive exercise, 10% was taken up by the liver, 40% was oxidized and the
remaining 50% of the lactate was assumed to have been for used in the formation of
muscle glycogen. Moreover, the poiential conversions of muscle
hexosemonophosphates, free glucose and glycerophosphates as well as blood glucose
to glycogen could not account for all of the glycogen synthesized during the recovery
period, again supporting a strong case for muscle glyconeogenesis. Unfortunately,
their case is based purely on indirect evidence. |

Although the study by Newgard et al. (78) focused on the pathways of hepatic
glycogen synthesis, they deduced that muscle is a relatively nonglyconeogenic tissue
and that glycogen synthesis occurs primarily, if not entirely, via the direct uptake of
plasma glucose. This was based on the observation that, with [*C-1]-glucose infusion
into rats, most of the C label in muscle glycogen was retained in the C-1 position,
indicative that the tracer was taken up directly from plasma into muscle glycogen with
little or no recycling through the glyconeogenic pathway. This conclusion, however,
was based on the percentages of *C in the C-1 position in leg muscles of only four
rats and, moreover, these percentages varied from 75% to 90% which may suggest

that up to 25% of glycogen may have been synthesized via the glyconeogenic route.
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In addition, there was no consideration of the different types of muscles which have
been shown to demonstrate varying capacities for glyconeogenesis (15, 62, 74).
Finally, it should be noted that these studies were conducted in resting animals rather
than following exhaustive exercise (as in the studies described above) in which muscle

glycogenesis is expected to be stimulated (eg. ref. 26).

The Pathway

Another indirect approach to the question of muscle glyconeogenesis has been
the elucidation of the potential pathways by which it could occur. The pathway by
which lactate could be converted to giycogen in the muscle remains obscure. (For
this discussion, refer to pp. 34 for Figures 1.1 and 1.2, the schematics of the
proposed glyconeogenic pathways in liver and muscle, respectively.) Because the
equilibrium constant of pyruvate kinase, the enzyme which converts
phosphoenolpyruvate (PEP) into pyruvate, is 6.5 x 10? (see ref. 40) and due to its
high positive standard free energy, the reaction is generally considered irreversible.
In the liver, therefore, the formation of PEP from pyruvate takes place via an
enzymatic bypass. Pyruvate in liver mitochondria is converted to oxaloacetate (OAA)
via pyruvate carboxylase. OAA then enters the cytosol by the reversible
transamination to aspartate, where it undergoes decarboxylation by
phosphoenolpyruvate carboxykinase (PEPCK) to form PEP. Since the glycolytic
enzyme, phosphofructoldriase (PFK), is also irreversible, the last of the key

gluconeogenic enzymes, fructose-1,6-bisphosphatase (FBPase), catalyzes the
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conversion of fructose-1,6-bisphosphate to fructose-6-phosphate on the way to hepatic

glycogen (or glucose). Although fast-twitch muscle fibers exhibit significant activities
of PEPCK and FBPase (31, 80), they apparently do not have significant pyruvate
carboxylase activity (80) and, therefore, muscle lactate cannot be converted to
glycogen by the same pathway as in the liver.

In light of the absence of pyruvate carboxylase in muscle, two alternate
pathways of muscle glyconeogenesis have been proposed to account for the conversion
of lactate into glycogen. Significant activities of extramitochondrial malic enzyme
(NADP-dependent) as well as phosphoenolpyruvate carboxykinase, however, have
been reported in rat and mouse muscles (31, 74, 80, 109). Pyruvate, then, could be
carboxylated via malic enzyme to form malate in the cytosol which would be
converted to OAA by way of malate dehydrogenase as first suggested by Bendail and
Taylor (11); OAA, in turn, could be decarboxylated by PEPCK to form PEP
(proposed pathway I in Figure 1.2, p. 4) Support for this route has come from the
demonstration of significant inhibition of lactate incorporation into glycogen in
perfused frog muscle by 3-mercaptopicolinic acid, a potent inhibitor of PEPCK (28).
In addition, the author suggested that the source of reducing power necessary for
malic enzyme activity would come from transhydrogenase reactions to form NADPH
from the NADH produced via lactate dehydrogenase. In recent studies, Talmadge
and Silverman (108, 109) have demonstrated not only that chronically active
gastrocnemius muscles in CS7B1/67 dy”/dy” mice undergo glyconeogenesis at rates

four times those of normal muscles, but also significantly increased activities of malic
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enzyme, malate dehydrogenase and PEPCK in these muscles with abnormally high
glycogen concentrations.

Shiota et al. {101) have pointed out, however, that although the activity of
muscle malic enzyme is high (80), the decarboxylation reaction is favoured and there
is no evidence for significant formation of NADPH in muscles. They have also
reported no inhibition of glycogen synthesis from lactate in perfused rat hindlimbs by
mercaptopicolinic acid (101), which is not consistent with this proposed pathway.
Pagliassotti and Donovan (81) have recently corroborated the lack of inhibition by
mercaptopicolinic acid on glycogen synthesis and have concluded that the
glyconeogenic route in rabbit muscle, at least, is extramitochondrial and does not
involve PEPCK.

Dyson et al. (40) have provided evidence that, despite its high equilibrium
constant favouring the formation of pyruvate from PEP, muscle pyruvate kinase is
capable of synthesizing PEP at rates which would support the reported levels of
glyconeogenesis, thus resolving the apparent lack of an enzymatic bypass and possibly
accounting for the levels of the enzyme in muscle which surpass that required for the
reported rates of glucose catabolism (proposed pathway 2 in Figure 1.2, p. 4).
However, no direct evidence supporting either of these two proposed glyconeogenic
pathways in muscle exists to date and, thus, the issue of how lactate is converted into

glycogen in muscle remains obscure.
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THE PROBLEM

Up until 1986, then, at the onset of the investigations for this thesis, direct
evidence in favour of muscle glyconeogensis in physiological conditions was scarce
and contradictory, despite the number of investigations supporting its potential role
and proposed pathways iﬁ glycogen repletion especially following exercise. It was
our primary intention, then, to provide direct in vivo evidence in favour of or against
glyconeogenesis as a significant contributor to muscle glycogen repletion following
exercise without specifically addressing the underlying mechanisms, regulations and

pathways by which it may occur.

II: THE APPROACH TO THE PROBLEM

THE RATIONALE

The physiological significance of muscle glyconeogenesis remains incompietely
resolved. At the time of the beginning of the investigations for this thesis (1986), the
few in vivo studies supporting muscle glyconeogenesis as a significant contributor to
glycogenesis (7, 53) had examined glyconeogenic activity during the postexercise
period following intense or exhausting exercise. Such intense exercise is
characterized by very high lactate concentrations both in plasma (up to 20 mM) and
muscle (up to 26 mmolkg® wet weight muscle) (53). In addition, the in vitro studies
which demonstrated muscle glyconeogenesis (directly) did so in the presence of very

high lactate concentrations in the perfusate (74, 101). Moreover, Newgard et al. (78)
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demonstrated insignificant glyconeogenic activity in rested rat muscle (i.e. glycogen-
rich state with low lactate levels). By 1986, then, the only evidence (direct ot
indirect) supporting glyconeogenesis came from experimental models which were
characterized by the presence of very high lactate concentrations, suggesting that
perhaps high lactate levels are required to elicit muscle glyconeogenesis.

Indeed, studies which emerged following the onset of our investigations further
supported this notion of the requirement for high lactate levels in order to elicit
glyconeogenic activity in muscle. Stevenson et al. (107) demonstrated glycogen
formation from lactate in perfused rat hemicorpus (which had been previously
depleted of its glycogen via electrical stimulation and exposure to epinephrine) but
only in the presence of high lactate levels (10.5 and 18 mM). They suggested that
glyconeogenic activity could conceivably be lower following training owing to
increased lactate clearance from the blood (37), and hence, less substrate would be
available to the muscle for glyconeogenesis (107). Johnson and Bagby (62)
demonstrated the direct ir vivo incorporation of “C-lactate (as distinct from that of
“C-glucose arising from hepatic gluconeogenesis) into muscle glycogen during
recovery from exhaustive treadmill running ir rats but only in white gastrocnemius-
muscle and only in the presence of elevated plasma lactate levels produced by
exogenous infusions of either lactate or glucose. This potential requisite for high
substrate availability to induce significant muscle glyconeogenesis can also be inferred
from the direct demonstration of lactate incorporation into glycogen in the chronically

active dy” gastrocnemius muscle in CS7BL/6J dy”/dy” mice (108, 109). This muscle
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is characterized not only by increased glycogen content but also by elevated lactate

levels (approximately 8 mM) (108). The rates of glyconeogenesis in these muscles
were almost four times those of normal muscles (108). These three studies, then,
underline the capability of muscle to synthesize glycogen via the glyconeogenic route,
yet still question whether it can occur at physiologically sigrificant rates in
physiological conditions (i.e. low lactate levels); in retrospect, they also further

support our initial approach to the problem (to follow).

THE APPROACH

Exhaustive exercise models are the most attractive in examining the question
of the in vivo physiological significance of muscle glyconeogenesis since they are
characterized by significant muscle glycogen depletion (eg. refs. 46, 53, 62) as well
as preferential (relative to liver, refs. eg. 44, 46) and rapid repletion even in the
absence of exogenous substrate (eg. refs. 46, 53, 62). This is due perhaps to the
stimulation of glycogen synthase by the very low postexercise concentrations of
glycogen (26). However, as many of these exercise models are of moderate to high
intensity, they produce high levels of lactate in plasma and muscle (eg. ref. 53),
making it difficult to distinguish the effects of exercise, per se, (in terms of associated
changes in enzymatic activities and regulation, heightened energy production etc.)
from those of the increased availability of gluconeogenic substrate (lactate) itself in
the stimulation of the glyconeogenic pathway in the postexercise repletion of muscle

glycogen.



-20-

Prolonged submaximal exercise (such as prolonged swimming), on the other
hand, is characterized not only by significant muscle glycogen depletion (43, 44) and
minimal lactate accumulations in plasma and muscle (43), but also by significant
glycogen repletion during fasted postexercise recovery periods (43, 44). Therefore,
while the stimulus for increased muscle glycogen synthesis (i.e. prior exercise) is
maintained, the effects of lactate can be separated out. In addition, such a model
allows for the postexercise introduction of lactate (via exogenous infusion) in order to
examine (to some extent) the relative roles of systemic versus locally formed
(intramuscular) lactate in glyconeogenesis. Thus, we have chosen a rat exercise
model in which the animals swim for a prolonged period (four hours) and recover for
three hours either in a fasted state or with infusions of exogenous lactate in order to
study the effects of i} exercise, per se, (and the contributions of locally formed
lactate), ii) the availability of (systemic) substrate, per se, (by infusion of exogenous
lactate into rested animals), and iii) the combination of both exercise and substrate (by
postexercise infusion of lactate), in the stimﬁ]ation of muscle glyconeogenesis.

Three specific muscles - the soleus, white gastrocnemius and red
gastrocnemius - were chosen for the examination of glyconeogenesis based on their
metabolic profiles and previously reported glyconeogenic capacities. As each
represents the "purest” form of the fiber content which makes up the majority of the
fibers in the muscle (4, 5), many studies examining glycogen metabolism in specific .
muscles (eg. refs. 60, 62, 74, 113) have used these three, thus allowing comparisons

of our data to that in the literature. The soleus muscle is comprised primarily
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(approximately 85%, refs. 4, 5) of slow-twitch red fibers also known as SO or type 1

fibers. They have a high respiratory capacity, are highly dependent on the aerobic
oxidation of both carbohydrate and free fatty acids (FFA) for energy and have low
glycogenolytic and myosin ATPase activities (83). The white gastrocnemius muscle
is made up primarily (84 %) of fast-twitch white fibers (FG or type IIb) (5) which are
very highly glycolytic and have low respiratory capacities (83). They are also highly
glycogenolytic and have high myosin ATPase activity. Finally the red gastrocnemius
is comprised of approximately 62% fast-twitch red fibers (FOG or type Ha) (3).
These fibers are both glycolytic and oxidative in nature with high respiratory and
glycogenolytic capacities as well as high myosin ATPase activity (83). Fast-twitch
red fibers also have higher concentrations of mitochondria and myoglobin than white
fibers. The metabolic characteristics of these fiber types may reflect different
metabolic tendencies not only during exercise, but also in the postexercise recovery
period, specifically with regard to glyconeogenesis (15, 62, 74). Although all three
muscles are reportedly depleted in prolonged swimming and experience significant
postexercise glycogen synthesis (26, 43, 111, 113), we found that the soleus glycogen
is not depleted during prolonged swimming in our exercise model, and thus becomes
useful as an "inactive control”.

While the focus of m&se_inv&sﬁgaﬁons is muscle glyconeogenesis, liver is
included primarily as a "controi" for our tracer methods detecting glyconeogenesis as
it is well accepted that the gluconeogenic route contributes significantly to hepatic

glycogenesis (45, 65, 69, 70, 71, 75, 78, 79, 86, 88, 89, 90, 91, 99, 100). Inclusion
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of the liver in the studies also allows for the confirmation of the preferential repletion
of muscle glycogen (relative to liver glycogen, eg. refs. 44, 46, 62) during a fasted
postexercise recovery, as well an examination of the combined effects of lactate and
exercise on hepatic glycogenesis.

While the effects of moderate and intense exercise on glucose turnover and
gluconeogenesis (19, 38, 44, 61, 102, 104, 117, 123) have been well documented,
less information is available on glucose dynamics during prolonged submaximal
exercise. The rates of glucose production (R,) and metabolic clearance (MCR) as
well as hepatic gluconeogenesis (R,,) have not been characterized during prolonged
swimming and postexercise recovery in rats, allowing us the opportunity to first
compare glucose turnover in prolonged submaximal exercise to that during more

intense exercise before assessing the pathways of muscle glycogen repletion.

III: TRACER METHODOLOGY
INTRODUCTION
Radioactive tracers have been chosen as the preferred alternative for studying
glucose and glycogen metabolism in vivo for a number of reasons. Firstly,
measurements of metabolite concentrations alone give no indication of turmover rates;
they simply determine whether a metabolite concentration is changing with time.
Using tracer dilution as an indicator, systemic metabolite fluxes can be determined.

Similarly, pathways can be tracked by determining the final destinations of labelled

oy
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carbons which started in a particular position of a particular substrate.

Generally, isotopic tracers are molecules in which one or more atoms are
"labelled” by having an unequal number of protons and neutrons and can thus be used
to "trace” pathways of metabolism. Isotopes may be stable (eg. °H, 1BC) or
radioactive (eg. *H, *C) depending on the number of neutrons, allowing for
subsequent quantitation of the labelled molecule using mass spectrometry or liquid
scintillation counting, respectively. The underlying assumption in the use of
metabolic tracers is that the labelled molecule will not be discriminated from but

rather trace the movement of the unlabelled molecule.

TRACER METHODS AS APPLIED TO GLUCOSE METABOLISM
Steady State Kinetics

Just as the elucidation of the pathways of postexercise muscle glycogen
repletion in this thesis begins with an evaluation of glucose turnover during and
following exercise, the discussion of the methods begins by describing the principles
of tracer methodology as applied to glucose metabolism, most of which are applicable
to glycogen metabolism. Since the liver is the only site of significant glucose
production (via glycogenolysis and gluconeogenesis) and release into plasma (with
renal gluconeogenesis becoming important only in starvation, ref. 21), the rate of
appearance of glucose in plasma, R,, is the same as the rate of production. In
physiological steady state, R, is equal to Ry, the rate of glucose disappearance from

plasma, so as to maintain a constant glucose concentration, C. It follows, then, that



-24-
the rate of appearance (i.e. infusion rate) of tracer glucose (eg. [PH-6]-glucose) in

plasma, which is denoted as R,", is equal to its rate of utilization, R,", to maintain a

constant tracer concentration, C, in steady state. Then,

B.oc
R, C
Rearranging the equation gives
R; xC
R = 2=
C.

Since R, equals R,, and R,” equals R,", experimentally, the rate of glucose production

is calculated by

R xC

R, = T

The metabolic clearance rate of glucose (MCR) is the volume of blood or plasma

cleared of glucose in one minute. It is defined by the equation

R,
MCR = —
C
Since R,/C eguals R, /C" and since Ry" equals R,’, then, experimentally, MCR is
calculated by




Nonsteady State Kinetics
There are many in vivo physiological conditions in which the rate of
production of glucose may not equal that of glucos= removal, such as exercise.

Under these conditions, glucose kinetics are frequently described using a one-

compartment system:

Vgg = -MCRC + R
dt

a

where V is the volume of glucose distribution (V = 20% of body weight) and the
other parameters are as explained above. Since the tracer behaves analogously, it also
obeys the above equations. Using these two equations, formulae were derived for

glucose production and clearance (106):

R¢ = 5‘; - pVC Q] (I.l)
a | a adat
MCR = EI" v dc' - R.] a2)

where C is the plasma concentration of labelled glucose, C is total plasma glucose
concentration, R," is the rate of infusion of tracer glucose and a is the specific activity
of plasma glucose (C/C). p is a "pool fraction”, usually 0.65-0.75, added to account
for nonuniform glucose distribution.

The tracer chosen for the determination of total rates of glucose production

and clearance in these studies is [*H-6]-glucose. Because the label on the sixth carbon
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is lost in the pyruvate carboxylase reaction and in the equilibration of oxaloacetate,
malate and fumarate (39, 79, 101, 124) the labelled glucose cannot undergo further
gluconeogenesis and thus recycle into the plasma once it is oxidized to lactate.
Therefore, dilution of the specific activity of PH-6]-glucose in plasma is a true

reflection of the production of glucose.

TRACER METHODS AS APPLIED TO GLUCONEOGENESIS

The conventional means of measuring the rate of gluconeogenesis is to
detéfmine the total rate of glucose production and the fraction of glucose arising from
a ¥C-labelled precursor (124). The percent of glucose arising from the precursor is
calculated 2s

% glucose = SA (“C-glucose) x carbon correction
SA (*C-precursor)

where SA is specific activity (C'/C) and "carbon correction” accounts for the different
number of carbons in the precursor and glucose. The rate of gluconeogenesis from

the precursor, then, is

rate of gluconeogenesis = % glucose x R,

The choice as to the appropriate tracer as the labelled precursor to measure
gluconeogenic formation of glucose (and glyconeogenesis) requires careful
deliberation and an understanding of label dilution and exchange as detailed in the

. following sections.
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Metabolic Exchange of Labelled and Unlabelled Carbons

Both the gluconeogenic pathway and the Krebs cycle must pass through the
oxaloacetate (OAA) pool. Therefore, carbon atoms of gluconeogenic precursors
(lactate, pyruvate, alanine) will mingle in the same OAA pool as carbons of acetyl
CoA entering from the Krebs cycle. Consequently, on their way to glucose, "*C-
labelled carbon atoms of gluconeogenic precursors may be exchanged with C atoms
coming from acetyl CoA carbons, thereby lowering the specific activity in glucose
and underestimating the gluconeogenic contributions to glucose production. Although
carbons originating in acetyl CoA can be incorporated into glucose via this cross-over
of metabolic pathways, it should be noted that acetate can make no net contributions
to glucose production.

Hetenyi (54, 55) has proposed a correction factor, H, for the underestimation
of gluconeogenic rates from some labelled precursors due to this metabolic exchange
in the OAA pool. It is based on a one-to-one exchange of “C for '*C atoms in the
OAA pool and on the ratio of specific activities of the first and third carbons in
glucose as a result of the infusion of [“C-2]-acetate. This glucose-labelling ratio
reflects the influxes of carbon atoms from acetyl CoA and other sources into OAA
(119). H has been estimated at 2.2 and 1.55 in normal (nonexercising) dogs and rats,
respectively (54, 55).

This correction factor has been calculated based on a number of assumptions,
most important of which is that the only source of “C in glucose is due to

incorporation from [*C-2]-acetate or, at least, that incorporation of “C atoms from
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other sources leads to the same pattern of label distribution in glucose as expected
from [“C-2]-acetate (55). However, alternative routes by which the label can be
incorporated into glucose must be given consideration. The first of these reactions
would be the condensation of ¥CO, (generated from oxidation of [**C-2]-acetate) with
pyruvate via pyruvate carboxylase activity. Little relative incorporation of plasma
®CQ, into glucose, however, has been shown (55). Secondly, “C-pyruvate may label
acetyl CoA by way of pyruvate dehydrogenase. This pathway 1s expected to be of
little consequence, especially in fasted animals (21). The activity of pyruvate kinase
which converts *C-phosphoenolpyruvate (*C-PEP) into “C-pyruvate resulting in
heavy labelling of plasma lactate and alanine (55) will introduce a second flux of “C
into the OAA pool and introduce error into the correction factor. In addition,
Kelleher (66) suggests that the following pathways which are not accounted for may
alter the correction factor and thus the rate of gluconeogenesis: 1) the flux of 4- and
5-carbon compounds into the Krebs cycle, 2} the reversible exchanges between OAA
and fumarate and QAA and pyruvate and, 3) the incomplete equilibrium of OAA
produced in the Krebs cycle and OAA derived from pyruvate. In light of these
considerations, the product of the calculated rate of gluconeogenesis and H is to be
considered an index of gluconeogenesis (or glyconeogenesis) rather than a quantitive

Iate.
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MC-Lactate as a Gluconeogenic Tracer

Despite the fact that lactate is a major substrate for and often used to assess
gluconeogenesis (and glyconeogenesis), it poses a number of problems as outlined by
Radziuk (88). 7) The true precursor for gluconeogenesis from lactate is hepatocyte
lactate which may not be in equilibrium with plasma lactate. The specific activities of
hepatic and plasma lactate, then, may not be in equilibrium. 2) The lactate Iabel is
rapidly and extensively exchanged with pyruvate and alanine, the specific activities of
which may not necessarily be equal to that of lactate. In addition, some carbon atoms
originating in lactate reach glucose via alanine and vice versa. If two separate experi-
ments are performed in which one uses “C-lactate as the tracer and th:e; other uses
1C-alanine, the sum total of the contributions of lactate and alanine to glucose will be
overestimated as some of the carbons will be accounted for twice (54). 3) There is
metabolic exchange of "C atoms from lactate for '>C atoms arriving in the OAA pool
from the Krebs cycle (as discussed above). 4) With labelled lactate or alanine as
tracers, more metabolites become labelled with time. An example would be the
formation of “C-glycerol (from C-glucose). Since it does not pass through the OAA
pool on its way to glucose, the rate of gluconeogenesis, then, would be overestimated
(54). Under general circumstances, the incorporation of “C from lactate (or alanine)
into glucose as an index of gluconeogenesis (or glyconeogenesis) has some
limitations. In tracking a lactate load, however, it can be very useful since the large

amount of exogenous lactate will be the principal determinant of lactate fluxes.
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Labelled Bicarbonate as an Alternative Tracer

Radziuk (88) has proposed “CO, as an alternative to labelled lactate or alanine
for the assessment of gluconeogenic fluxes. CO, is small, highly diffusible and
equilibrates rapidly with HCO; (via carbonic anhydrase) allowing for infusion of the
tracer in the form of H'*CO;. *CO, labels the pathway by condensing with pyruvate
in the pyruvate carboxylase reaction to form labelled OAA. (Gluconeogenic
contributions of pyruvate-level substrates, then, are traced while those of glycerol are
unaccounted for.) Because OAA is in equilibrium with fumarate due to the rapid
reversibilities of the malate dehydrogenase and fumarase reactions, and owing to the
fact that fumarate is a symmetrical molecule, the “C-carboxyl label will be
randomized between the first and fourth carbons of OAA and not simply lost in the
subsequent decarboxylation by PEPCK to form PEP. In this way, “CO, labels the
gluconeogenic pathway without acting as a net substrate. Because of its advantages,
then, “CO,, in the form of NaH"CO,, was chosen to trace hepatic gluconeogenesis in
rested and exercised rats.

If the specific activity of CO, equals a, then following equilibration with
fumarate, the specific activity of each of the carboxyl carbons of OAA will be a/2.
Therefore, the specific activity of PEP will be a/2. But since glucose is formed from
two molecules of PEP, the specific activity of glucose will be equal to a. Thus, an

index of gluconeogenesis, R,,, may be calculated by
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R,= = €3
4co,

where R,* equals the rate of appearance of “C-glucose and a is the specific activity of
plasma CO,. (The specific activity of plasma urea may be used as an estimate of
hepatocellular CO, specific activity as the only precursor to “C-urea is “CO, in the
hepatocyte (55).)

R, is an index rather than a true rate of gluconeogenesis as it is based on the
following assumptions (88, 89): 1) There is rapid diffusion of CO, between plasma
and hepatocyte and most of the “C from CO, is incorporated at the pyruvate
carboxylase step. 2) OAA and fumarate equilibrate rapidly to allow for label
randomization. 3) Minimal recycling of label occurs via pyruvate kinase and
pyruvate dehydrogenase activities. 4) Glycerol contributes little to glucose
formation. Calculation of R, becomes difficult out of steady state (eg. exercise) as
the specific activity of CO, may change. (This, however, would be applicable to any
substrate that is produced in exercise, particulary lactate.) Correction for metabolic
exchange in the OAA pool can be accounted for. The correction factor A no longer
applies to total gluconeogenic flux from pyruvate-level substrates when pyruvate
condenses with “CO, (88). Instead, a different correction factor, J, is calculated (88)

but subject to many of the assumptions as discussed for H.



Figure I.3: Tracer strategies: pathways labelled by different tracers.

Panel A: Gluconeogenic glycogen formation from systemic lactate (dark arrows) is
traced by [“C-U]-lactate (**C-Lac) infusion into plasma. [’H-6}-glucose (H-6-G) is
infused to track direct glycogen synthesis from plasma *C-glucose (open arrows)
which arises from hepatic gluconeogenesis from “C-lactate. *CO,, infused in the
form of NaH"“CO,, traces glyconecogenesis in liver only since it is not incorporated
via the glyconeogenic route in the muscle.

Panel B: To label glyconeogenesis from lactate formed locally in the muscle (dark
arrows), [“C-13-glucose (*C-1-G) is used. “C-glucose in glycogen arising from
direct uptake of recycled “C-glucose from plasma (formed via hepatic gluconeogen-
esis from “C-lactate) is accounted for by infusion of PH-3]-glucose ¢H-3-G) which
tracks direct glycogen synthesis (open arrows).
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TRACER METHODS AS APPLIED TO MUSCLE GLYCOGEN

M“C-Lactate as a Glyconeogenic Tracer in Muscle

The tracer approach taken in address to the question as to whether there is any
significant gluconeogenic synthesis of glycogen in muscle is based on the principles of
that which was used previously with respect to detection of hepatic (79, 88) and
muscle glyconeogenesis (62, 101). If muscle glycogen is made entirely from plasma
glucose, then the ratios of *H/C in glycogen would be the same as those in plasma
glucose following infusion of [*H-6]-glucose and [C-U]-lactate (the “C-glucose in
plasma and glycogen arising from hepatic glucose production from [“C-Ul-lactate).
(Refer to Figure 1.3, p. 32, Panel A). This is due to the loss of the tritium label from
the sixth carbon in glucose in the gluconeogenic pathway; thus, [PH-6]-glucose traces
only the direct uptake of glucose into muscle glycogen. If, however, there is
significant incorporation of *“C into glycogen via glyconeogenesis from [“C-U)-
lactate, then the ratio of *H/*C in glycogen will be significantly lower than that in
plasma. Experimentally, then, the C in glycogen not arising from “C-glucose in
plasma is used as an index of muscle glyconeogenesis.

The amount of “C-glycogen that could be accounted for by the direct vptake
of plasma glucose could be calculated based on the assumption that the ratio of *H/"C
in glycogen arising directly from glucose must be equal to that of plasma glucose:

H]-glucose _ [*H)-glycogen
[“C]-glucose  ['“C]-glycogen

Rearranging the equation gives
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. I _

direct [1*Cl-glycogen = —= [H]-glycogen d.p.m. Z4)
PHl-glucose d.p.m.
*Cl-glucose dp.m.

plasma

The difference, then, between the total amount of '“C-d.p.m. in glycogen and that
which can be accounted for by the direct uptake of “C-glucose from plasma, would
represent glyconeogenic contributions from [*C-U)-lactate. As this is a relative term
in “C-d.p.m., a more quantitative estimate can be calculated by dividing this
difference by the average specific activity of “C-lactate in plasma:

ndex = 2008 [1*C}-glycogen - direct [1*C]-glycogen a5
SA plasma [MC]-lactate

This represents an index of glyconeogenesis due to the number of assumptions and
limitations discussed previously, especially since the specific activity of plasma Jactate
may not be equal to that of intramuscular lactate and will not be constant during
exercise. Since a correction factor for label dilution of glyconeogenic precursors has
not been estimated in muscle, particularly during or following exercise, the index is a
minimal estimate of glyconeogenic activity in the muscle.

Tissue glycogen synthesized from direct uptake of plasma glucose is calculated
by

. . _ [BH}-dp.m. tissue glycogen
direct synthesis = +— L
et SA plasma [PH]-glucose @9

where FHJ-d.p.m. are those from *H-glucose in tissue glycogen and S4 is the average

specific activity of *H-glucose in plasma (C*/C) during recovery (or during exercise
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for rats sacrificed immediately postexercise).

MC-Glucose Recycling as a Glyconeogenic Index

[**C-U]-lactate traces glyconeogenic contributions made by plasma (systemic)
lactate to glycogen synthesis and may not adequately label those of intraceliular
lactate. In attempt to label intramuscular lactate more effectively, then, [*C-1]-
glucose is infused into the rats (Chapters 3 and 4). (Refer to Figure 1.3, Panel B, p.
32). Theoretically, [**C-1]-glucose would be taken up by muscle and oxidized to *C-
lactate which could then be synthesized into muscle glycogen via the glyconeogenic
route, labelling it with *C-d.p.m. But, of course, this ¥C-lactate could also leave the
muscle and undergo hepatic gluconeogenesis to form recycled “C-glucose. (The same
cycle, [**C-1]-glucose - “C-lactate — “C-glucose, could also take place within the
liver, but to 2 lesser degree.) This recycled “C-glucose wouid then enter the plasma
and be taken up directly into muscle glycogen, also labelling it with “C-d.p.m. Thus,
in order to account for recycled *C-glycogen arising from recycled “C-glucose in
plasma, [PH-3]-glucose is infused to trace the direct route as the label in the three
position is lost in the isomerization of dihydroxyacetone phosphate (DHAP) and
glyceraldehyde phosphate in glycolysis and therefore cannot be recycled. Glucose
tritiated on carbon three was preferred to that in the sixth position (above) as the
recycling assay actually measures label on carbon six (94). Recycled glucose
originating from [“C-1]-glucose may be labelled in the 1, 2, 5, or 6 positions (95).

This allows for quantitation by cleavage of the glucose molecules and label assessment
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in the C-6 postions in plasma glucose and glycogen (94), thus distinguishing recycled

“C-glucose from the [*C-1]-glucose tracer.

Labelled Bicarbonate as a Control for Muscle Glyconeogenesis

A number of assumptions are inherent in the above measurements of
glyconeogenesis. These include the linearity of glycogen formation which, in turn,
allows us to average the changing plasma substrate specific activities during the
glycogen synthetic period examined (i.e. exercise or recovery). Fortunately, this
assumption can be tested to some extent by using **CO, as a label. ™CO, is not
incorporated into muscle glycogen via glyconeogenesis as in liver (56) due to
inadequate equilibration in the fumarase reaction in muscle (14). As no label
incorporation is expected in muscle in NaH"CO,-infused rats, any labelling of muscle
glycogen apart from that arising from the uptake of plasma *C-glucose derived from
hepatic gluconeogenesis would be due to deviations from the above assumptions or to
the intrinsic errors in the methods used. It can thus be used as a "zero” or minimal
detectable error and the basis of the statistical analysis for the above glyconeogenic

tracer methods (see Chapter 2 for details).

UNIQUE APPROACH
Our experimental approach, then, to the question of muscle glyconeogenesis is
unique for the following reasons: N

1) Using the prolonged swimming rat model, the effects of exercise, per se, on
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muscle glyconeogenesis can be separated from those of lactate alone, as well as taken
in conjunction with influences of high substrate availability (produced by exogenous
infusion).

2) The use of different labelling techniques, ["C-Uj-lactate and [*C-1]-glucose,
allows for a distinction (to some degree) between glyconeogenic contributions made
by systemic and locally formed (intramuscular) lactate. The latter issue has not been
specifically addressed in the nterature.

3) The use of labelled bicarbonate allows for a control which tests the physiological
assumptions made and which can be used as a statistical "zero" for muscle
glyconeogenic activity detected by the above tracer methods. Simultaneously, it
permits an estimation of hepatic gluconeogenic activity during prolonged swimming

and recovery.
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CHAPTER 1: GLUCOSE DYNAMICS AND GLUCONEOGENESIS DURING
AND FOLLOWING PROLONGED SWIMMING IN RATS
INTRODUCTION

The effects of moderate to intense exercise on glucose turnover have been well
documented. In exercising rats, plasma glucose concentrations have been shown to
increase (29, 31, 35), decrease (3, 9, 12) or be maintained (3, 39) as dictated by
changes in rates of glucose production (R,) and clearance (MCR) depending on the
duration and intensity of the exercise and on the preexercise nutritional and training
status. The emphasis has been almost exclusively on one type of exercise, treadmiil
running, at moderate to high intensities for shorter durations (less than 60 minutes)
accompanied by limited recovery periods. In such exercise models, glycogen is
expected to be the primary source of fuel, particularly during the early stages, with
gluconeogenesis increasing in importance as exercise duration progresses (36). Less
information is available, however, on glucose dynamics during and following lower
intensity prolonged forms of exercise in rats.

It is expected that prolonged exercise at submaximal intensities will
demonstrate different patterns of substrate utilization with resulting differences in
glucose dynamics, particularly in a fasted state in which hepatic glycogen is depleted
and would be deemphasized as 2 fuel source. In untrained rats, prolonged
submaximal e:_:ercise (eg. prolonged swimming) is characterized by minimal lactate
accumulation (10) and three-fold increases in plasma free fatty acids (FFA) (32). In

addition, treadmill running at low intensities elicits respiratory quotient values
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CO, produced/O, consumed) (eg. 0.86) significantly lower than those of rats running

at higher intensities (eg. 0.93) (3), again indicative of a greater dependence on fat
rather than carbohydrate oxidation. Since prolonged exercise at a lower intensity is a
more common mode of exercise and may be particularly applicable in patients with
diabetes, the definition of glucose fluxes during and after this type of exercise need to
be examined.

Reduced running capability and hypoglycemia have been recently
demonstrated in rats by pharmacological inhibition of gluconeogenesis (21),
illustrating the importance of gluconeogenesis in maintaining glucose homeostasis and
work performance. However, the exercise studies to date have only been able to
estimate indirectly the contributions of gluconeogenesis to glucose production during
and following exercise by the differences between R, and approximated hepatic
glycogen breakdown (eg. ref. 35) or by using *C-glucose recycling as an index (9).
‘We present a more direct assessment of the index of gluconeogenesis using tracer
CO, to label the contributions of pyruvate-level substrates to glucose production as
has been described previously (24). This approach also allows for the assessment of
CO, production so that insight may be gained into substrate oxidation in these studies.

The intention, then, is to present a métabolic picture of prolonged swimming
and recovery in untrained rats in terms of its effects on glucose turnover and the

contributions of gluconeogenesis to glucose production.
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METEODS

Male Sprague-Dawley rats (Ottawa Civic Hospital, Ottawa, Ontario) were used in
this study. The animals were housed in a 12:12 hour light/dark cycle environment
with free access to Purina rat chow and water. Rats weighing approximately 180
grams were anesthetized with ketamine (120 mg/kg) and xylazine (8.3 mg/kg).
Catheters made of silastic medical grade tubing connected to polyethylene tubing via
blunted needles were implanted in the superior vena cava via the right jugular vein
and in the aortic arch via the left carotid artery to allow for intravenous infusions and
arterial blood sampling, respectively. The animals were allowed to recover from
surgery for four days in individual cages provided with food and water. During the
final two days of recovery, the rats were swum for 30 minutes in a rectangular tank
(55.5 cm width, 1.4 m length, 42 cm depth) in order to accustom them to the water -~
(35°C). Prior to the day of a study, 2ll rats were fasted for 12 hours overnight in
order to minimize glucose absorption from the gut. Fasting was initiated after 2 one

hour feeding period during the dar™ cycle.

EXPERIMENTAL PROTOCOL

The fasted rats were weighed and strapped into harnesses connected to swivel
and tether systems to accomodate the lines extending from the indwelling catheters.
A primed constant intravenous infusion of D-[*H-6]-glucose (HPLC purified using
Bio-Rad HPX-87P column) and N2H“CO, in 0.9% NaCl continued for 6 or 9 hours

using a Harvard compact infusion pump (Model 975). The priming dose for



51-

D-[’H-6]-glucose was approximately 4.5 pCi which was followed by a constzat
infusion of approximately 0.04 xCimin®; the priming dose for NaH"C0, was
approximately 36 pCi followed by an infusion rate of approximately 0.3 uCimin™.
Saline was simultaneously infused at a rate of 0.055 ml'min"! throughout the study. A
resting basal period of 2 hours was allotted in order to establish a steady state
condition afterwhich the swimmer would swim for 4 hours in water maintained at
35°C, while the control rested in its cage. One group of swimming rats (n = 7),
along with its rested controls (n = 7), was sacrificed immedia;ely foilowing the 4
hour exercise period to assess hepatic glycogen content. The femaining swimmers (n
= 7) were taken out of the water, dried off and allowed to recover for 3 hours under
heat Iamﬁs along with their nonexercised controls (n = 6). During a study, arterial
blood samples (1 ml) were taken at 90, 120, 180, 240, 300, 360, 420, 480 and 540
minutes and mixed with two drops of heparin (1000 U/ml). The samples were spun in
a microcentrifuge (Jouan M14.11) at 1000 r.p.m. for 2 minutes for separation of
blood elements and plasma. Plasma was kept for metabolite analyses while the red
blood cells were resuspended in saline and reinjected into the experimental animals.
Following the final blood sample, the rats were sacrificed with an intravenous
injection of 65 mg of sodium pentabartital. Abdominal cavities were opened in the
rats and their livers clamped frozen with aluminium tongs precooled in liquid
nitrogen. Tissues were kept at -85°C pending analysis of total hepatic glycogen

content.
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CHEMICAL ANALYSIS

Preperation of tracer standards. In order to measure the total amount of
disintegrations per minute (d.p.m.) of labelled glucose and bicarbonate infused and
the recoveries of the labelled metabolites through the assays (to follow), standards of
the tracer infusate were made. The infusate (1 ml) was diluted 1:100 in distilled

water with 100 mg carriers of both D-glucose and sodium bicarbenate.

Deproteinization, Plasma proteins were eliminated so as to avoid any interferences
they might cause in the chemical analyses of the metabolites, especially in the
separation of compounds in the anionic columns. Plasma (and infusion standards)
(200 ul) were thus deproteinized by precipitation with 0.4 ml 0.3 N Ba(OH), and
subsequent neutralization with 0.4 ml of matched 5% w/v ZnSQ, (28). Distilled
water was added (10 ml), the solution vortexed and spun in a Beckman GPR
Centrifuge for 20 minutes at 2000 r.p.m. The supernatant was decanted and kept for

radiolabelled glucose assessment.

Plasma glucose. Glucose label CH and C) was separated from labelled organic acids
and amphoteric compounds in the deproteinized plasma using Dowex anionic resin
columns (1 X 8 and S0W X 8, 200400 mesh) essentially as described previously
(20). The first eluate (containing glucose and other neutral compounds) was
collected. An aliquot (2 ml) was dried down under vacuum (to eliminate tritiated

water), reconstituted in 0.6 ml of distilled water and counted on a Packard 2200CA
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Tri-Carb Liquid Scintillation Analyzer with either 15 ml of Universol or Formula 989
as the scintillation cocktail to determine both tritiated and “C counts. Recovery of
the glucose label from the columns was determined by running the deproteinized
standards through the columns in parallel with the plasma samples and comparing the
resulting tritiated counts to those obtained from counting 1 ml of the infusate standard
directly.

In order to separate glucose from the other neutral compounds in the cclumn
eluate fraction and to quantitate radiolabelled glucose, 2 ml of the column eluate
containing glucose was freeze-dried in carrier glucose (solution containing 60 mg
glucose) for the formation of potassium gluconate as described by Jones and Stoodley
(22). The dricd sample was dissolved in anhydrous methanol in a boiling water bath.
(Anhydrous solutions were used as the product is soluble in water.) A solution
containing 170 mg iodine in anhydrous methanol was added. Potassium hydroxide
(4% in anhydrous methanol) was added dropwise, with vortexing, over a period of 40
minutes in a bath maintained at 40°C. The solution was filtered under vacuum and
the precipitate was collected as a wafer, air dried, weighed, dissolved in distilled
water (1 ml) and counted in scintillation fluid. Standards of *H- and “C-glucose were
used to track recovery through the potassium gluconate assay.

*H- and “C-glucose d.p.m./mi plasma were calculated as follows:
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dp.m. CHMC) x T.W.

x dilution
AW = dp.m. PH)-,[**C]-glucoselml  (1.1)
recovery
3 lasma
recovery = wafer CH) d.p.m.jml p 1.2)

column eluate CH) dp.m.Jml plasma

where 7.W. is the theoretical weight of the potassium gluconate wafer (78 mg) and
A.W. is the actual wafer weight. The dilution factor (dilurion) is equal to the total
volume of the deproteinized sample (11 ml) divided by the product of the amount of
plasma originaily deproteinized (0.2 mi) and the size of the aliquot of the column
eluate used in the assay (2 ml). Recovery of the label through the assay was
determined using the tritiated counts of the column eluate fraction and those obtained
in tiie gluconate assay.

Total plasma glucose was measured directly using a Beckman Glucose

Analyzer 2 or Yellow Springs Instruments 2300 Stat Glucose/L-Lactate Analyzer.

Plasma lactate. Total plasma lactate was measured using the Glucose/Lactate
Analyzer directly or using 2 microfluorometric assay. The microfluorometric assay
used for lactate determination was a modified version of that previously desc;'ibed
(23) based on the activity of lactate dehydrogenase to react lactate with NAD to form
pyruvate and NADH. The increase in NADH, measured by the increase in

fluorescence, is directly proportional to the amount of jactate present in the sample.
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The buffer was prepared by dissolving glycine (0.17 M), semi-carbizide HCl
(0.75 M) and NaOH (0.05 M) in water and adjusting the pH to 10.5. The solution
was made up to volume and filtered. To 100 ml of this glycine buffer, 80 mg of
NAD was added. NAD-glycine was added to 0.5 ml of deproteinized plasma. The
initial relative intensity readings on the Miles Ames Fluro-Colorimeter, with
excitation and emission filters set at 360 nm and 460 nm, respectively, were taken.
200 pl of lactate dehydrogenase (50 mg/10 ml suspension, diluted 1:3) was added and
the final readings were taken after exactly 2 hours incubation. A deproteinized
metabolite control (containing 2.23 mM of lactate) as well as duplicate standard

curves (absorbance vs. nmol lactate} were run through the assay.

Plasma CO,. “CO, was determined using modifications of a rethod described
previously (19). Plasma (100 ui) was pipetted directly into scintillation vials which
were then sealed with rubber caps containing center wells. Fluted filter paper soaked
in hyamine hydroxide (0.2 ml) in the center wells traps the “CO, released after
injection of 0.5 ml 1 N H,PO, through the rubber cap. After overnight refrigeration,
the center wells were cut into clean scintillation vials; the “¥CO, was dissolved in 0.8
ml distilled water and was counted in 15 ml of Universol or Formula 989. Recovery
of *CO, was determined by running 100 gl of infusate standard through the assay in
parallel with the samples and comparing the “C counts to those obtained by counting
100 il of standard infusate (with 0.2 ml of hyamine hydroxide and 0.8 m! of distilled

water) directly.

1
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Total plasma CO, was determined by spectrophotometric analysis using a

standard Diagnostic Kit for CO,. At pH 8.0 (Tris-buffered), CO, in the plasma
sample condenses with PEP (1.79 mM) catalyzed by PEPCK (212 U/L) forming
OAA; malate dehydrogenase (1250 U/L) then catalyzes the reduction of OAA to
malate using NADH (0.4 mM), thereby forming NAD. The decline in absorbance at
340 nm measured on a spectrophotometer (Bausch & Lomb Spectronic 1001) is thus
proportional to the original amount of CO, in the plasma. A standard curve

(absorbance vs. mmol CO,) was plotted.

Liver glycogen. Glycogen was isolated in liver samples by the method described by
Hassid and Abraham (15). Frozen tissue samples of liver (in duplicate) were weighed
and digested in 6.0 ml of boiling 30% KOH for 30 minutes to break up the cells.
Overnight refrigeration in 1.2 volumes of 90% ethanol precipitated the glycogen.
Samples were then centrifuged for 20 minutes at 2000 r.p.m. and the pellets washed
with 60% ethanol to remove any remaining free glucose or other impurities and
centrifuged again. After the supernatants were decanted and the pellets allowed to
drain, excess alcohol remaining was dispelled by heating in 2 boiling water bath.
Tissue glycogen was then hydrolyzed in 2.0 ml of boiling 1 N HCI for 2 hours and
the cooled samples were made up to 2.0 ml with distilled water. Total glycogen, now
in the form of glucose subunits, was quantitated using a spectrophotometric coupled
hexokinase - glucose-phosphate dehydrogenase assay system (Glucose SR Kit). Using

ATP (6 mM) and Mg>* (5 mM), hexokinase (4000 U/L) catalyzes the phosphorylation
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of glucose to glucose-6-phosphate which is then oxidized by glucose-6-phosphate

dehydrogenase, reducing NAD to NADH in the process. The increase in absorbance
at 340 nm, then, is directly proportional to the amount of glucose units in the sample.
The standard curve was derived by the dilutions of a standard glucose solution in 1 N

HCL.

CALCULATIONS

In spite of the sparseness of the data points, the gradual changes induced by
this type of exercise allowed. interpolation between the points (26) and the utilization
of a simple one-compartment method for calculating the rates of appearance (R,) and

metabolic clearance (MCR) of glucose. The forms of the equations used are those of

de Bodo et al. (7)
MCR = LpvdE - R;] 1.3)
C dat
R [pv
R = = - [ﬂ&'ﬁ'ﬁ] (1.4)
a a dt

where C is the plasma concentration of D-[°H-6]-glucose, C is total plasma glucose
concentration, p is pool fraction of glucose (p = 0.65), V is its volume of distribution
in the pool (V = 20% of body weight), R,” is the rate of infusion of D-PH-6]-glucose
and a is the specific activity of plasma glucose (C”/C). Identical formulac were used

for CO, turnover with C, C" and g, the plasma concentration of CO, and tracer and
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its specific activity, respectively.

Since, during exercise, the specific activity of CO, is not constant, the rate of
incorporation of *C from CO, into glucose cannot be accurately calculated. An
estimate or index of gluconeogenesis (R,,) is therefore used here, defined by the
formula

R, = ;-R“— (1.5)
€0,
where R,* is the rate of appearance *C-glucose in plasma and @cq, is the mean
plasma specific activity of 1*CO, for each period (basal, exercise and recovery).

Statistical analyses on plasma data were done using Dunn’s procedure for a
priori planned multiple comparisons. Comparisons of total liver glycogen were done
using analysis of variance with a completely randomized factorial design and an @
posteriori comparison by Scheffe’s procedure (using the statistical package, SAS).

The level of significance for each test was set at P < 0.05.

RESULTS
The catheterized rats had completely recovered from their surgery after four
days and had surpassed their presurgical weights. Following the overnight fast, the
rats lost an average of 15 g giving them final preexperiment weights of 185 + 3 g for

rested controls (n = 13) and 184 + 4 g for swimmers (n = 14).



Figure 1.1: Plasma glucose, lactate and CO, concentrations during rest, exercise and
recovery in rats.

Plasma glucose (upper curve), lactate (middle curve) and CO, concentrations (lower
curve) were determined in rats during two-hour basal (0-120 minutes), four-hour
exercise (or rest) (120-360 minutes) and three-hour recovery (360-540 minutes)
periods. Rested rats are represented by the dashed lines, exercised animals by the
solid lines. Data are expressed as means + SEM. *significantly different from rest
P < 0.05). n = 7 for exercised rats and n = 6 for rested animals.
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Figure 1.1: Plasma glucose, lactate and CO, concentrations during rest, exercise and
recovery in rats.
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Plasma glucose (Figure 1,1), The fasting preexercise plasma glucose levels were not
different between control and exercise groups (102.5 + 7.4 mg/dl vs. 1029 1+ 4.8
mg/dl, respectively). Despite the initial rise to 118.3 £ 6.9 mg/dl in the swimming
rats during the first hour of exercise, plasma glucose concentrations in the exercising
group were not significantly different from resting controls throughout the four-hour
exercise period; however, glucose in the exercised rats increased during the
postexercise recovery period, reaching a level significantly elevated above that of
controls (131.0 + 5.8 mg/dl vs. 110.8 + 5.1 mg/dl, P < 0.05) one hour

postexercise and remained significantly higher than control glucose levels after three

hours of recovery.

Plasma lactate (Figure 1.1). There were no significant changes in the controls over
the experimental periods; however, the swim induced only a doubling of the plasma
lactate concentrations after the first hour of the exercise period (from 0.78 + 0.05 to
1.88 + 0.45 mM). Lactate concentrations declined gradually thereafter but remained
significantly elevated as compared with rested controls for the next two hours of
swimming and up to one hour postexercise before finally achieving resting levels two

hours into recovery.

Plasma CQ, (Figure 1.1). There were no significant changes in either the control or

exercise group during the nine hours of the study.



Figure 1.2: Rates of glucose production and clearance during rest, exercise and
recovery in rats. '

The rates of glucose production (rate app, lower curve) and clearance (mcr, upper
curve) were determined during two-hour basal (0-120 minutes), four-hour exercise (or
rest) (120-360 minutes) and three-hour recovery (360-540 minutes) periods by the
constant infusion of [*H-6}-glucose into rats. Rested rats are represented by the
dashed lines, exercised animals by the solid lines. Data are expressed as means +
SEM. *significantly different from rest (P < 0.05). n = 7 for exercised rats and

n = 6 for rested animals.
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Figure 1.3: Indices of gluccneogenesis in rested and exercised rats.

Indices of gluconeogenesis were determined during two-hour basal (basal) (0-120
minutes), four-hour exercise (exer) or rest (rest) (120-360 minutes) and three-hour
recovery (recov) (360-540 minutes) periods by the constant infusion of NaH'*CO, into
rats. The mean plasma specific activity of CO, during each period was used to
calculate the respective indices. Data are expressed as means + SEM. *significantly
different from rest (P < 0.05). n = 7 for exercised rats and n = 6 for rested ani-

mals.
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Metabolic Clearance and Production of Glucose (Figure 1.2). The maintenance of the
plasma glucose levels during exercise is reflected in the matched increases in MCR
and R, of glucose during this period. While there were no significant changes in
glucose fluxes in control rats, R, in the exercising group doubled from its basal rate
of 1.58 + 0.17 mg/min to 3.58 + 0.21 mg/min after 80 minutes of swimming and
remained elevated for the subsequent three hours of exercise. There was a simulta-
neous doubling of glucose clearance during the first hour and twenty minutes of
swimming (1.58 + 0.19 ml/min to 3.05 + 0.32 ml/min). Glucose clearance
remained significantly elevated throughout the exercise period. Both glucose R, and
MCR, however, decreased somewhat after the initial peak at about 90 minutes (after
the initiation of exercise) and returned to basal levels in the exercised rats after three
hours of recovery. The rate of decline in R, lagged behind that of MCR accounting

for the elevated postexercise glucose levels (Figure 1.1).

Index of gluconeogenesis (Figure 1.3). Swimming induced an 80% increase in the
index of the rate of gluconeogenesis. From a resting basal rte of 1.00 £ 0.13
mg/min, the calculated index of gluconeogenesis (from the mean “CO, specific
activity during exercise) rose to 1.81 + 0.23 mg/min during the exercise period (P <
0.05). The index of gluconeogenesis in the exercised rats was not significantly

different from controls during recovery.



Figure 1.4: Rates of CO, production and clearance during rest, exercise and recovery
in rats.

The rates of CO, production (rate app, lower curve) and clearance (mcr, upper curve)
were determined during two-hour basal (0-120 minutes), four-hour exercise (or rest)
(120-360 minutes) and three-hour recovery (360-540 minutes) periods by the constant
infusion of NaH"“COQ; into rats. Rested rats are represented by the dashed lines,
exercised animals by the solid lines. Data are expressed as means + SEM. *signifi-
cantly different from rest (P < 0.05). n = 7 for exercised rats and n = 6 for rested
animals.
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CQ, Clearance and Production (Figure 1.4), There were no significant changes in
total plasma CO, (Figure 1.1), the rate of CO, appearance (R, o) nor in the rate of
metabolic clearance of CO, (MCRcy) in rested control animals. R, oz doubled from
a resting rate of 0.16 + 0.01 mmol/min to a peak of 0.29 + 0.02 mmol/min reached
100 minutes after the onset of exercise. This was also accompanied by a two-fold
increase in MCR¢q; (6.81 + 0.47 ml/min to 14.18 + 0.36 mi/min). By the end of
the second hour of recovery, there were no significant differences between exercised
or rested animals in either CO, production or clearance and basal rates were achieved

after three hours of recovery.

Liver glycogen (Figure 1.5). Liver glycogen content was measured at rest (6 hours),
immediately after exercise and after a three-hour recovery. Postexercise liver
glycogen was virtually depleted (0.26 + 0.03 mg/g) as compared to fasted rested
controls (P < 0.05). Hepatic glycogen was 0.79 + 0.19 mg/g following three hours
of postexercise recovery, a value not significantly different than that immediately

postexercise.



Figure 1.5: Total liver glycogen in rats after rest, exercise or postexercise recovery.
Total liver glycogen was determined in rats following six hours of rest (rest), two
hours of rest followed by four hours of exercise (exercise) or two hours of rest
followed by four hours of exercise and three hours of postexercise recovery in the
fasted state (recovery). Data are expressed as means + SEM. *significantly
different from rest (P < 0.05). n = 7 for all rats.



Glycogen (mg/g tissue)

66~

LIVER

1.5-

Rest xerms

Recovery

Figure 1.5: Total liver glycogen in rats after rest, exercise or

postexercise recovery.
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DISCUSSION

Prolonged submaximal exercise (four hours of swimming) in fasted, untrained
rats whose liver glycogen is nearly depleted, is characterized by euglycemia during
the exercise and an elevation of plasma glucose levels during recovery. This occurs
as a consequence of precisely matched increases in glucose production (primarily
gluconeogenesis) and glucose utilization during exercise followed by a lag in the

decrease of glucose production to basal rates during recovery.

METHODOLOGY

A one-compartment model for glucose kinetics is most appropriate when
changes occur slowly. This allows reasonable interpolation between the necessarily
few data points obtained during the experimental period (26). The exceptic a to this is
during the initial hour following the onset of exercise. The interpolation here may
not represent rapid and perhaps transient changes in glucose fluxes which likely
oceur.

The assessment of gluconeogenic rates by any method (eg. 9, 35) is subject to
assumptions and limitations. The merits and assumptions that accompany
determination of an index of gluconeogenesis using labelled bicarbonate as the tracer
have been discussed previously (27) and have been outlined in the Introduction (pp.
30-31). During exercise, the situation becomes less clear as the specific activity of
CO, changes (as seen in our data as well as by others, eg. ref. 29) as CO, production

and compensating ventilation increase. This makes possible only an average estimate
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of a gluconeogenic index during the three experimental periods. The changes,
although qualitative, give an indication of the relative gluconeogenic fluxes at rest,
during exercise and recovery. |

Since “CO, concentrations during a constant infusion of this label were
available, CO, clearance and production were also calculated. When a one-
compartmental model is used in these calculations, the principal assumption is the
absence of slow pools of CO, which may recycle labelled *CO, and provide
unlabelled CO, which is not produced by metabolic pathways.

A partial verification of this approach could be based on other published data
on CO, production. A resting Veoz Of 15.0 + 0.5 ml'’kg™min™ has been reported in
untrained fasted rats in the weight range of 210 to 240 g (3). This gives a rate of
CO, production of approximately (15 ml'kg 'min? x 0.225 kg)/22.4 ml'mmol* = 0.15
4 0.005 mmol'min?, where 22.4 m] is the volume of 1 mmol of gas at standard
temperature and pressure and 0.225 kg is the average weight of the rats. This
coincides closely with the average resting production rate of CO, in our studies in

untrained rats of similar weight (n = 27) of 0.16 £ 0.01 mmol'min™.

GLUCOSE TURNOVER

These studies demonstrate that untrained fasted animals can maintain glucose
homeostasis during pblonged submaximal exercise due to the matched increases in
the rates of glucose production and clearance. Others have reported very mild (10)

to severe hypoglycemia (5, 32, 33) in rats immediately following prolonged
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swimming programs lasting approximately 3-4 hours. The discrepancies are most
likely due to the fact that each of our rats swam alone (albeit with continuous
agitation) and may not have exercised as vigourously as those swimming
"competitively”, as it were, in the presence of several animals. Secondly, the latter
may invoke additional psychological stress factors which may affect thé hormonal
profile (catecholamines, glucagon, insulin), increasing the uptake of glucose beyond
the rate of production to the point of hypoglycemia.

The intensity of exercise is of pivotal importance to a discussion of glucose
turnover as studies have shown that higher intensity exercise is associated with
different patterns of glucose production, utilization and regulation compared to low
intensity exercise (40% maximal oxygen uptake and no increases in plasma lactate
concentrations) (6). Treadmill-run rats show postexercise lactate concentrations from
1.9 mM (8) to 3.5 mM (29) and 4.6 mM (8) for short-term easy, moderate and hard
exercise, respectively. Similarly to previous studies (10), lactate concentrations in the
swimming rats in this study were 2.4 times higher than basal (1.88 mM) after the first
hour of exercise, before declining to 1.3 mM by the fourth hour. Because blood
samples were taken only after each hour of exercise, there may have been a larger
initial increase of plasma lactate at the onset of exercise which diminished by 60
minutes (as seen in fasted running rats (37)) and thus remained obscure. Our
swimming model would therefore qualify as a low- to moderate-intensity exercise.

While our prolonged swimming protocol induced matched two-fold increases

in R, and MCR to maintain plasma glucose concentrations, treadmill running in rats
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has induced states of hyperglycemia (28, 31, 34, 35), hypoglycemia (3, 9, 12, 13, 38)

or euglycemia (3, 39). Donovan and Sumida (9) report that while R, in untrained rats
doubled during the first 30 minutes of running, the resulting hypoglycemia was
attributed to the marked differences in R, and R, (rate of glucose disappearance).
They also report that the ability of trained rats to avoid hypoglycemia in exercise is
due to the increased rate of glucose production and not uptake or clearance of
glucose.

Of perhaps equal importance in the effects of exercise intensity on glucese
turnover is the preexercise nutritional status. Sonne et al. demonstrated not only does
hepatic R, vary directly with exercise intensity (29), but also that the degree of
imbalance between the increases in R, and MCR are closely related to nutritional
statuls (31). They also suggested that the increased exercise-induced glucose pro-
duction is just coincidentally better able to match the increase in glucose clearance in
fasted compared to fed rats (31). It is suggested that the 12-hour fast used in the
present study may prevent hypoglycemia since liver glycogen stores are depleted and
gluconeogenesis and fatty acid oxidation may be induced to a greater degree prior to
exercise than in, for example, food restricted rats (5).

The rates of glucose production and clearance returned to basal after three
hours of postexercise recovery; however, during this recovery period, our rats
showed deviation from the seemingly tight control over glucose homeostasis seen
during the exercise period. Plasma glucose rose significantly as the rate of decline of

R, lagged behind that of MCR. This is similar to the rebound increases in plasma
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glucose reported during recovery from moderate running in rats (29) and intense
cycling in man (4). It is consistent with the "feedforward™ concept of glucose
production - that the exercise-induced increases in R, are not secondary to increases in
glucose uptake nor elicited by muscle substrate need (29) but are probably stimulated

by feedforward mechanisms initiated in the central nervous system and, in part, by

epinephrine (31).

GLUCONEOGENESIS

Upon examination of the amount of glucose produced over the four-hour
exercise (and three-hour recovery) period, the question as to the supply of substrate to
support this increased glucose production becomes an issue. Presumably, the first
source of glucose would be liver glycogen; however, one would expect a significant
depletion of this source following the 12-hour overnight fast (Figure 1.5). Exercise
was estimated to have depleted approximately 1.25 mg/g of liver glycogen.
Assuming that the liver weight is 4% of the total body weight of the rat (34), this
represents approximately 9.25 mg of glycogen. Clearly, with a peak rate of glucose
production of 3.58 4 0.21 mg/min during exercise, liver glycogen could not have
supported more than a few minutes of the increased productior of glucose.
Gluconeogenesis, then, becomes the key contributor to hepatic glucose output.

Based or.l the rate of “C-glucose production divided by the mean CO, specific
activity during the exercise period, the average calculated gluconeogenic rate is 1.3

mg/min, very nearly half of the total glucose production rate (3.5 mg/min, Figure
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1.2). It has been demonstrated, however, that metabolic exchange of “C for **C
occurs between the gluconeogenic pathway and the Krebs cycle, in the oxaloacetate
pool (16). In fasting rats, this dilution factor has been estimated to be 1.4 - 1.5 (16,
17). This yields a relative flux, y, through the gluconeogenic pathway of 0.9 to 1.25
(16, 7). When “CO, is used to label the gluconeogenic process, this translates into
a dilution factor ((1-+y)/y, ref. 25) of 1.8 to 2.1. This is consistent with the
hypothesis that gluconeogenesis is the only process contributing to glucose production
under these circumstances.

It should be noted that the gluconeogenic contributions by glycerol are not
included in the above calculations since glycerol is not labelled with “CO, as it enters
the pathway beyond the pyruvate-carboxylation step. This may result in an
underestimation of the gluconeogenic index, especially during exercise. However,
although blood glycerol concentrations are elevated in fasted rats during prolonged
swimming (from 0.05 mM at rest to 0.20 mM at exhaustion, ref. 10), the increase
may not be quantitatively important in terms of providing additional giuconeogenic
substrate to liver.

Lactate is elevated throughout most of the study and is likely an important
substrate for the gluconeogenic process. Alanine, giutamine and glycerol are three
other potentially important sources of substrates, particularly during prolonged
exercise (eg. 36). It has been suggested that these gluconeogenic substrates are
released from muscle, particularly in the form of alanine, for transport to the liver

(eg. 11). Indeed, increased gluconeogenic substrate release from muscle has been
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reported in fasting rats (14, 23), accompanied by decreases in plasma alanine

concentrations (23), suggesting that extraction by the liver exceeds muscle substrate
output in periods of high gluconeogenic rates induced by fasting. The situation in
exercise, however, is less clear. While similar decreases in plasma alanine have been
reported following exhaustive swimming ir rats (10), suggestive of elevated hepatic
uptake, no alanine efflux from muscle was reported following maximal exercise in

humans (16).

FUEL UTILIZATION

Carbon dioxide turnover can be a reflection of fuel utilization during exercise -
a relatively higher rate indicative of a greater dependence on carbohydrate oxidation.
Rats running at low intensity (13.4 m/min, 1% grade) show the same two-fold
increase (from 15.0 to 31.0 ml'kg''min™) in the rate of CO, production after the first
hour of exercise (3) as did our swimming rats, while those running at a higher
intensity (26.8 m/min, 1% grade) demonstrate a three-fold rise in CO, production
(45.7 ml’kg'min™) (3). This suggests that lower intensity exercise demonstrates a
higher reliance on FFA as fuel, consistent with higher plasma FFA in untrained rats
swimming to exhaustion (32) than following exhaustive running at moderate inteasity
(38).

These observations are also consistent with the data presented here. The
doubling of CO, production in conjunction with the two-fold increases in glucose

production and clearance as well as the plasma concentration of lactate suggest that
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during the first 100 minutes of swimming, there is a relatively higher dependence on
glucose for fuel than during the latter stages of the exercise. It is interesting to
observe that MCR and R, of glucose reached peak values approximately 80 minutes
into the exercise period and then decreased somewhat - in parallel with changes in the
production of CO,. The fall in both fluxes during the latter part of the exercise

period is again consistent with a relatively greater reliance of FFA as fuel.

HEPATIC GLYCOGEN

The maintenace of the elevated rates of glucose production well into the
recovery period would suggest a replenishing of substrate stores. Yet, while it has
been reported (12, 13) that there is no appreciable postexercise glycogen resynthesis
in liver so as to preferentially restore muscle glycogen (owing to a hormonal milieu
conducive to hepatic glucogeneogenesis rather than glycogenesis), there was some
(albeit very little) liver glycogen synthesized during the three hour recovery period in
our rats. It has been suggested that the most potent stimulation for glycogen synthesis
in liver by glycogen synthase is low concentrations of glycogen (3). The significantly
lower postexercise liver glycogen concentrations in the swimming rats in this study
(0.26 + 0.04.mg/g) as compared to those run to exhaustion (eg. 0.74 + 0.12 mg/g,
ref. 12) may stimulate an initial rapid rate of glycogen synthesis until a critical
concentration is reached. Indeed, after three hours of postexercise recovery, liver
glycogen in the swimming rats (0.79 + 0.19 mg/g) was similar to that of the running

rats (0.91 + 0.14 mg/g, ref. 12). This increase, however, amounts' to only about
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4 mg of glucose made during the recovery period. One report of significant hepatic
glycogen repletion in rats previously swum to exhaustion (from 0.76 to 5.36 mg/g
glycogen), presumably owing to a different hormonal profile (i.e. fivefold lower
catcholamine concentrations compared to rats run to exhaustiorn) (10), is not in
keeping with other findings (in running rats, eg. ref. 12, 13), as well as the present
study.

Because the rates of glucose production remain elevated in recovery, and since
this glucose is apparently not being used to replete liver glycogen, it is suggested that
this excess plasma glucose is used for the preferential replenisment of muscle

glycogen following prolonged swimming.
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CHAPTER 2: PATHWAYS OF POSTEXERCISE MUSCLE AND
LIVER GLYCOGEN SYNTHESIS
INTRODUCTION

The maintenance of the elevated rates of postexercise glucose production
without significant amounts of hepatic glycogen formation (as seen in Chapter 1)
suggests the preferential repletion of muscle glycogen even in the absence of
exogenous substrate as reported previously (16, 17, 27). The pattern of such
postexercise glycogen repletion in terms of the source or sources of muscle glycogen,
be it entirely plasma glucose (direct route) or partially glucogenic precursors such as
lactate (glyconeogenic route), has not been clearly established. Evidence is accumu-
lating to suggest that the indirect pathway could be a significant contributor to
glycogenesis in frog (6, 12), rabbit (6, 32), lizard (18), rat (24, 28, 38), mouse (8,
40) and human (5, 20) muscle.

Johnson and Bagby (24) have reported that prior exercise (treadmill running)
does not affect the pathways of tissue glycogen repletion and that glyconeogenesis can
occur in white muscle, but only in the presence of high lactate levels produced by
nutritive support. Stevenson et al. (39) also reported glyconeogenesis in perfused rat
hindlimbs, but only with high concentrations of lactate in the perfusate. Prolonged
swimming, however, is characterized not only by significant muscle glycogen
depletion (13, 15, 39, 42, 43) and substantial postexercise repletion during fasted
recovery (15), but also by minimal plasma lactate elevation (13, 15, Chapter 1). We

used this swimming model, then, to investigate whether muscle glycogen was repleted
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to any extent via the indirect pathway given the apparent lack of glyconeogenic
substrate, or whether plasma glucose could account for all of the glycogen synthesized

during the postexercise recovery period.

METHODS

EXPERIMENTAL PROTOCOL

The experimental design used was identical to the one described in Chapter 1
with the following exceptions. Three series of swimming and resting rats were
studied; the first two series (I and II) were those described Chapter 1 which were
infused with NaH"CO, and D-[’H-6]-glucose and sacrificed either immediately
following the four-hour exercise or rest period (I) or after the three-hour postexercise
recovery period (II); the third series of rats (I} was infused with [“C-U]-lactate
along with D-[’H-6]-glucose throughout the nine-hour protocol and sacrificed
following the recovery period. The priming dose for [**C-U]-lactate was approxi-
mately 3.94 uCi which was followed by a constant intravenous infusion of approxi-
mately 0.03 pCi'min; the other tracers were infused at rates described previously
(Chapter 1). At the end of the study, in addition to the liver, three muscles of the
hindlimb - soleus, white and red gastrocnemii (representative of slow-twitch oxida-
tive, fast-twitch glycolytic and fast-twitch oxidative glycolytic muscle fibers, respect-

ively) - were freeze-clamped for the assessment of total and radiolabelied glycogen.
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CHEMICAL ASSAYS

Analyses of plasma samples for total and radiolabelled CH and “C) glucose in
Series I and IT were described in Chapter 1. *H- and "“C-glucose of Series III plasma
samples were determined directly from the column eluate fractions without potassium
gluconate formation. Muscles from both hindlimbs were combined into one sample
for each of the three different muscle types for each rat; total glycogen in each of the
three muscles was determined as described for that of liver glycogen except that the
volumes of ethanol precipitation and washings were one-third of those used for liver
samples. A 1 ml aliquot of the final 2 ml hydrolyzed glycogen solution was counted

directly for the determination of *H- and “C-glucose in muscle and liver glycogen.

CALCULATIONS
Tissue glycogen synthesized from direct uptake of plasma glucose was
calculated by

. . f‘"H] -d.p.m. tissue glycogen
direct synthesis = 2.1
¢ SA plasma [*H]-glucose @D

where PHJ-d.p.m. are those from *H-glucose in tissue glycogen and SA is the average
specific activity of *H-glucose in plasma (C”/C) during recovery (or during exercise
for rats sacrificed immediately postexercise). Gluconeogenic formation of glycogen
was indexed by comparing the total amount of '“C-glycogen in tissue to that originat-
ing from plasma .“C-glucosc during the recovery period. “C-glycogen in ine tissues

which could be accounted for by the direct uptake of 'C-glucose in plasma was



calculated by

) _—

direct [*Cl-glycogen = =& PH)-glycogen d.p.m. 22)
H]-glucose d.p.m.
[4Cl-glucose dp.m.

where the ratio of *H- to *C-glucose d.p.m. in plasma are averaged during the
recovery period. An index of the amount of glycogen formed by the indirect or
glyconeogenic pathway was calculated by

_ total [“*C]-glycogen - direct [*C]-glycogen
SA plasma [**Cl-precursor

index

2.3)

where roral 1“C-glycogen is the total amount of “C-d.p.m. in tissue glycogen, direct
MC-glycogen is that calculated from equation 2.2 and S4 is the average plasma
specific activity of the precursor tracer (i.e. *CO, in Series I and II and *C-lactate

for Series III) during recovery.

STATISTICAL ANALYSIS

Significant differences (P < 0.05) between the total *C-d.p.m. in muscle and
liver glycogen and that which could be accounted for by the direct uptake of *C-
glucose from plasma were detected using 2 modification of the statistical methods
applied for the detection of minimal detectable doses in radioligand assays (36).
Theoretically, there should be no incorporation of *C from ¥CO, into muscle
glycogen via glyconeogenesis in rats infused with NaHCO, (22) likely due to the

lack of adequate equilibration in the fumarase reaction in muscle, resulting in the loss



-83-
of the label (7); hence, there should be no differences between total and direct "*C-

glycogen in these rats. The differences between total versus direct “C-glycogen that
are observed in NaH“CO;-infused rats, then, were due to the sensitivities of the
assays, associated errors in the calculations and/or noncompliance with the assumption
of linear glycogen formation during the period examined. Thus, these differences can
be used to define 2 statistical "zero” value or minimal limit, below which any differ-
ences observed in rats infused with ['*C-U]-lactate would be considered not stat-
istically meaningful beyond the errors of the methods. The ratios of 3H-glucose to
¥C-glucose in NaH"CO;- and [“C-U]-lactate-infused rats were comparable, justifying
the use of the “C-d.p.m. minimal detectable differences calculated using NaH"“CO,-
infused rats.

The minimal detectable difference (MDD) is given by

MDD =m,6 +to 1.1 24)
'\’ n n -

where m, is the average of the differences of total and direct “C-d.p.m. in glycogen
in the three muscles in rats infused with NaH"“CO, (Series II), ¢ is the standard
deviation of the average of the differences, »; and n, are the number of samples used
in the determination of the average of the differences and in the difference to be
tested, respectively, and ¢ is the percentile in the Student’s ¢ distribution with (n;+n,-

2) degrees of freedom at the 5% level of significance.



-84-

Statistical comparisons of the total glycogen levels, glycogen synthesized from
glucose (direct synthesis), glycogen from glyconeogenic synthesis, and total *C-
d.p.m. in glycogen within and between Series I rats (no recovery) and Series II rats
(recovery) were done using analysis of variance with a completely randomized
factorial design and an g posteriori comparison by Scheffe’s procedure, using the
statistical package, SAS. The same comparisons made between rested and exercised
rats within Series IH were done using Student’s ¢ tests. The level of significance for

all statistical tests was set at P < 0.05.

RESULTS
TOTAL TISSUE GLYCOGEN: DEPLETION AND MON
Ti 1 n (Fi 2.1
Rats infused with saline from all studies (Chapters 1, 2 and 3) were included
in Figure 2.1 (p. 87) so as to give a better assessment of the degrees of depletion and

repletion of tissue glycogen following prolonged exercise (or rest) and recovery.

Liver, The overnight fast and six hours of rest (no recovery) resulted in low but
variable liver glycogen concentrations (1.85 + 0.40 mg/g liver). There was a net
depletion of glycogen in the resting animals during three more hours of fasting
(recovery period) to a final concentration of 0.71 + 0.18 mg/g liver, significantly

lower than those of rats with no recovery (P < 0.05). Exercise depleted the liver to
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very low glycogen concentrations (0.28 + 0.02 mg/g liver) with little vanability,

representing 85% depletion as compared to the nonexercised controls sacrificed at the
same time (P < 0.05). During three hours of postexercise recovery, hepatic

glycogen rose to 1.01 + 0.22 mg/g liver (P < 0.05).

Soleus muscle, The soleus muscle was not depleted during exercise to any significant
degree as compared to rested controls (2.63 + 0.16 and 3.07 £ 0.20 mg/g muscle,
respectively). While there was no net change in total glycogen concentration during
recovery in rested control muscles, exercised animals demonstrated a net depletion of
soleus glycogen during the three-hour postexercise recovery period giving a final
concentration of 1.76 + 0.17 mg/g, approximately 45% and 43% lower than total
glycogen concentrations in both rested controls and those immediately following the

swim, respectively (P < 0.05).

White gastrocnemius muscle, Total resting fasted glycogen content in white gastroc-
nemius muscle (5.86 + 0.34 mg/g muscle) was double that of soleus muscle. There
was a slight decrease in total glycogen in resting rats by the end of the recovery
period to 4.84 + 0.40 mg/g. Swimming induced a 47.6 + 5.1% decrease in
glycogen concentration in the muscle (to 3.07 mg/g) as compared to the rested
animals (P < 0.05). During the first hour of postexercise recovery, there was no
apparent net glycogen synthesis in white muscles according to data from preliminé.ry

studies of n = 3 rats sacrificed at 60 minutes of recovery (data not shown); during
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the final two hours of recovery, however, there was a slow rate of repletion giving a

final total glycogen content 78.1% of the rested control (P < 0.05).

Red gastrocnemius muscle, The red gastrocnemius muscle was depleted 50.4 +
6.8% immediately following swimming as compared to the rested controls (2.28 +
0.29 mg/g versus 4.60 + 0.24 mg/g muscle, P < 0.05). During the postexercise
recovery period, net glycogen synthesis was linear throughout the three-hour recovery
period (according to the preliminary studies of n = 3 rats sacrificed at one hour
recovery, data not shown) and was almost completely repleted (91.7% of rested
control) by the end of the three hours (3.84 + 0.24 mg/g in exercised and 4.19 &
0.23 mg/g in rested animals). Resting animais showed no significant changes in red

gastrocnemius muscle glycogen at 0 and 180 minutes of recovery.



Figure 2.1: Total liver and muscle glycogen in all rested and exercised rats.

Total glycogen concentration was measured in liver, scleus and white and red
gastrocnemii in rats following 2 hours of rest and either 4 hours of exercise or rest (0
minutes of recovery) (n = 13 for both rested and exercised rats) and after 180
minutes of fasted postexercise recovery (n = 20) or rest (n = 18). Data are
expressed as means 1 SEM. Rested rats are represented by the dashed lines,
exercised animals by the solid lines. *significantly different from rest, *significantly
different from O min. recovery (P < 0.05).

L
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Figure 2.1: Total liver and muscle glycogen in all rested and exercised rats.



Figure 2.2: Liver glycogen in rested and exercised rats infused with [H-6]-glucose
and either NaH*CO, or ["*C-U]-lactate.

Liver glycogen in rats infused with NaH"CO, and H-6]-glucose was assessed
immediately following 4 hours of exercise or rest (no recovery, far left panels) and
after 3 hours of recovery (recovery, middle panels). Liver glycogen in [*C-UJ-lac-
tate-, [’H-6]-glucose-infused rats was assessed after 4 hours of exercise or rest and 3
hours of recovery (recovery, far right panels). Upper panels: open bars are total
¥C-glycogen d.p.m. in liver; striped bars are *C-glycogen d.p.m. in liver accounted
for by the direct uptake of “C-glucose from plasma. Lower panels: open bars are
total liver glycogen concentrations; striped bars are glycogen synthesized directly
from glucose; and filled bars are indices of glyconeogenesis. All data are expressed
as means + SEM. **significantly different from total *C-glycogen, *significantly
different from rest, *significantly different from no recovery (P < 0.05). n = 7 for
all bars except those of rested rats with recovery where n = 6.
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Figure 2.2: Liver glycogen in rested and exercised rats infused with
[3H-6]-glucose and either NaH'4CO; or ['4C-U]-lactate.
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RADIOLABELLED TISSUE GLYCOGEN: DIRECT AND INDIRECT SYNTHESIS

Liver Glycogen (Figure 2,2)

The upper panels of Figure 2.2 show the total d.p.m. of **C-glycogen in liver
and that resulting from the direct uptake of *C-glucose from plasma following four
hours of exercise or rest (far left panel), as well as following a three-hour recovery
period, using either NaH“CO; or [*C-U]-lactate as the tracer (middle and far right
panels, respectively). In animals with no recovery, there was a significant decrease in
total “C-glycogen immediately postexercise as compared to rested controls (P <
0.05). In rested animals, the three-hour recovery period resulted in 2 significant
decrease in total “C-glycogen (P < 0.05). In ["C-U]-lactate-infused rats, total “C-
glycogen was higher in exercised compared to rested rats (P < 0.05).

Total and direct “C-glycogen were not statistically significantly different
following recovery in rested rats. Following recovery (in Series II and III), total **C-
glycogen in liver in exercised rats was more than double that of rested controis while
the direct "“C incorporation into glycogen increased only slightly, resulting in signi-
ficant differences between the total d.p.m. of “C-glycogen and that which could be
accounted for by the direct uptake of plasma “C-glucose (P < 0.05) in exercised rats
following recovery with both NaH*CO, and [*“C-Ul-lactate as tracers. The corre-
sponding relative glyconeogenic indices (i.e. the percent differences in total versus
direct “C-glycogen) rose to 66.0% and 62.7% with NaH"CO, and ['*C-U)-lactate

tracers, respectively.
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The lower panels of Figure 2.2 show total liver glycogen, glycogen syn-

thesized by the direct uptake of glucose and the indices of glycogen formed by the
gluconeogenic pathway in liver in rested and exercised rats without (left panel) and
with a three-hour recovery period (middle and right panels). Following four hours of
swimming, total liver glycogen was significantly depleted (from 1.50 + 0.35 to 0.26
+ 0.04 mg/g, P < 0.05) (lower left panel). Direct glycogen synthesis as well as the
index of gluconeogenic glycogen formation were also significantly reduced during the
exercise period as compared to nonexercised controls (P < 0.05). Three hours of
recovery in rested rats resulted in similar significant decreases in total and direct
glycogen as well as the index of gluconeogenic glycogen (P < 0.05) (lower middie
panel). Total and direct glycogen and the index of gluconeogenic glycogen in
exercised rats following postexercise recovery (Series II) were significantly different
from neither rested control values (middle panel) nor those of rats immediately
following exercise (left panel). In [*C-U]-lactate-infused exercised animals (right
panel), the postrecovery increases in total glycogen and the index of glyconeogenesis

were statistically higher than those of rested controls (P < 0.05).

1 1 n (Figure 2.
Although there were no individual statistical differences in total *C-d.p.m. in
glycogen between rested and exercised rats without and with postexercise recovery,
there was a main rest/exercise effect (P < 0.05) in rats infused with NaH"“CO,

(upper left and middle panels), whereby exercise induced a decrease in the incorpor-
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ation of C into glycogen. The relatively high incorporation of *C into soleus
glycogen at rest compared to that in the gastrocnemius muscles (2.6 times higher than
that in the red gastrocnmemius (Figure 2.5) and 15-fold higher than that in the white
gastrocnemius (Figure 2.4)) reflects the very high glycogen turnover in the soleus.
There were no statistically significant differences between total *C-glycogen and that
accounted for by the direct uptake of “C-glucose from plasma in [**C-U)-lactate-
infused rested or exercised rats, suggesting that all of the glycogen was made via the
direct pathway in the soleus.

The lack of any significant differences between total and direct “C-glycogen is
reflected in the very low indices of glyconeogenesis (lower panels, negative values not
depicted on graphs). Total glycogen in soleus was significantly lower in exercised
rats compared to rested controls following recovery (2.19 + 0.39 versus 3.32 + 0.45
mg/g muscle in NaH"“CO;-infused rats and 1.65 + 0.17 versus 3.23 + 0.47 mg/g
muscle in [*C-U]-actate-infused rats, P < 0.05) (Figure 2.3, lower panels) even
though glycogen was not depleted in the muscle at the end of the prolonged swim (left
panel), indicating net glycogen depletion during the recovery period. Soleus glycogen
synthesized by the direct uptake of plasma glucose was not different immediately
following exercise or rest (1.29 + 0.21 and 1.18 + 0.36 mg/g, respectively) (left
panel), nor was it different in rested or exercised rats following recovery (middle and
right panels). The levels of direct glycogen synthesis in rested and exercised animals

again reflect the high turnover of glycogen in the soleus muscle.



Figure 2.3: Soleus glycogen in rested and exercised rats infused with PH-6]-glucose
and either NaH"CO, or [“C-U]-lactate.

Soleus glycogen in rats infused with NaH"CO; and [’H-6)-glucose was assessed
immediately following 4 hours of exercise or rest (no recovery, far left panels) and
after 3 hours of recovery (recovery, middle panels). Soleus glycogen in [*C-U]-lac-
tate-, [*H-6]-glucose-infused rats was assessed after 4 hours of exercise or rest and 3
hours of recovery (recovery, far right panels). Upper panels: open bars are total
“C-glycogen d.p.m. in soleus; striped bars are "C-glycogen d.p.m. in soleus
accounted for by the direct uptake of “*C-glucose from plasma. Lower panels: open
bars are total soleus glycogen concentrations; striped bars are glycogen synthesized
directly from glucose; and fiiled bars are indices of glyconeogenesis (negative values
do not appear on the graphs). All data are expressed as means = SEM. *significant-
ly different from rest (P < 0.05). n = 7 for all bars except those of rested rats with
recovery where n = 6.
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Figure 2.3: Soleus glycogen in rested and exercised rats infused with
[BH-6]-glucose and either NaH'4CO; or [*4C-U}-lactate. -



Figure 2.4: White gastrocnemius glycogen in rested and exercised rats infused with
[’H-6]-glucose and either NaH'COQ, or [*C-U]-lactate.

White gastrocnemius glycogen in rats infused with NaH"“COQ; and [*H-6]-glucose was
assessed immediately following 4 hours of exercise or rest (no recovery, far left
panels) and after 3 hours of recovery (recovery, middle panels). White gastrocnemius
glycogen in [*C-UJ-lactate-, [*H-6]-glucose-infused rats was assessed after 4 hours of
exercise or rest and 3 hours of recovery (recovery, far right panels). Upper panels:
open bars are total “C-glycogen d.p.m. in white gastrocnemius; striped bars are “C-
glycogen d.p.m. in white gastrocnemius accounted for by the direct uptake of *C-
glucose from plasma. Lower panels: open bars are total white gastrocnemius
glycogen concentrations; striped bars are glycogen synthesized directly from glucose;
and filled bars are indices of glyconeogenesis (negative values do not appear on the
graph). All data are expressed as means + SEM. **significantly different from total
“C-glycogen, *significantly different from rest, *significantly different from no
recovery (P < 0.05). n = 7 for all bars except those of rested rats with recovery
where n = 6.
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with [BH-6]—glucose and either NaH'4COj3 or [4C-U]-lactate.
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Whi mi 1 n (Figure 2.4

Glycogen turnover in white gastrocnemius muscle was very low at rest as
evidenced by ihe very small amount of **C incorporation into glycogen at rest (upper
panels) and by the almost undectable amount of glycogen synthesized by the direct
route (lower panels). Total glycogen was significantly depleted following exercise
(from 5.81 + 0.60 to 2.93 + 0.35 mg/g, P < 0.05) (fower left panel), and although
it was significantly increased following postexercise recovery (to 4.28 £ 0.40 mg/g,
P < 0.05), it remained significantly lower than total glycogen concentration in rested
animals (P < 0.05) (lower middle panel). Total glycogen synthesis as indexed by the
total amount of “C-glycogen (upper panels) was not statistically significantly different
immediately following exercise as compared to rest but was significantly increased
during postexercise recovery in both NaH"CO,- and ["C-U]-lactate-infused rats (P <
0.05, compared to rested controls). This same pattern occurred for the amount of
glycogen synthesized by the direct uptake of plasma glucose (lower panels). Although
there was a statistically significant difference between total and direct “C-glycogen
following recovery in [“*C-U}-lactate-infused exercised rats, dividing by the specific
activity of plasma lactate gives a very small amount of glycogen made by the
glyconeogenic route in the muscle (0.06 + 0.01 mg/g) as compared to that made
from plasma glucose (1.15 + 0.14 mg/g). However minute, this index of gluconeo-
genic glycogen synthesis was statistically significantly larger than that in rested

control animals (P < 0.05)..



Figure 2.5: Red gastrocnemius glycogen in rested and exercised rats infused with
[PH-6)-glucose and either NaH"CO; or ["*C-U]-lactate.

Red gastrocnemius glycogen in rats infused with NaH"“CO; and [’H-6]-glucose was
assessed immediately following 4 hours of exercise or rest (no recovery, far left
panels) and after 3 hours of recovery (recovery, middle panels). Red gastrocnemius
glycogen in [“C-U]-lactate-, [°H-6]-glucose-infused rats was assessed after 4 hours of
exercise or rest and 3 hours of recovery (recovery, far right panels). Upper panels:
open bars are total “C-glycogen d.p.m. in red gastrocnemius; striped bars are “C-
glycogen d.p.m. in red gastrocnemius accounted for by the direct uptake of "'C-
glucose from plasma. Lower panels: open bars are total red gastrocnemius glycogen
concentrations; striped bars are glycogen synthesized directly from glucose; and
filled bars are indices of glyconeogenesis (negative values do not appear on the
graph). All data are expressed as means + SEM. **significantly different from total
¥C-glycogen, *significantly different from rest, *significantly different from no
recovery (P < 0.05). n = 7 for all bars except those of rested rats with recovery
where n = 6.
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Figure 2.5: Red gastrocnemius glycogen in rested and exercised rats infused
with BH-6}—glucose and either NaH14CO3 or ['4C-U}-lactate.
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As in the white gastrocnemius, there was low turnover of glycogen at rest in
the red gastrocnemius muscle as depicted by the relatively low “C-d.p.m. in muscle
glycogen (upper panels). Although exercise depleted total glycogen from 4.58 +
0.43 to 1.82 & 0.51 mg/g (P < 0.05) (lower left panel), glycogen was significantly
repleted in exercised rats following recovery (3.90 + 0.44 mg/g, P < 0.05) (lower
middle panel). Total **C-glycogen following postexercise recovery was also signifi-
cantly higher than that immediately postexercise and in rested control muscle (P <
0.05) (upper middle panel). Postexercise *C incorporation into glycogen in [*C-U]-
lactate-infused rats was also significantly higher than in rested controls (P < 0.05)
(upper right panel). Glycogen synthesis from glucose immediately following four
hours of swimming was not statistically significantly higher than that in rested animals
(lower left panel). Following three hours of postexercise recovery, however, direct
glycogen synthesis was significantly higher as compared to that of rested controls as
well as that immediately following exercise (P < 0.05) (lower middle panel).
Although there were statistically significant differences between total and direct “C-
glycogen in both rested and exercised ['*C-U}-lactate-infused animals, the correspon-
ding indices of glycogen made by the glyconeogenic route were nominal (0.03 + 0.01

and 0.06 + 0.01 mg/g in rested and exercised rats, respectively).
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DISCUSSION

METHODOLOGY

Theoretically, all of the “C-d.p.m. in glycogen in muscle should be accounted
for by the direct uptake of *C-glucose from plasma in NaH"CO;-infused rats as the
“C label from CO, would not label the gluconeogenic pathway in muscle. If the
glyconeogenic route occurs by the reversal of pyruvate kinase as previously suggested
(14, 38), then pyruvate would be phosphorylated directly to phosphoenolpyruvate
(PEP), without condensing with CO,, thus not incorporating the label into the
pathway at all. If, on the other hand, muscle glyconeogenesis involves the carboxyla-
tion of pyruvate via malic enzyme (13, 41), the *CO, label would be incorporated at
this first step but lost in the subsequent route to PEP. This is due to the incomplete
equilibration in the fumarase reaction in muscle (7) which fails to randomize the *C
label on oxaloacetate (OAA) between the first and fourth carbons via formation of the
symmetrical fumarate molecule. As a result, the *C label on carbon 1 of QAA will
be lost as “CO, in the formation of PEP. The observation that total and direct ¥C-
glycogen in soleus, white and red gastrocnemii are indeed equal (within reasonable
experimental error) (Figures 2.3, 2.4, 2.5) supports the theoretical expectations and
Justifies the use of these differences as the basis for the statistical minimal detectable
difference test used in [“C-U]-lactate-infused rats.

The small differences that do occur between total and direct “C-glycogen in
the muscles may be due to the limitations of the tracer methodology (for example,

measurements of changing plasma *H/*C with time) and the nature of the compari-
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sons. Total “C-glycogen is just that, one (mean) measurement of the total amount of
“C-d.p.m. in glycogen; direct “C-glycogen, on the other hand, is the mean result of
a calculation of seven different (mean) measurements, each with its own error.
Another possible reason for the slight discrepancies between total and direct *C-
glycogen in the muscles could be due, again, to the tracer methods chosen. CO,
could label glucose in the 3,4 positions through the gluconeogenic pathway in the
liver. This labelled glucose could enter the plasma, be taken up by the muscle,
oxidized to “C-lactate which could then form glycogen gluconeogenically within the
muscle, labelling the glycogen pool with *C. The number of reactions and opportun-
ities for both dilution and/or losses of the label, however, make this consideration a
minor one, especiaily in the light of the observations that total and direct “C-glycogen

are experimentally virtually equal.

The liver was included in this study initially as 2 means of validating the tracer
methods used to detect glyconeogenesis as it is well documented that at least half of
hepatic glycogen synthesis during refeeding is via the indirect or glyconeogenic route
(eg. 24, 25, 26, 29, 30, 31, 34, 35, 37). Indeed, our studies confirm that a substan-
tial amount of hepatic glycogen is made by the glueonéogerﬁc route at rest, during
exercise and during postexercise recovery in the fasted state. The indices of
glyconeogenesis, however, are only minimal estimates of the amount of glycogen

synthesized by this route as they have not been corrected for the metabolic exchange
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of “C for ™2C in the Krebs cycle. If the correction factor is close to 2 (21, 34) using
both “CO, and “C-lactate as tracers, then gluconeogenic precursors are the predomi-
nant substrate for hepatic glycogen synthesis, at least during a fasted postexercise
recovery period.

The data reveals the patterns of liver glycogen depletion and repletion at rest,
during exercise and during postexercise recovery. It is our experience, as well as
others (44), that hepatic glycogen concentrations in fasted rested animals can vary
considerably (up to 2- and 3-fold) depending on procedures and feeding schedules in
the animal facilities and may not reflect true experimental differences. Quantititative
comparisions with these resting control values, then, are made with less certainty.
Exercised rats with or without recovery periods, on the other hand, have shown
reproducible hepatic glycogen concentrations. Exercise not only depleted liver
glycogen to very low levels (as discussed in Chapter 1) but also decreased the

amounts of glycogen made by both the direct and indirect routes.

MUSCLE GLYCOGEN SYNTHESIS

The results of this study demonstrate that 1) at rest, the rates of glycogen
synthesis are highest in soleus (SO fibers) followed by the red (FOG) and white (FG)
gastrocnemii, respectively, 2) during exercise, new glycogen synthesis occurred
despite net glycogen depletion in the fast-twitch muscles, 3) prior exercise stimulated
postexercise (direct) glycogenesis in white and red gastrocnemii, while having little

effect on direct synthesis in the soleus, and 4) there was little indication of any
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gluconeogenic synthesis of muscle glycogen.

Hutber and Bonen (23) have reported that at rest and during submaximal
running, the order of rates of net glycogen synthesis was SO > FOG > FG which is
in agreement with our findings. Their reports of 189% and 400% increases in rates
of direct glycogen synthesis in red and white gastrocnemii, respectively, after 90
minutes of submaximal running (23) are similar to the 162% (red gastrocnemius) and
310% (white gastrocnemius) increases following four hours of swimming in the
present study. (These changes were calculated as the percent increases in “C-d.p.m.
in glycogen from the uptake of “C-glucose in plasma immediately following the swim
period in rested versus exercised rats.) The amount of glycogen synthesized from
glucose in the soleus muscle did not change from rest to exercise. This is in agree-
ment with the study of Hutber and Bonen (23) which showed initial decreases but
finally no net changes in the rates of glucose incorporation into glycogen in the soleus
after 90 minutes of running as compared to that at rest. The amounts of glycogen
synthesized by the direct routes during exercise were similar in soleus (1.18 mg/g)
and red gastrocnemius (1.07 mg/g), which were slightly higher than that in the white
muscie (0.89 mg/g).

SOLEUS MUSCLE
Compared to white and red gastrocnemii, the soleus muscle showed relatively
lower total glycogen content as well as very high turnover of glycogen at rest, with

approximately 40% replacement. This is in keeping with the nature of the large
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proportion of slow oxidative fibers in this muscle (72%: Hutber and Bonen (23);

84%: Ariano et al. (2); 87%: Armstrong and Phelps (3)). PAS (periodic acid-Schiff)
staining of muscle fibers in the plantaris at rest have shown much higher concentra-
tions of glycogen in both fast oxidative glycolytic fibers (FOG) and fast glycolytic
fibers (FG) compared to slow oxidative fibers (SO) (4). In the recruitment pattern of
muscle fiber activation, SO fibers are activated first as they require low force to
stimulate contraction. When the rat is simply standing, blood flow is directed
primarily to the extensor, antigravity muscle groups which are composed of slow-
twitch fibers (4). Thus, these muscles are being activated continuously, requiring
energy and the repletion of energy. This would account for the relatively higher rates
of glycogen synthesis without net glycogen deposition.

The soleus muscle was not depleted to any significant degree following four
hours of swimming. This contradicts previous reports of significant glycogen
depletion in the soleus muscle following prolonged swimming (12, 15, 39, 42, 43).
The discrepancies are most likely due to the nature of the exercises involved. In ali
of these previous studies, several rats swam simultaneously and "competetively” (in a
barrel or tank), constantly interacting with one another, pushing off each other as well
as off the sides and bottom of the tanks - activities which would recruit the soleus
muscle to repeatedly extend the hindfeet. In our swimming rat model, each rat swam
alone in a segregated area and could not access the sides or bottom of the tank due to
the restrictions imposed by the tether systems. Thus, the positions of the hindfeet

remained more or less extended during the swimming strokes and the soleus would
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have been required for neither antigravity functions (due to the buoyancy in the water)
nor for repeated extensions of the hindfeet.

Another possible explanation for the lack of glycogen depletion in the soleus is
that, when recruited, the muscle was oxidizing fuel sources other than muscle
glycogen, such as plasma free fatty acids and/or intramuscular lipids. Significant
decreases (50%) in intramuscular triacylglycerol content have been reported in soleus
muscle in rats following prolonged exhaustive swimming, while the swim had no
effect on intramuscular lipid content in the white gastrocnemius (39). The "competi-
tive” and perhaps more stressful swims in the other studies may have elicited
hormonal profiles more conducive to the breakdown of glycogen rather than to the
oxidation of fat (intramuscular sources or plasma free fatty acids) for fuel. As
another alternative fuel source to muscle glycogen, the slow-twitch oxidative fibers of
the soleus may have been oxidizing lactate produced in the fast-twitch muscle fibers.
In his "lactate shuttle” hypothesis, Brooks (10, 11) suggests that during sustained
submaximal exercise, lactate is released from contracting muscle fibers and taken up
and combusted by other muscle fibers with high respiratory capacities. These are
some possible explanations, then, to account for the lack of significant glycogen
depletion in the soleus muscles after the prolonged swim.

During postexercise recovery, however, there was a net decrease in soleus
glycogen. A previous study reported no increase in glycogen in the soleus muscle
following three hours of a fasted recovery from exhaustive swimming in rats, but

significant decreases in soleus glycogen with propranolol (8-blockade), nicotinic acid
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(inhibition of lipolysis) and dichloracetate (enhances pyruvate oxidation) treatments
(15). It is tempting to suggest that glucose uptake by the soleus is decreased during
the postexercise recovery period in favour of preferential glycogen repletion in the
fast-twitch muscles which rely more heavily on glycogen as a fuel source. Yet, this
hypothesis is not consistent with the observation that the amount of glycogen syn-
thesized by the direct uptake of plasma glucose did not decrease during or following
exercise as compared to resting values. The only possible explanation for the net
decrease in soleus glycogen during postexercise recovery is that the rate of glycogeno-
lysis exceeded the rate of glycogenesis. Indeed, during postexercise recovery, the
rats were replaced in their cages and, therefore, would once again stimulate contrac-
tions of slow oxidative antigravity muscles and thus glycogenolysis in the soleus
muscle. This increased breakdown of the glycogen pool in the soleus (due to
whatever stimulus) would not only supply local energy to the muscle itself but could
also, theoretically, provide substrate for the repletion of glycogen in the depleted
muscles. Since muscles do not have the capability of releasing glucose into the
plasma directly, glucose units in the soleus would have to be oxidized to lactate and
exit the cells in the form of lactate or alanine. This would allow fast-twitch muscles
to take up lactate from adjacent muscles (via the circulation) or, more likely, the
resulting glucose from hepatic gluconeogenesis from this lactate. Ahlborg and Felig
(1) have previously suggested redistribution of muscle glycogen following prolonged
submaximal exercise whereby the previously inactive muscle (forearm) released

lactate at rates in excess of glucose uptake, while exercised muscle (leg) took up
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glucose at rates three to five times those of basal. In this way, the nonexercised or
glycogen-rich muscle (soleus) may provide the substrate for hepatic gluconeogenesis
for net production of glycogen in the exercised, glycogen-depleted muscles (gastrocne-
mii).

All glycogen in the soleus muscle was synthesized from plasma glucose.
_ There was no evidence of any gluconeogenic glycogen formation in the muscle as
traced using [“C-U]-lactate. This is in keeping with both theoretical expectations and
previous findings. McLane and Holloszy (28) have shown very little C-lactate
incorporation into soleus glycogen in the perfused hindlimb (with and without high
levels of lactate, glucose or insulin in the perfusion medium), apparently due to
extremely low levels fructose-1,6-bisphosphatase activity and relatively low PEPCK
activity, two key gluconeogenic enzymes. Rats recovering from exhaustive treadmill
running also showed no gluconeogenic repletion of soleus glycogen as traced by “C-
lactate infusion with and without high lactate or glucose levels (24). The apparent
inability of the soleus muscle to synthesize glycogen from lactate, again, may provide
fast-twitch muscle fibers with substrate (either via glyconeogenesis or direct uptake of
plasma glucose resulting from hepatic gluconeogenesis from this lactate) during times
of depletion for the purpose of glycogen repletion, since glycogen utilization is not as
critical to the soleus muscle in a "fight or flight"” situation as it is to the fast-twitch

fibers.
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WHITE AND RED GASTROCNEMII

In as much as the soleus exhibited high glycogen turnover at rest, the fast-
twitch red and white fibers of the gastrocnemius muscles demonstrated very low
glycogen turnover at rest. This again is consistent with the recruitment of muscle
fibers. Fast-twitch white fibers are recruited last as they require more force to
stimulate contraction and are used with increasing levels of force in higher intensity
work or when other fibers become depleted of glycogen (3, 4). Following the
prolonged swim, however, glycogen was depleted 50% in white muscle and 60% in
the red gastrocnemii, respectively, as detected in Series I rats. Previous reports have
also found that fast-twitch red muscles are depleted to the greatest degree in pro-
longed low intensity exercise (4, 13, 43) as well as having the highest postexercise
rate of glycogen repletion (13, 43).

Although McLane and Holloszy (28) have demonstrated not only significant
activities of enzymes in a potential glyconeogenic pathway, but also the direct
incorporation of “C-lactate into glycogen in perfused white and red gastrocnemii,
glycogen synthesis in the gastrocnemius muscles following prolongéd swimming in the
present study seems to have been almost entirely from the direct uptake of plasma
glucose as no evidence of any significant amounts of gluconeogenic glycogen
formation was detected as traced by [*“C-Ul-lactate infusion into plasma. These
results could be interpreted in one of two ways: firstly, that muscle glycogen is
repleted primarily via plasma glucose. This interpretation would agree with some

previous reports, that, during a fasted recovery period, the major postexercise fate of
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lactate is oxidation and that conversion of lactate to muscle glycogen occurs primarily
via hepatic gluconeogenesis (9, 17, 33). Johnson and Bagby (24) have reported that
white gastrocnemius 1s capable of significant gluconeogenic glycogen repletion but
only in the presence of high lactate levels produced by nutritive support. In our
swimming rat model, the postexercise lactate concentration was only marginally above
basal (1.3 mM), and thus plasma would probably not be a major source of the
glyconeogenic substrate for muscle.

The second possible interpretation of the results would be that infusion of [*C-
Ul-lactate is not the most efficacious means of detecting muscle glyconeogenesis,
especially in light of the fact that plasma lactate does not appear to be a major
contributor to glycogen repletion except under conditions of high lactataemia (24, 39).
Infusion of [**C-UJ-lactate into plasma would only trace glycogen synthesis from
plasma lactate and may not adequately Iabel intramuscular or locally formed lactate.
It may be, then, that muscle glycogen is repleted via glyconeogenesis from lactate
formed locally in the muscle which equilibrates minimally with plasma lactate and,

therefore, gluconeogenic formation of glycogen from this source may go undetected.
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CHAPTER 3: INTRACELLULAR GLUCOSE RECYCLING AS AN INDEX
OF MUSCLE AND LIVER GLYCONEOGENESIS
INTRODUCTION

The results from Chapter 2 suggest that prolonged swimming induces
increased rates of postexercise glycogen synthesis in white and red gastrocnemii but to
a lesser degree in liver, and not at all in soleus. Glycogen synthesis in the soleus and
white and red gastrocnemius muscles appeared to be virtually all from the direct
uptake of plasma glucose; yet, there was evidence of some glyconeogenic formation
in the white and red gastrocnemii, albeit at seemingly extremely low rates as traced
by “C-lactate.

Because equilibration with tissue lactate may be incomplete, however, “C-
lactate infusion into the plasma may only track glyconeogenesis from systemic lactate.
We hypothesized that perhaps glycogen could be synthesized from lactate which is
formed locally in the muscles and never enters the general circulation; therefore,
glyconeogenesis from this source may not be adequately labelled using “C-lactate
infusion into plasma. Support for this hypothesis comes from the following three
sources. Firstly, it has been suggested that there is a "lactate shuttle” by which
lactate formed in active muscle fibers may be transported (via diffusion, through the
interstitium or vasculature) into other adjacent muscle fibers for oxidation (5).
Oxidation, however, need not be the only postexercise fate of this local lactate;
theoretically, it could be used to synthesize glycogen. Secondly, in Chapter 2, we

noted net depletion of soleus glycogen during postexercise recovery, without a
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decrease in the amount of glycogen synthesized from glucose. This may suggest that
perhaps lactate formed from soleus glycogen during recovery (which is not expected
to be high since the muscle has high respiratory capacity) was being transported into
adjacent muscle fibers for glyconeogenesis without mixing with the systemic lactate
pool. Finally, Talmadge et al. (33) have not only demonstrated '*C-lactate incorpor-
ation into nonactive superficial fast-twitch fibers of the chronically active
gastrocnemius muscle in CS7B1/6] dy*/dy” mice, but have also attributed the
increased glycogen stores in these muscle fibers to glyconeogenesis from the high
levels of lactate formed locally in the muscle in the chronically active fibers.

In an attempt to label intramuscularly formed lactate more effectively and to
trace any glyconeogenic activity from this source, ['*C-1]-glucose was infused into
rats during and following prolonged swimming or rest. *C label redistributed in the
glucosyl units of tissue glycogen not accounted for by direct uptake of recycled *C-
glucose from plasma was used as an index of gluconeogenic glycogen formation in
muscle (or liver) immediately fbllowing the prolonged swim and after three hours of
postexercise recovery. (Refer to Introduction (p. 35) for explanation of "recycled”

“C-glucose.)
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METHODS

EXPERIMENTAL PROTOCOL

The same experimental protocol as described in Chapters 1 and 2 was used
except that the rats were infused with [**C-1]-glucose and D-[*H-3]-glucose (or D-[’H-
6]-glucose in a few rats only). The priming dose for [*C-1]-glucose was approxi- |
mately 3.5 pCi which was followed by a constant intravenous infusion of approxi-
mately 0.03 Ci/min; tritiated glucose was infused at rates previously described.
Rats were sacrificed immediately following the four-hour swim, along with their
rested controls. A second group of rats (exercised and nonexercised) was sacrificed
following a three-hour postexercise recovery period. Blood and tissue samples were

taken and processed as described in Chapters 1 and 2.

CHEMICAL ASSAYS

Piasma samples were deproteinized and run through the columns as described
in Chapter 1. Recycled glucose in plasma was determined as described below. Total
and radiolabelled liver and muscle glycogen was determined as described in Chapter
2. In order to determine MC-d.p.m. in tissue glycogen arising from recycled “C-
glucose, 0.5 ml of the hydrolyzed glycogen solutions were first neutralized with 1 N
NaOH and made up to a final volume of 2.5 m] before undergoing the glucose

recycling assay.
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Glucose recycling assay. The quantitation of the activity of C in the C-6 position of
glucose was achieved using the method of Reeves (28). In the presence of periodic
acid, the terminal carbinol group (C-6 position) is cleaved off as formaldehyde which
can then be precipitated as a measurable product. To 1 ml of a standard glucose
solution (1 g/100 ml) and 3 ml of the first column eluate sample (containing glucose)
(or 2 mi of neutralized muscle or liver glycogen solution) was added 2 ml of 7%
periodic acid and 2 mi of 1 M sodium bicarbonate. The samples were mixed and
allowed to stand at room temperature for one hour. Upon addition of 1 N HCI (3 ml)
and 1.2 N sodium arsenite (2 ml), a brown precipitate formed but disappeared upon
swirling the flasks. Sodium acetate (1 N, 2 ml) was added along with 1 ml of 8%
(w/v in ethanol) dimedone (5,5-dimethyl 1,3-cyclohexanedione). Precipitation of the
product (formaldehyde-dimedone) was complete after heating for 10 minutes at
100°C. The white precipitate was collected on Whatman #5 filter paper, allowed to
air dry, weighed and counted in scintillation fluid. [“C-1]-glucose as well as [“C-6]-
and [PH-6]-glucose standards were run through the assay in parallel with the samples
so as to determine the correction factor (see below) and the recoveries of label in the
C-6 position, respectively.

Recycled glucose was determined as

recycled [“Cl-glucose = [**C-6]-glucose x 5 @3.1)

whereby [**C-6]-glucose ([**C-6]-G) was calculated by
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wafer [**Cl-dp.m. x T.W.
AW

[“C-6]-G = x dilution| - correction  (32)

where dilution is the dilution factor for the sample, A. W. is the actual wafer weight,
7.W. is the theoretical weight of the product wafer and correction is the correction

factor for “C-d.p.m. arising from [C-6]-glucose in the ['*C-1]-glucose tracer. (*H-
6]-glucose was calculated in the same way without the correction factor.) T.W. was

calculated by

T.W. = (glucose mgiml x dilution x 1.622) + 1622 3.3)

where dilution is the dilution factor of the sample and 16.22 is the amount of product
(mg) made from 10 mg glucose (i.e. amount of carrier glucose). The correction
factor was determined by

wafer [“Cl-dp.m. x T.W.

AW. . (“Cl-dp.m.
Volume x total [“C)-dp.m. ml

where the wafer '“C-d.p.m., T.W. (theoretical wafer weight) and A.W. (actual wafer

correction =

(34

weight) are those of the [**C-1]-glucose (and tritiated glucose) infusate standard (1:100
dilution of tracer solution). Volume is the amount (ml) of infusate standard used in
the recycling assay, fotal “C-d.p.m. are the those in the infusate standard and “C-

d.p.m./ml are those of the plasma or glycogen sample.
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CALCULATIONS

Glycogen synthesized by the direct pathway was calculated as in Chapter 2.

“C-glycogen made from the direct uptake of recycled “C-glucose was calculated by

3
irect P9Cl- - FH]l-glycogen d.p.m. _
direct [*C]-glycogen CH-e 2 (3.5

recycled [“*C]-glucose d.p.m.

where *H-glycogen d.p.m. are those in tissue glycogen, and labelled glucose d.p.m,
are those in plasma averaged during the exercise or recovery period. An index of

glyconeogenesis was estimated by

index = 20al [“Cl-glycogen - direct [**C]-glycogen
SA plasma [MC)-lactate

(3.6)

where total *“C-glycogen is the total amount of recycled “C-glucose in glycogen,
direct “C-glycogen is that calculated from equation 3.5 and SA is the average specific
activity of plasma lactate during the exercise or recovery period. (It was necessary to
use the specific activity of plasma rather than muscle lactate as the latter was not

determined due to the limited muscle tissue resources.)

STATISTICAL ANALYSIS

Significant differences between total recycled *C-d.p.m. in muscle and liver
glycogen and that accountable by the direct uptake of recycled “C-glucose from
plasma were detected using the minimal detectable difference test as described in

Chapter 2. The ratios of *H-glucose to *C-glucose in NaH*CO,-infused rats were
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comparable to the ratios of *H- to recycled “C-glucose in [“C-1]-glucose-infused
animals, justfying the use of the *C-d.p.m. minimal detectable differences calculated
using NaH™*CO,-infused rats. All other statistical analyses were done using analysis
of variance with a completely randomized factorial design and an a posteriori
comparison by Scheffe’s procedure on a SAS P.C. package; the level of significance

was set at P < 0.05.

RESULTS

iver Gi n (Fi 1
Rest. Total fasted hepatic glycogen concentration was 2.25 + 0.72 mg/g liver in six-
hour rested controls (lower left panel). Total liver glycogen in nine-hour rested
animals (1.31 + 0.40 mg/g, lower right panel) was not statistically significantly
different as compared to six-hour rested animals. (The large error bars reflect the
variability in glycogen concentrations in the rested animals.) Hepatic glycogen
formation in the resting fasted state was very low. Glycogen synthesized by the direct
route was 0.43 + 0.23 mg/g in six-hour and 0.26 + 0.09 mg/g liver in nine-hour
rested animals, respectively (lower panels). The observation that recycled *C-glucose
in glycogen arising from the direct uptake of recycled ¥C-glucose from plasma was
significantly lower than total recycled “C-glucose in glycogen (P < 0.05) is indica-
tive of significant gluconeogenic formation of glycogen in the liver at rest (upper

panels). In fact, dividing these differences by the average specific activities of plasma
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lactate (during the four-hour rest period or three-hour recovery period), gives
uncorrected indices of gluconeogenic glycogen synthesis of 0.29 + 0.08 mg/g and
0.22 + 0.06 mg/g liver in rested animals before and after the recovery period,
respectively. If the correction factor for these indices is assumed to be approximately
2 (17, 26), then the amounts of glycogen synthesized by the indirect route are almost

double the contributions made via the direct route at rest.

Exercise (No Recovery). Exercise depleted total liver glycogen to 0.29 + 0.03 mg/g,
a value not statistically different from the rested condition, most likely due to the
large variations in total hepatic glycogen in rested animals (lower left panel). Hepatic
glycogen synthesis was not statistically significantly decreased during the prolonged
swim as indexed by total recycled “C-glucose incorporation into glycogen (upper left
panel) and direct glycogen synthesis (0.13 + 0.06 mg/g, lower left panel) (again
presumably due to the large standard errors in resting conditions, upper left panel).
The significant difference between total and direct incorporation of recycled “C-
glucose into glycogen (P < 0.05, upper left panel) translated into an uncorrected
glyconeogenic index of 0.12 + 0.04 mg/g, thus matching the amount of glycogen
made via the direct route (lower left panel). Correction for label dilution, however,
would make glyconeogenesis the predominant means of glycogen synthesis at double

the rate of direct glycogen synthesis in the liver.



Figure 3.1: Liver glycogen in rested and exercised rats infused with PH-3]- and
[“C-1]-glucose.

Liver glycogen in rats infused with [’H-3]- and [*C-1]-glucose was assessed immedi-
ately following 4 hours of exercise or rest (no recovery, left panels) and after 3 hours
of recovery (3 hours recovery, right panels). Upper panels: open bars are total
recycled “C-glucose d.p.m. in liver glycogen; striped bars are recycled “C-glucose
d.p.m. in liver glycogen accounted for by the direct uptake of recycled “C-glucose
from plasma. Lower panels: open bars are total liver glycogen concentrations;
striped bars are glycogen synthesized directly from glucose; and filled bars are indices
of glyconeogenesis. All data are expressed as means + SEM. **significantly
different from total recycled *C-glucose d.p.m. in liver glycoger (P < 0.05). n =6
for all bars.
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Figure 3.1: Liverglycogen in rested and exercised rats infused with

[H-3]- and [*4C—1]-glucose.
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Postexercise Recovery. Both total hepatic glycogen (1.49 + 0.66 mg/g, lower right

panel) and total “C-glycogen from recycled “C-glucose (2.71 x 10* + 1.16 x 10}
d.p.m./mg liver, upper right panel) during postexercise recovery were not statistically
significantly different from those in rested controls nor in exercised animals with no
recovery. The amounts of glycogen synthesized by both the direct (0.42 + 0.18
mg/g liver, lower right panel) and glyconeogenic routes (0.65 + 0.31 mg/g) were not
significantly changed after three hours of a fasted postexercise recovery period. The
glyconeogenic index is the uncorrected quantitative estimate of gluconeogenic
glycogen corresponding to the apparent substantial amount of “C-glycogen not arising
from the direct uptake of recycled “C-glucose from plasma (upper right panel).
Again, as in rest and exercise, a correction of the index of glyconeogenesis during
postexercise recovery would reveal the indirect route as the primary pathway of

glycogen synthesis in the liver.



Figure 3.2: Soleus glycogen in rested and exercised rats infused with [*H-3]- and
[*C-13-glucose.

Soleus glycogen in rats infused with PH-3]- and [*C-1]-glucose was assessed immedi-
ately following 4 hours of exercise or rest (no recovery, left panels) and after 3 hours
of recovery (3 hours recovery, right panels). Upper panels: open bars are total
recycled C-glucose d.p.m. in soleus glycogen; striped bars are recycled "“*C-glucose
d.p.m. in soleus glycogen accounted for by the direct uptake of recycled “C-glucose
from plasma. Lower panels: open bars are total soleus glycogen concentrations;
striped bars are glycogen synthesized directly from glucose; and filled bars are indices
of glyconeogenesis (negative values do not appear on the graph). All data are
expressed as means + SEM. **significantly different from total recycled “C-glucose
d.p.m. in soleus glycogen, *significantly different from rest, *significantly different
from no recovery (P < 0.05). n = 6 for all bars.
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Rest. Total glycogen in the soleus muscle was the same in the six-hour and nine-hour
rested animals (3.15 + 0.25 and 3.03 + 0.38 mg/g, respectively, lower panels).
There was a very high turnover of glycogen in the rested rats as indexed by both the
high counts of recycled “C-glucose in glycogen (eg. 3.59 x 10° + 0.65 x 10
d.p.m./mg muscle, upper right panel) as well as the amount of glycogen made via the
direct uptake of plasma glucose (1.16 + 0.13 mg/g and 1.29 + 0.21 mg/g in six- and
nine-hour rested animals, respectively, lower panels). This represents approximately
40% replacement of glycogen at rest. There were no significant differences between
total recycled **C-glucose in glycogen and that which could be accounted fqr by the
direct uptake of recycled "“C-glucose from plasma (upper panels), suggesﬁﬁg that all
of the glycogen was formed directly from plasma glucose. Dividing these nominal
differences by plasma lactate specific activities indeed resulted in insignificant
amounts of glycogen made by the glyconeogenic route in muscle (0.07 + 0.10 and
0.03 £ 0.07 mg/g muscle in rested rats before and after the recovery period,

respectively, lower panels).

Exercise (No Recovery). The prolonged swim had no apparent effect on the total

amount of glycogen in the soleus (2.55 + 0.19 mg/g, insignificant depletion, low;:r
left panel) nor on the total amount of glycogen synthesized by the direct route (1.15
+ 0.25 mg/g) as compared to rested controls (lower left panel). Total recycled *“C-

glucose in glycogen, however, was significantly lower immediately following the
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exercise period as compared to rested controls (P < 0.05). (This may be a methodo-

logical error as the direct incorporation of recycled “C-glucose into glycogen is
greater than total recycled *C-glucose in glycogen, which is impossible.) Since the
"C in glycogen arising from the direct uptake of recycled “C-glucose in plasma was
greater than total recycled “C in glycogen, the corresponding calculated index of
glyconeogenesis was a negative value and, thus, does not appear on the graph.
Therefore, during exercise, it appears that all of the glycogen was synthesized from

plasma glucose.

Postexercise Recovery. There was a net depletion of soleus glycogen during the
three-hour postexercise recovery period as compared to both rested controls (P <
0.05) and exercised rats immediately following the swim (P < 0.05), despite the fact
that direct glycogen synthesis was maintained (1.17 + 0.13 mg/g) (lower left panel).
While total recycled *C-glucose in glycogen was not different during postexercise
recovery as compared to rest, it was significantly higher than '“C-glycogen syn-
thesized from recycled “C-glucose from plasma (P < 0.05, upper right panel). This
difference translated into a small amount of gluconeogenically formed glycogen (0.20

+ 0.08 mg/g, lower right panel).



Figure 3.3: White gastrocnemius glycogen in rested and exercised rats infused with
[*H-3]- and ["C-1]-glucose.

White gastrocnemius glycogen in rats infused with [PH-3}- and [**C-1]-glucose was
assessed immediately following 4 hours of exercise or rest (no recovery, left panels)
and after 3 hours of recovery (3 hours recovery, right panels). Upper panels: open
bars are total recycled *C-glucose d.p.m. in white gastrocnemius glycogen; striped
bars are recycled “C-glucose d.p.m. in white gastrocnemius glycogen accounted for
by the direct uptake of recycled “C-glucose from plasma. Lower panels: open bars
are total white gastrocnemius glycogen concentrations; striped bars are glycogen syn-
thesized directly from glucose; and filled bars are indices of glyconeogenesis. All
data are expressed as means + SEM. **significantly different from total recycled
¥C-glucose d.p.m. in white gastrocnemius glycogen, *significantly different from
rest, *significantly different from no recovery P < 0.05). n = 6 for all bars.



Recycled *C—Glycogen
(dpm/mg tissue x 10%)

Glycogen {mg/g tissue)

-124-

WHITE GASTROCNEMIUS

5. NO RECOVERY 3 HOURS RECOVERY
4.
3- L 2
-
. ] 7
2 /
: / /
: / /
0 /A 7 //
Rest Exercise Rest Exercise
7
NO RECOVERY 3 HOURS RECOVERY
64 I
5- +
4' s
| |
3.
24
1. [
: 77
Rest Exercise Rest

Figure 3.3: White gastrocnemius glycogen in rested and exercised rats

infused with [?H-3]- and {14C-1]-glucose.




-125-

Whi nemi n (Fi 3

Rest. Total glycogen concentration in the white gastrocnemius muscle at rest (5.94 +
0.30 mg/g, lower left panel) was double that of the soleus muscle. Following three
more hours of rest, total glycogen was significantly lower than following six hours of
rest (P < 0.05, lower right panel). Unlike the soleus muscle, glycogen turmover in
the white gastrocnemius was very low at rest as reflected in the low incorporation of
recycled MC-glucose into glycogen (eg. 0.24 x 10* + 0.06 x 10* d.p.m./mg muscle in
nine-hour rested rats, upper right panel) and in the extremely small amounts of
glycogen synthesized from glucose (0.09 + 0.03 and 0.06 + 0.02 mg/g in six- and
nine-hour rested animals, respectively, lower panels). As there were no statistically
significant differences between total recycled “C-glucose in glycogen and that arising
from plasma recycled “C-glucose, it follows that the corresponding indices of
glyconeogenesis were barely detectable (0.03 £ 0.03 and 0.02 £+ 0.01 mg/g muscle,

lower panels).

Exercise (No Recovery). Exercise significantly depleted total glycogen in the white
gastrocnemius (from 5.94 + 0.30 to 3.25 + 0.37 mg/g, P < 0.05, lower left panel)
and, at the same, time stimulated glycogen synthesis. Total recycled “C-glucose in
glycogen at the end of the prolonged swim was not significantly higher as compared
to rested controls (upper left panel). Direct glycogen synthesis, however, did increase
significantly during exercise (0.77 + 0.31 mg/g, P < 0.05, lower left panel). Even

though “C-glycogen synthesized directly from plasma recycled **C-glucose was
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significantly lower than total recycled "“C-glucose in glycogen (P < 0.05, upper left

panel), dividing by the specific activity of plasma lactate resulted in an index of

glyconeogenesis of only 0.08 + 0.13 mg/g (lower left panel).

Postexercise Recovery. Total glycogen concentration following three hours of fasted
postexercise recovery (3.47 + 0.38 mg/g, lower right panel) was not different from
that of the rested controls nor that immediately following the exercise period. Overall
glycogen synthesis was stimulated during postexercise recovery as evidenced by the
dramatic increase in total recycled *C-glucose incorporation into glycogen (3.71 x 10°
+ 0.68 x 10° d.p.m./mg muscle) over that of rested controls (0.24 x 10* + 0.06 x
10 d.p.m./mg, P < 0.05, upper right panel) as well as by the significant increase in
direct glycogen synthesis (1.46 + 0.27 mg/g) compared with nonexercised rats (0.06
+ 0.02 mg/g, P < 0.05, lower right panel). The significant difference between total
and direct recycled '*C-glucose in glycogen (P < 0.05, upper right panel) translated
into a minimal uncorrected index of glyconeogenesis of 0.35 + 0.04 mg/g (lower
right panel), a value statistically significantly higher as compared to those at rest (P

< 0.05) and immediately following exercise (P < 0.05) and representative of

approximately 20% of total glycogen synthesis.



Figure 3.4: Red gastrocnemius glycogen in rested and exercised rats infused with
[*H-3]- and [**C-1]-glucose.

Red gastrocnemius glycogen in rats infused with H-3]- and [*C-1]-glucose was
assessed immediately following 4 hours of exercise or rest (no recovery, left panels)
and after 3 hours of recovery (3 hours recovery, right panels). Upper panels: open
bars are total recycled *C-glucose d.p.m. in red gastrocnemius glycogen; striped
bars are recycled “C-glucose d.p.m. in red gastrocnemius glycogen accounted for by
the direct uptake of recycled *C-glucose from plasma. Lower panels: open bars are
total red gastrocnemius glycogen concentrations; striped bars are glycogen syn-
thesized directly from glucose; and filled bars are indices of glyconeogenesis. All
data are expressed as means + SEM. **significantly different from total recycled
“C-glucose d.p.m. in red gastrocnemius glycogen, *significantly different from rest,
*significantly different from no recovery (P < 0.05). n = 6 for all bars.
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Rest. Total glycogen concentrations as well as direct glycogen synthesis in the red
gastrocnemius muscle in resting animals were intermediate between those of the
soleus and those of the white gastrocnemius. At rest, total glycogen concentration in
the red gastrocnemius was 4.63 + 0.20 mg/g muscle, a value between soleus and
white gastrocnemius glycogen (lower left panel). As in the white muscle, glycogen
turnover in the red gastrocnemius was low at rest; recycled “¥C-glucose inc&pomtion
into glycogen (upper left panel) was three times that of the white muscle, but still
only a third that of the soleus. Direct glycogen synthesis was higher in the red
gastrocnemius (0.43 + 0.19 mg/g muscle, lower left panel) than in the white muscle
but again, only about one third that in the soleus. Although there was a statistically
significant difference between total and direct recycled “C-glycogen in red gastrocne-
mius in six-hour rested animals (P < 0.05, upper left panel), dividing by the specific
activity of plasma lactate gave an uncorrected index of glyconeogenesis of only 0.09

+ 0.05 mg/g.

Exercise (No Recovery). Exercise both significantly decreased total glycogen in the
muscle (from 4.63 & 0.20 to 2.47 + 0.32 mg/g, lower left panel) and significantly
increased direct glycogen synthesis as indexed by total incorporation of recycled “C-
glucose into glycogen (upper left panel) and the amount of glycogen synthesized from
glucose (1.83 3= 0.37 mg/g, lower left panel), all P < 0.05 as compared to rested

controls. The observation that total and direct recycled “C-glycogen were virtually
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equal during exercise (upper left panel) suggests that all of the glycogen was made via

the direct route; indeed, the corresponding glyconeogenic index was only 0.05 +
0.07 mg/g.

Postexercise Recovery. Muscle glycogen was almost completely repleted during the
three hours of fasted postexercise recovery. The 4.16 + 0.51 mg/g glycogen in the
red gastrocnemius was significantly higher than that immediately following the
prelonged swim (P < 0.05, lower right panel). Total recycled “C-glycogen synthesis
in the red muscle (upper right panel) was significantly increased over both rested
controls (P < 0.05) and exercised rats (P < 0.05). Glycogen synthesized from
glucose (2.76 + 0.35 mg/g, lower right panel) was also significantly higher in rats
recovering from the swim than that of nonexercised controls (P < 0.05). The
significant difference between total recycled “C-glucose in glycogen and that which
could be accounted for by the direct uptake of recycled “C-glucose from plasma
(upper right panel) translated into a glyconeogenic index (0.85 + 0.20 mg/g) signifi-
cantly higher than the indices at rest (P < 0.05) and immediately following exercise
(P < 0.05). This uncorrected index is a minimal estimate of the amount of glycogen
formed via glyconeogenesis and represents approximately 24% of total glycogen

synthesized during postexercise recovery.
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DISCUSSION

TRACER APPROACH

The primary focus of this study was the question as to whether muscle repletes
some or most of its glycogen from intramuscular lactate during the recovery period
following prolonged swimmiﬁg in rats. In spite of a large number of demonstrations
of the possibility of glyconeogenesis (eg. indirect estimations based on substrate fluxes
(3, 16) and label incorporation in perfusion studies (4, 23, 30, 32, 33)), the direct
evidence under physiological circumstances is scarce and contradictory (6, 20). The
few in vivo (6, 20) or perfusion tracer (23, 30, 32) studies examining the question of
muscle glyconeogenesis that have used only [“C-U]-lactate to detect the indirect
pathway in muscle have found, as we have (Chapter 2), that although the potential for
glyconeogenesis may be present, plasma lactate, at least, is not 2 major contributor to
muscle glycogen repletion when plasma lactate levels are near normal. However,
since there is ample evidence supporting at least the existence of the glyconeogenic
pathway in skeletal muscle (3, 4, 6, 8, 14, 16, 18, 20, 23, 30, 32, 33), especially in
conditions of high muscle lactate concentrations (eg. intense exercise in humans, refs.
3, 16; exogenous infusion into rats, ref. 20; or high lactate concentrations in the
perfusate, refs. 23, 32), we hypothesized that lactate formed locally in the muscle
could be contributing to glycogen synthesis. Since this lactate may be metabolized
immediately within the muscle fibers or "shuttled” to other fibers within the muscle
bed without entering the general circulation (5), it may not mix with the systemic

lactate pool and, thus, may not be adequately traced using '*C-lactate infusion into
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plasma. Thus, glyconeogenesis from this source may not have been adequately
characterized in these previous studies.

In an attempt to label intramuscular lactate more effectively, we infused [“C-
1]-glucose into plasma so that it might enter the muscles, be converted to “C-lactate
and converted into glycogen within the muscle, labelling it with “C. But of course,
4C-lactate would also leave the muscle, enter the plasma, undergo hepatic gluconeog-
enesis to form recycled “C-glucose which could then enter the plasma and be taken
up directly into muscle glycogen, labelling it with recycled “C-glucose as well.

Thus, the infusion of a second glucose tracer, [*H-3]-glucose was necessary to

account for the recycled '“C-glucose units in glycogen arising from plasma. (PH-3)-
glucose was used for the most part in place of [PH-6]-glucose as the glucose recycling
assay actually measures label in the sixth position.) In an attempt to quantitate the
amount of glycogen formed from lactate, the differences between the total amount of
recycled "“C-glucose in glycogen and that arising from the direct uptake of plasma
glucose were divided by the average specific activities of plasma "C-lactate during the
recovery (or exercise) period. This is based on the assumption that *C-lactate
specific activity in the plasma is similar to that of the muscle, which may or may not
be true, especially following exercise. Brooks and Gaesser (6) have reported that
following [**C-U]-glucose injection into rats, specific activity of blood lactate was
only slightly higher in rats that had exercised to exhaustion as compared to rest, while
that of muscle lactate in exercised rats was approximately 3-10% higher than at rest.

In addition, if intracellularly formed lactate does not equilibrate or mix with plasma
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lactate, then the specific activities may be quite different. It is therefore
reemphasized that the indices of glyconeogenesis are estimates and may not accurately

reflect actual amounts of glycogen formed via the glyconeogenic route.

LIVER

Although hepatic glyconeogenesis is not the focus of the study and was
included primarily as a verification of the methods used to detect glyconeogenesis, the
pathways of repletion in the tissue warrant brief mention. As expected from previous
findings (20, 21, 22, 24, 26, 27, Chapter 2), the indirect route is a major pathway of
gljcogen synthesis in liver despite the very low rates of glycogenesis in fasted rested
and exercised rats and the preferential postexercise glycogen repletion in muscies (12,
13, 20, Chapter 2). While Johnson and Bagby (20) report 36% and 39% glycogen
synthesis via the indirect route in livers of rested and exercised rats, respectively,
with correction for label dilutions (17) in our study, glyconeogenesis from recycled
glucose in the liver would constitute the predominant pathway for glycogenesis, close

to doubling the contributions made by the direct route.

MUSCLE GLYCOGEN SYNTHESIS

The results of this chapter in terms of total and direct muscle glycogen
synthesis and the effects of exercise and postexercise recovery on muscle glycogen
depletion and repletion verify those of Chapter 2. The only inconsistency problem

that should be addressed is the seemingly variable total glycogen concentration in the
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white gastrocnemius in nine-hour rested animals. In Figure 2.1 (composite of animals
from Chapters 2 and 3, p. 87), there is an apparent significant decrease in total white
gastrocnemius glycogen concentration in rested animals during the three-hour recov-
ery period. While this trend is also noticed in the individual series of rats infused
with [“C-U]-lactate (Series 111, Chapter 2, Figure 2.4, p. 93) and [**C-1]-glucose
(Series 11, Chapter 3, Figure 3.3, p. 124), rats infused with NaH'"“CO; (Series II,
Chapter 2, Figure 2.4) do not demonstrate this depletion of glycogen during rested
recovery. This inconsistency is most likely due to the inherent variability of muscle
glycrgen concentrations dependent upon possible diurnal and seasonal effects, relative
stress and activity levels of the animals during the fasted and experimental periods
and the initial muscle glycogen concentrations in the individual arimals. Otherwise, it
can be seen once again that t.he-soleus has a high rate of glycogen tumover atest and
is not depleted during prolonged swimming but rather in the postexercise recovery
pen'ﬁd; white and red gastrocnemii, on the other hand, show very low rates of
glycogen synthesis at rest which are increased during exercise and more so during
postexercise recovery to restore the exercise-induced depleted glycogen levels. With
the results from the present study, it can be added that while the soleus appears to
synthesize its glycogen from plasma glucose, glyconeogenesis from lactate formed
locally in the muscle may contribute at least 20-25% to total glycogen formation in
white and red gastrocnemii.

Increases in postexercise glyconeogenic activity in the muscles (gastrocnemii

and possibly soleus) may be rooted in the exercise-induced changes in intramuscular

—_——
T
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pH. Bonen et al. (4) have reported 49% and 39% increases in glyconeogenesis in

perfused soleus and extensor digitorum longus muscles, respectively, when the pH of
the perfusate was reduced from 7.4 to 6.5. While the mechanisms by which the
increased acidity stimulates muscle glyconeogenesis have not yet been elucidated, they
may be rooted in enhanced lactate transport into muscles (36) to provide additional
glyconeogenic substrate and/or in enzymatic inhibition (phosphofructokinase) or
stimulation (fructose-1,6-bisphosphatase) (4). Although it has been suggested that
such decreases in intramuscular pH could be expected following prolonged exercise
(31), it is unlikely in our prolonged swimming rat model as there is minimal lactate
accumulation; however, since muscle pH was not determined in our swimming
model, its potential stimulatory effects on glyconeogenesis cannot be ruled out as a

possibz contributing factor to postexercise glycogen synthesis.

WHITE AND RED GASTROCNEMII

The results indicate that the white and red gastrocnemii are capable of
synthesizing a significant portion of their glycogen via muscle glyconeogenesis during
both rest and recovery from prolonged submaximal exercise which is characterized by
minimal plasma lactate accumulation. The source of this glyconeogenic substrate
appears to be lactate (or pyruvate) formed locally in muscle, rather than plasma
lactate. An estimate of the glyconeogenic contributions to glycogen synthesis in the
gastrocnemius muscles was approximétely 20-25% based on the uncorrected indices of

glyconeogenesis. If significant dilution of the C label from recycled [C-1)-glucose



-135-

does occur in the Krebs cycle in muscie as in liver (i.e. due to metabolic exchange of
“C for 2C in the OAA pool), the correction factor may be as high as that in the liver
(1.5 to 2, refs. 17, 26). (This is only speculation, however, as, to our knowledge,
there are no reports on the extent of OAA dilution in muscles to date.) Bonen et al.
(4), as well as others (23, 30), have estimated that muscle glyconeogenesis (as traced
by ['“C-U}-lactate) is underestimated by approximately 35-50% due presumably to
label dilution by the glycolytic intermediates. Considering these underestimations,
then, glyconeogenesis may be contributing as much as 30-40% of the glycogen
formed in both red and white gastrocnemius muscles. This maximal 40% estimate of
the contribution of glyconeogenesis to total muscle glycogen synthesis complements
the report by Johnson and Bagby (20) that only about 50% of glycogen formed in the
white gastrocnemius could be attributed to the direct uptake of plasma glucose in both

exercised and nonexercised rats.

SOLEUS

The soleus muscle, on the other hand, appears to synthesize its glycogen
primarily from glucose. The gluconeogenic contribution to glycogen synthesis in the
soleus muscle (based on the uncorrected glyconeogenic index) was only about 2.3% in
rested 2nimals. Taking into account the 35-50% underestimation (4), the corrected
glyconeogenic contribution to glycogen synthesis would correspond precisely to the
3.5-5% reported in perfused mouse soleus (4) as traced by [“C-UJ-lactate. These

results are also in accordance with others (20, 23) who found relatively little glycone-
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ogenic activity in soleus, presumably owing to very low levels of fructose-1,6-
bisphosphatase activity in the muscle (23).

During recovery from exercise, however, there was an apparent increase in
glyconeogenesis in the soleus muscle, As glyconeogenic activity in soleus was
unexpected in light of previous reports (20, 23), there may be several possible
explanations for such an apparent increase. The first is the inherent limitations in the
experimental design. The glyconeogenic index is the result of the difference between
one mean measurment of total recycled “C-d.p.m. in the muscle and the calculation
of seven different means which is then divided by plasma lactate sbeciﬁc activity
(which may not be truly reflective of intramuscular lactate specific activity). Thus,
the potential errors in each measurement and in subsequent calculations must be taken
into account. In addition, " ~ calculation of the direct uptake of recycled “C-glucose
in the soleus seems to be less consistent (as noted in the large errors, especially
during exercise) which may also apply to the apparen: glyconeogenesis during the
postexercise period. (This inconsistency is manifested in Chapter 4, Figure 4.6, in
lactate-loaded rats which showed evidence of glyconeogenic activity in the soleus at
rest but not following exercise.) This could arise if the soleus did not synthesize its
glycogen in a linear manner so that the average ratio of plasma *H-glucose to recycled
“C-glucose during Tecovery would not apply. Indeed, the amount of glycogen
synthesized by the direct route after one hour of recovery (preliminary data of n = 3
Tats, not reported in this thesis) was approximately only 0.3 mg/g, significantly lower

than that immediately following exercise and after three hours of postexercise
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recovery, suggesting a nonlinear rate of glycogen synthesis over the three-hour
recovery period.

Another possible reason for the notable but unexpected glyconeogenic contri-
bution to glycogen is the fiber composition of the soleus muscle itself. The soleus is
comprised of approximately 15% fast-twitch oxidative glycolytic fibers (FOG) (1, 2)
which also constitute the majority of the red gastrocnemius muscle (1, 2). FOG
fibers have been shown to have the highest glyconeogenic capacity (23) which may be
further stimulated with prior exercise (Chapter 2). It may be, then, that prior
prolonged swimming stimulated FOG fibers in the soleus muscle to synthesize a small
amount of glycogen via glyconeogenesis. McLane and Holloszy (23) have also
submitted that the slow but definite glyconeogenic rates observed in their perfused

soleus muscles may be attributed to these fast-twitch oxidative fibers with 2 higher

glyconeogenic capacity.

THE PATAWAY OF MUSCLE GLYCONEOGENESIS

The pathway by which lactate is converted to glycogen in muscle remains
obscure. It has been proposed that pyruvate kinase co;ﬂd support the direct conver-
sion of pyruvate into phosphoenolpyruvate (PEP) at rates which would correspond to
glyconeogenic rates reported in muscle (10, 18, 23, 30), despite the high positive
standard free energy of the reaction. Others, however, support the necessity of an
enzymatic bypass to pyruvéte kinase, as seen in liver. Because skeletal muscle does

not possess significant activities of pyruvate carboxylase to transform pyruvate into



-138-

OAA as in liver (25), but does demonstrate significant activities of malic enzyme
(NADP-dependent) and PEPCK (8, 9, 23, 25, 34), pyruvate could, theoretically, be
converted to malate to OAA and then to PEP on its way to glycogen.

Although the present study does not shed any new light on the conversion of
pyruvate to PEP in muscle in the pathway of glyconeogenesis, it indicates that the
primary source of the lactate for glyconeogenesis in fast-twitch muscles is that formed
locally in the muscles, rather than that taken up from plasma. This lactate may be
formed within the same muscle fibers or possibly "shuttled” from adjacent fibers (5).
Prior exercise seems to stimulate glyconeogenic activity in the muscle even in
exercises not characterized by high plasma lactate accumulations (i.e. prolonged
swimming, ref. 11, Chapter 1). This postexercise increase in glyconeogenic activity
may be stimulated in part by 1) decreases in intracellular pH (which may inhibit
phosphofructokinase and/or stimulate fructose-1,6-bisphosphatase (4)), 2 low
glycogen levels, a potent stimulus for glycogenesis (7), or 3) increased lactate
transport into and/or between muscle fibers (5, 36) to provide additional

glyconeogenic substrate.
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CHAPTER 4: EFFECT OF POSTEXERCISE LACTATE INFUSION ON
MUSCLE AND LIVER GLYCOGEN SYNTHESIS
INTRODUCTION

To date, the availability of high musle concentrations of lactate has been
considered necessary for significan: muscle glycogen synthesis via the gluconeogenic
route (glyconeogenesis). The few ir vivo human studies (3, 18) supporting postexer-
cise muscle glyconeogenesis used high intensity exercise models (running or cycling)
which are characterized by high lactate production and accumulation (plasma levels up
to 20 mM, ref. 18). Following simulated high intensity exercise (electrical stimula-
tion and epinephrine), significant glycogen synthesis from lactate in the perfused rat
muscle occurred only when the perfusate contained high lactate concentrations (10.5
or 18 mM) (38). Moreover, postexercise gluconeogenic glycogen synthesis has been
reported in white muscle in rat but only in the presence of elevated lactate levels
produced by nutritive support (22).

In contrast to previous studies, we have found that both white and red gastroc-
nemius muscles replete some of their glycogen via the glyconeogenic route (primarily
from lactate formed locally in the muscles) during a fasted recovery period following
prolonged swimming, an exercise model not associated with high lactate accumulation
(1.3 mM lactate in plasma at the end of four hours of exercise). The purposes of the
studies presented in this chapter are, therefore, i) to establish the consistency of our
results with those previously published by demonstrating glyconeogenesis in the

recovery period in the presence of high lactate, ii) to examine the interactions in
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glycogen synthesis between exercise, per se, (submaximal and, therefore, with
minimal lactate accumulation) and additional lactate whiéh would simulate that formed
afier more intense exercise, and iii) to determine whether any effects of lactate
demonstrated could be explained by the additional glucose synthesized by the liver in

response to the increase in substrate concentrations.

METHODS

EXPERIMENTAL PROTOCOL

Three series of rats (rested controls and swimmers) were infused with either i)
NaH“CO0,, ii) ['*C-UJ-lactate or iii} [**C-1]-glucose (at rates previously described) and
followed experin:ental protocols as described in Chapters 1, 2 and 3. The only
difference was the infusion of a 15% one-third neutralized lactic acid solution (27) at
a rate of 0.055 ml/min (8.25 mg/min) in place of saline during the three-hour
recovery period in all series of rats. This lactic acid solution was infused rather than
sodium lactate so as to avoid the potential increases in blood flow and extracellular
fluid volume (see ref. 7) as well as progressive alkalosis characteristic of sodium
lactate infusions, presumably due to the accumulations of sodium ions (7).
NaH“CO,-lactic acid infused rats were included as controls (as no incorporation of
€ is expected in muscle glycogen as previously discussed), as well as for the
determination of the minimal detectable differences for statistical analyses in lactate-
infused rats. Rats infused with [“C-1]-glucose and saline during recovery (Chapter 3)

were plotted on the graphs as "controls” for load effects and for statistical compari-
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sons.

In order to assess whether the effects of lactic acid infusion on glycogen
formation were due to lactate itself or rather to the resulting plasma glucose from
hepatic gluconeogenesis, a fourth series of rats (both rested and exercised) was
infused with [*C-1]-glucose (as above) and a 3% glucose load at 0.055 ml/min (1.7
mg/min) during recovery. The concentration of the glucose load was determined by
infusing glucose solutions of various concentrations into resting rats and assessing

which produced comparable plasma glucose concentrations to those attained in lactic

acid-infused rested rats.

CALCULATIONS

Total and radiolabelled plasma glucose, plasma lactate and tissue glycogen
were quantitated, and direct glycogen synthesis, direct “C-glycogen and the indices of
glyconeogenesis were calculated as described in Chapters 1, 2 and 3 for NaH"“COy-,
[*C-U]-lactate- and [*C-1]-glucose-infused rats, respectively. Because the specific
activities of plasma lactate in rats infused with [*C-1]}-glucose and lactate would not
reflect intramuscular lactate specific activities (due to the high concentrations of cold
lactate in plasma which are not expected to equilibrate completely with the intramus-
cular Iactate pool), the indices of glyconeogenesis in these rats were calculated by
dividing the differences between total and direct recycled *C-glucose in giycogen by
the average specific activity of plasma “C-glucose as the latter is the precursor to “C-

lactate in muscle. This calculation, then, would represent a minimal, uncorrected
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estimate of the index of gluconeogenic glycogen formation.

STATISTICAL ANALYSIS

Statistical analyses on plasma data were done using Dunn’s procedure for &
priori planned multiple comparisons. Significant differences between total and direct
(recycled) “C-glycogen in liver and muscle were detected using the minimal detect-
able difference (MDD) test as described in Chapter 2. The MDD used for the test in
lactic acid-infused rats was that calculated from equation 2.4 (p. 83), where m, was
the average of the differences between total and direct “C-d.p.m. in glycogen in the
three muscles in rats infused with NaH'*CO, and cold lactic acid. In both rested and
exercised rats infused with [*C-1J-glucose and either saline, glucose or lactic acid
during recovery, total recycled “C-glucose in glycogen, total tissue glycogen,
glycogen synthesized by the direct uptake of plasma glucose and the indices of
glyconeogenesis were compared with respect to the effects of both exercise and loads
using analysis of variance with a completely randomized factorial design and an a
posteriori comparison by Scheffe’s procedure. The significant effects of exercise on
total “C-glycogen, total glycogen concentrations, the amounts of glycogen synthesized
via the direct route and the indices of glyconeogenesis in both [**C-UJ-lactate and
NaH"CO,-infused rats, respectively, were detected using Student’s ¢ tests. The level

of significance was set at P < 0.05 for all tests.
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RESULTS
Plasm i 4.1

Plasma lactate concentrations in swimming rats were not significantly different
from those of rested controls before the exercise period in animals infused with
glucose or lactic acid during recovery. During exercise, lactate concentrations were
higher as previously seen (Chapter 1) although this was not significant in one series
(Figure 4.1, lower panel) because of another problem (see below). Sixty minutes of
lactic acid infusion dramatically increased plasma lactate concentraiions from 0.56 +
0.03 mM and 1.34 + 0.24 mM immediately following the exercise period to 12.39 +
0.75 mM and 12.87 + 1.66 mM in rested and exercised rats, respectively (upper
curve). Lactic acid infusion caused 2 sharper increase in plasma lactate concentra-
tions in exercised rats as compared to rested controls, so that following three hours of
loading, differences between rested (14.71 + 1.20 mM) and exercised animals (21.50
+ 4.11 mM) reached significance.

In animals which received a postexercise glucose load (lower graph), there was
an apparent large increase in plasma lactate (to 3.22 + 1.73 mM) following one hour
of swimming. This apparent increase was due to one single sample of 11.78 mM,
which may have been the result of either maximal exertion or severe stress during the
first hour of swimming in the rat, or a contamination of the sample. Disregarding the
sample gives a mean plasma lactate level of 1.55 4- 0.30 mM, which is in keeping
with previous results (upper graph and Chapter 1 results). Glucose loading during

recovery did not result in significant increases in plasma lactate concentrations in



-147-

either rested controls or exercised animals; moreover, plasma lactate concentrations
were identical in glucose-loaded rested (1.06 + 0.14 mM) and exercised amimals
(0.96 + 0.62 mM) fcliowing one hour of loading and throughout the recovery period
despite the initially higher lactate (not significant) in exercised (1.00 + 0.06 mM) as

compared to rested controls (0.56 + 0.03 mM) immediately following the swim.



Figure 4.1: Plasma lactate concentrations in rested and exercised rats infused with
cold lactic acid or glucose during the recovery period.

Plasma lactate concentrations were determined in rats during a two-hour basal period
(0-120 minutes), four hours of swimming or rest (120-360 minutes) and three hours
(360-540 minutes) of a postexercise lactic acid (upper graph) or glucose infusion
(lower graph). Scid lines represent the exercised group and the dashed lines, the
rested controls. All data are expressed as means + SEM. *significantly different
from rest (P < 0.05). n = 6 for each point on the curves.
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Figure 4.2: Plasma glucose concentrations in rested and exercised rats infused with
cold lactic acid or glucose during the recovery period.

Plasma glucose concentrations were determined in rats during a two-hour basal period
(0-120 minutes), four hours of swimming or rest (120-360 minutes) and three hours
(360-540 minutes) of a postexercise lactic acid (upper graph) or glucose infusion
(lower graph). Solid lines represent the exercised group and the dashed lines, the
rested controls. All data are expressed as means + SEM. *significantly different
from rested control (P < 0.05). n = 6 for each point on the curves.
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Plasma Glucose (Figure 4.2)

Although swimming caused a slight increase in plasma glucose concentrations
(eg. from 0.97 + 0.03 mg/ml to 1.10 + 0.05 mg/ml after one hour of swimming,
upper graph), glucose levels throughout the four-hour exercise were not different
from those of rested controls (upper and lower graphs). (The apparent significant
difference in the lower graph was again due to a very high plasma glucose level in
only one rat sample after one hour of swimming.) Plasma glucose in exercised rats
increased from 1.19 + 0.06 mg/ml immediately postexercise to 1.78 + 0.10 mg/ml
following one hour of a lactate-loaded recovery, a level significantly higher than that
of lactic acid-infused rested controls, and remained significantly higher than controls
for the three-hour recovery period.

Glucose was infused into rats during recovery in attempt to match plasma
glucose levels attained in lactic acid-infused rested controls, so as to ascertain whether
lactate was exerting effects on its own or via resulting increases in plasma glucose.
Indeed, plasma glucose concentrations attained in glucose-infused rested controls (eg.
1.53 + 0.01 mg/mi, two hours of recovery) were very similar to those of lactate-
loaded rats (eg. 1.54 + 0.03 mg/g, two hours of recovery) throughout recovery.
Plasma glucose levels in glucose-loaded exercised and nonexercised rats were both
1.58 mg/ml after one hour postexercise, and did not change significantly in either

group throughout recovery.



Figure 4.3: 'C-Glycogen in liver after either saline, glucose or lactic acid infusion
during recovery.

“C-glucose in liver glycogen was determined in rats following recovery from 4 hours
of exercise (exercise + recovery, lower graph) or rest (rest + recovery, upper
graph). Rats infused with [PH-3]- and [“C-1]-glucose were also infused with either
saline, glucose or lactic acid during the three-hour recovery period. NaH™“CO;- and
[*C-U]-lactate-i1. fused rats were infused with lactic acid during the recovery period.
Open bars are total "C-glucose d.p.m. in liver glycogen (total recycled "C-glucose
d.p.m. in the cases of [**C-1]-glucose infusion); striped bars are “C-glucose d.p.m.
in liver glycogen accounted for by the direct uptake of plasma “C-glucose (recycled
14C-glucose in ["C-1]-glucose-infused rats). All data are expressed as means + SEM.
*»significantly different from total (recycled) “C-glucose d.p.m. in liver glycogen;
*significantly different from saline infusion and * *significantly different from glucose
infusion (for ["*C-1]-glucose-infused rats only), (P < 0.05). n = 6 for all bars
except NaH"CO;-infused exercised rats where n = 8.
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Figure 4.4: Glycogen in liver after either saline, glucos. or lactic acid infusion
during recovery.

Liver glycogen was assessed in rats following recovery from 4 hours of exercise
(exercise + recovery, lower graph) or rest (rest + recovery, upper graph). Rats
infused with [’H-3]- and ["C-1])-glucose were also infused with either saline, glucose
or lactic acid during the three-hour recovery period. NaH“CO;- and [“C-U]-lactate-
infused rats were infused with lactic acid during the recovery period. Open bars are
total liver glycogen concentrations; striped bars are glycogen synthesized directly
from glucose; and filled bars are indices of glyconeogenesis. All data are expressed
as means + SEM. For the same glycogen parameters: *significantly different from
rest, *significantly different from saline infusion and **significantly different from
glucose infusion (for [**C-1]-glucose infusions only), (P < 0.05). n = 6 for all bars
except NaH"CQ,-infused exercised rats where n = 8.
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Be- in Liver (Figure 4

Rest (Upper Graph). Hepatic glycogen synthesis in rested fasted rats was low as
indexed by the smail amount of total recycled *C-glucose incorporated into glycogen
in saline-infused animals (1.90 x 10* + 0.57 x 10* d.p.m./g liver). Glucose infusion
into rested rats, however, significantly increased recycled *C-glucose incorporation
into liver glycogen as compared to those resulting from both saline and lactic acid
infusions (P < 0.05). In fact, exogenous lactic acid had no significant effect on total
recycled “C-glucose incorporation into glycogen as compared to saline-infused rats.
With each gluconeogenic tracer with or without exogenous substrate infusion, less
than half of the total (recycled) “C-glucose in glycogen could be accounted for by the
direct uptake of (recycled) plasma "C-glucose, indicative of sigrificant gluconeogenic
contributions to glycogenesis in the liver, consistent with previous findings (14, 22,

23, 24, 26, 28, 29, 32, 33, 36, 42, Chapters 2 and 3).

Postexercise Recovery (Lower Graph). Prolonged swimming had no statistically
significant effects on total (recycled) “C-glucose incorporation into liver glycogen
during postexercise recovery in saline-, glucose- or lactic acid-infused rats as com-
pared to respective rested controls. In fact, the relative pattern in exercised rats was
very similar to that of the rested controls. As in rested animals, glucose loading in
exercised rats significantly increased total recycled *C-glucose incorporation into liver
glycogen over those of saline- and lactic acid-infused rats (P < 0.05), whereas

lactate-loading had no apparent significant effect on label incorporation. Again, less
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than half of the total (recycled) “C-glycogen could be attributed to (recycled) plasma
glucose in [“C-1]-glucose, NaH"COQ; and [“*C-U}-lactate trials, suggesting that a

major fraction of the glycogen synthesized was from gluconeogenic precursors.

Liver Glvcogen Concentrations (Figure 4.4)

Rest (Upper Graph). Total hepatic glycogen and that synthesized by both direct and
indirect routes in rested rats were significantly elevated with glucose infusion. Total
glycogen concentration following three hours of glucose infusion into rested rats (6.30
+ 0.59 mg/g) was significantly higher than total glycogen following saline (1.31 +
0.40 mg/g, P < 0.05) and lactic acid infusions (2.45 + 0.82 mg/g, P < 0.05). The
amount of glycogen synthesized by the direct uptake of glucose was also significantly
increased with glucose infusion (3.04 + 0.58 mg/g) as compared to saline (0.26 +
0.09 mg/g) and lactic acid infusions (0.71 + 0.15 mg/g) as were the uncorrected
indices of glyconeogenesis (2.32 + 0.31, 0.22 + 0.06 and 0.46 + 0.10 mg/g liver in
glucose-, saline- and lactic acid-infused rats, respectively), (all P < 0.05, glucose
versus saline or lactate). The indices of glyconeogenesis in lactate-loaded rats as
traced using NaH"“CO, (0.85 =+ 0.47 mg/g) and [**C-U]-lactate infusions (1.26 +
0.43 mg/g) appear higher than that using [**C-1]-glucose. It should be noted that the
glyconeogenic index in lactate-loaded rats in the [**C-1]-glucose trial was calculated
using average plasma "C-glucose specific activity and would represent a minimal
estimate. Calculation of the index based on the plasma specific activities of **C-

lactate gives a glyconeogenic index of 2.07 + 0.60 mg/g. Using either NaH'“CO, or
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C-UJ-lactate, the uncorrected indices of glyconeogenesis amounted to more
y g

glycogen made via the indirect route than that formed directly from glucose.

Postexercise Recovery (Lower Graph). While prior prolonged swimming tended to
increase total, direct and gluconeogenic glycogen to some extent, major increases (in
total and direct glycogen) were noted only in lactate-loaded exercised rats. These
differences were significant in the studies where either NaH"“CO, or [“C-U}-lactate
were used as tracers. Total glycogen rose to 5.59 + 1.10 and 6.13 + 0.74 mg/g,
while the amount of glycogen formed via the direct route was 1.65 + 0.43 and 1.69
+ 0.23 mg/g in NaH"CO,- and [*C-U]-lactate-infused rats, respectively, P < 0.05
as compared to respective rested controls. The uncorrected indices of
glyconeogenesis were not statistically significantly higher than those of rested controls
following three hours of postexercise lactic acid infusion (2.60 + 0.77 and 2.18 +
0.34 mg/g in NaH"“CO, and [“C-U}-lactate trials, respectively) but did amount to
more glycogen than that made via the direct route. Total (3.74 + 1.38 mg/g), direct
(1.27 + 0.40 mg/g) and gluconeogenic glycogen (0.63 + 0.13 mg/g) in {“C-1]-
glucose-infused rats which were lactate-loaded during postexercise recovery, however,
were not different from rested controls and were each lower than those of the other
two lactate trials. Dividing by the average plasma specific activity of “C-lactate in
lactate-loaded exercised rats infused with [**C-1]-glucose gives a glyconeogenic index
of 2.48 + 0.34 mg/g, which is more comparable to those in the NaH"“CQ, and [“C-

Ul-lactate trials and, in the liver, likely more appropriate. Individual variations in
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hepatic glycogen are most likely the cause of these inconsistencies in total and direct
glycogen values (particularly in the study with lactate loading after exercise and [C-
1]-glucose infusion). With glucose infusion, prior exercise had no apparent effect on
the amounts of glycogen formed in the liver as compared to glucose-infused rested
controls. Total (6.79 + 0.66 mg/g), direct (3.42 + 0.58 mg/g) and gluconeogenic
glycogen (2.24 + 0.18 mg/g) in these glucose-loaded rats were significantly higher (P
< 0.05) than those which received saline (1.49 + 0.66, 0.42 + 0.18 and 0.65 +

0.31 mg/g for total, direct and gluconeogenic glycogen, respectively) or lactic acid

during recovery.



Figure 4.5: "“C-Glycogen in soleus after either saline, glucose or lactic acid infusion
during recovery.

1C-glucose in soleus glycogen was determined in rats following recovery from 4
hours of exercise (exercise + recovery, lower graph) or rest (rest + recovery, upper
graph). Rats infused with PH-3}- and ["C-1]-glucose were also infused with either
saline, glucose or lactic acid during the three-hour recovery period. NaH“CO;- and
[“C-U}-lactate-infused rats were infused with lactic acid during the recovery period.
Open bars are total “C-glucose d.p.m. in soleus glycogen (total recycled "“C-glucose
d.p.m. in the cases of [*C-1]-glucose infusion); striped bars are “C-glucose d.p.m.
in soleus glycogen accounted for by the direct uptake of plasma "“C-glucose (recycled
“C-glucose in [C-1]-glucose-infused rats). All data are expressed as means + SEM.
**significantly different from total (recycled) “C-glucose d.p.m. in soleus glycogen;
*significantly different from rest, (P < 0.05). n = 6 for all bars except NaH"CO;-
infused exercised rats where n = 8.
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Figure 4.6: Glycogen in soleus after either saline, glucose or lactic acid infusion
during recovery.

Soieus glycogen was assessed in rats following recovery from 4 hours of exercise
(exercise + recovery, lower graph) or rest (rest <+ recovery, upper graph). Rats
infused with [*H-3)- and [**C-1]-glucose were also infused with either saline, glucose
or lactic acid during the three-hour recovery period. NaH"“CO,- and [*C-U]-lactate-
infused rats were infused with lactic acid during the recovery period. Open bars are
total soleus glycogen concentrations; striped bars are glycogen synthesized directly
from glucose; and filled bars are indices of glyconeogenesis. All data are expressed
as means + SEM. For the same glycogen parameters: *significantly different from
rest, *significantly different from saline infusion and **significantly different from
glucose infusion (for [**C-1]-glucose infusions only), (P < 0.05). n = 6 for all bars
except NaH"CO,-infused exercised rats where n = 8.
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HC-Gl n_in Sol i 4

Rest (Upper Graph). The relatively high incorporations of "*C-label from each tracer
into glycogen again reflect the high tumover of glycogen at rest in the soleus muscle,
with or without glucose or lactate loads. At rest, total recycled “C-glucose incorpor-
ation into glycogen in the soleus in [**C-1]-glucose-infused rats was not statistically
significantly increased with either glucose or lactic acid infusions. Recycled MC-
glucose incorporation into glycogen was not different in glucose- and lactate-loaded
rats. Although there was no difference between total recycled and direct recycled
MC-glucose incorporation into glycogen in saline-infused rats, statiﬁtiwlly, the differ-
ences were significant in both glucose- and lactic acid-infused animals (P < 0.05).
Likewise, total and direct *C-glycogen in [*C-U]-lactate-infused rats were statistically
significantly different (P < 0.05) which may suggest some glyconeogenic activity in

the muscle.

Postexercise Recovery (Lower Graph). Prior exercise decreased '“C incorporation
into soleus glycogen. Although total (recycled) “*C-glycogen appeared lower than in
rested controls in all trials, only those of saline- and glucose-infused rats ({*C-1]-
glucose) and those infused with NaH“CO, and lactic acid were statistically lower than
those at rest (P < 0.05). 4C-glycogen arising from the direct uptake of recycled “C-
glucose mplasma was statistically significantly lower than total recycled “C-glucose
in glycogen in rats infused with [*C-1]-glucose and either saline or lactic acid (P <

0.05), indicative of the possibility of some gluconeogenic glycogen synthesis in the
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muscle. No glyconeogenic activity, however, was apparent in rats infused with
glucose or those infused with both tracer and cold lactate. There were no differences

between total recycled C-glucose in glycogen in glucose- and lactate-loaded animals.

1 n_Concentrations in Sol i 4
Rest (Upper Graph). Both lactic acid and glucose infusions increased glycogen
synthesis and total glycogen concentrations in the soleus muscle in rested rats. The
amount of glycogen synthesized from glucose (direct route) increased from 1.29 +
0.21 mg/g muscle in saline-infused rats to 3.55 + 0.85 mg/g (P < 0.05) and 4.30 +
0.43 mg/g (P < 0.05) with glucose and lactic acid infusions, respectively. Likewise,
total glycogen concentrations in soleus in rats infused with glucose (4.98 + 0.59
mg/g) or lactic acid (5.82 =+ 0.51 mg/g) were significantly higher than those infused
with saline (3.03 + 0.38 mg/g) (P < 0.05). The uncorrected indices of
glyconeogenesis as traced by [“C-U]-lactate and [“C-1]-glucose were (.44 + 0.21
mg/g and 0.41 + 0.15 mg/g, respectively, the latter being significantly higher as

compared to both saline- and glucose-infused rats (P < 0.03).

Postexercise Recovery (Lower Graph). In the soleus, total glycogen concentration
was the only parameter significantly affected by prior exercise. Glycogen concentra-
tions with saline, glucose and lactic acid infusions during recovery were significantly
reduced (halved) in exercised as compared to rested rats (P < 0.05) (with the

exception of [*C-U]-lactate trials, presumably owing to individual glycogen var-
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iations). The relative effects of glucose and lactic acid infusions on total, direct and
gluconeogenic glycogen were similar to those described in rested animals. Total
glycogen in the soleus was significantly higher with glucose (2.62 + 0.30 mg/g) and
lactate (2.96 + 0.54 mg/g) loads as compared to saline-infused rats (1.41 + 0.19
mg/g) (P < 0.05). Glycogen synthesized by the direct route was also higher in
glucose- and lactic acid-infused rats (2.15 & 0.33 and 2.90 + 0.69 mg/g, respective-
ly) than in those infused with saline (1.17 + 0.13 mg/g) (P < 0.05). Total glycogen
and that synthesized by the direct route in lactate-infused rats were not different from
those in glucose-infused animals (at rest or during postexercise recovery). The uncor-
rected glyconeogenic index in the soleus in lactate-infused ([*C-1]-glucose) rats
recovering from prolonged swimming (0.35 + 0.09 mg/g) was statistically signifi-
cantly higher than those of saline- and glucose-infused animals (P < 0.05), but was
virtually equal to that at rest. Because all of the "“C-glycogen could be accounted for
by the direct uptake of “C-glucose from plasma in ["“C-U]-lactate-infused rats (Figure
4.5), there was no recorded value of the index of gluconeogenic glycogen formation

(Figure 4.6, lower graph).



Figure 4.7: "C-Glycogen in white gastrocnemius after either saline, giucose or lactic
acid infusion during recovery.

4C-glucose in white gastrocnemius glycogen was determined in rats following
recovery from 4 hours of exercise (exercise + recovery, lower graph) or rest (rest +
recovery, upper graph). Rats infused with PH-3]- and [“C-1]-glucose were also
infused with either saline, glucose or lactic acid during the three-hour recovery
period. NaH"“CO,- and [“C-U]-lactate-infused rats were infused with lactic acid
during the recovery period. Open bars are total “C-glucose d.p.m. in white
gastrocnemius glycogen (total recycled “C-glucose d.p.m. in the cases of [C-1]-
glucose infusion); striped bars are “*C-glucose d.p.m. in white gastrocnemius
glycogen accounted for by the direct uptake of plasma “C-glucose (recycled *“C-
glucose in ["C-1]-glucose-infused rats). All data are expressed as means 1 SEM.
**significantly different from total (recycled) “C-glucose d.p.m. in white
gastrocnemius glycogen; *significantly different from rest (P < 0.05). n = 6 for all
bars except NaH"CO;,-infused exercised rats where n = 8.
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Figure 4.7: 14C-Glycogen in white gastrocnemius after either saline,

glucose or lactic acid infusion during recovery.




Figure 4.8: Glycogen in white gastrocnemius after either saline, glucose or lactic
acid infusion during recovery.

White gastrocnemius glycogen was assessed in rats following recovery from 4 hours
of exercise (exercise + recovery, lower graph) or rest (rest + recovery, upper
graph). Rats infused with [PH-3]- and ['“C-1]-glucose were also infused with either
saline, glucose or lactic acid during the three-hour recovery period. NaH“CO,- and
[“C-U}-lactate-infused rats were infused with lactic acid during the recovery period.
Open bars are total white gastrocnemius glycogen concentrations; striped bars are
glycogen synthesized directly from glucose; and filled bars are indices of
glyconeogenesis. All data are expressed as means & SEM. For the same glycogen
parameters: *significantly different from rest, *significantly different from saline
infusion and **significantly different from glucose infusion (for [*C-1]-glucose
infusions only), (P < 0.05). n = 6 for all bars except NaH"“CO;-infused exercised
rats where n = 8.
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HC-Gl n in_White Gastrocnemius (Figure 4.

Rest (Upper Graph). With or without exogenous glucose or lactic acid infusions,
incorporations of recycled “C-glucose were very low in the white gastrocnemius as
compared to those in the soleus muscle (Figure 4.5), reflecting the very low rates of
glycogen turnover at rest in the muscle. Total recycled “C-glucose incorporation into
glycogen in the white gastrocnemius was not statistically significantly increased with
the infusion of lactic acid. There were, however, statistically significant differences
between total and direct (recycled) “C-glycogen with both glucose and lactic acid

infusions (P < 0.03), indicative of glyconeogenic activity in the muscle.

Postexercise Recovery (Lower Graph). Prior exercise stimulated glycogen synthesis
in the white gastrocnemius as denoted by the significantly increased total recycled “C-
glucose incorporation into giycogen in rats infused with [“C-1)-glucose and either
saline, glucose or lactic acid as compared to rested controls (P < 0.05). Only about
half of the C in glycogen could be accounted for by the direct uptake of labelled
plasma glucose in both [**C-1]-glucose and [C-UJ-lactate series, suggesting that
glyconeogenesis was a significant contributor to glycogen, especially with exogenous

lactate loading during postexercise recovery.



-165-
Glycogen Concentrations in White Gastrocnemius (Figure 4.8)
Rest (Upper Graph). Lactic acid infusion significantly increased total glycogen
concentration (to 7.29 £ 0.47 mg/g) in the white gastrocnemius over those infused
with saline (4.02 + 0.75 mg/g, P < 0.05) or glucose (5.48 + 0.26 mg/g, P < 0.05)
in the [*C-1]-glucose series. With lactic acid infusion, the increase in direct glycogen
synthesis from glucose (0.55 + 0.25 mg/g) was not statistically significant as
compared to direct synthesis in saline (0.06 + 0.02 mg/g) and glucose (0.15 + 0.05
mg/g) trials. The glyconeogenic index in these lactate-loaded rats (0.36 + 0.05
mg/g) was significantly higher than those of rats infused with saline (0.02 + 0.01
mg/g, P < 0.05) and in animals which received a glucose load (0.11 + 0.02 mg/g, P
< 0.05). The uncorrectéd index of glyconeogenesis as detected using [“C-U]J-lactate
in rats infused with lactic acid (0.68 1 0.18 mg/g) matched glycogen made via the

direct route (0.66 + 0.46 mg/g).

Postexercise Recovery (Lower Graph). Prior prolonged swimming affected glycogen
concentrations and the amounts of glycogen synthesized by both direct and indirect
routes during recovery in the white gastrocnemius. Total glycogen concentrations in
[**C-1}-glucose-, glucose-infused rats (4.57 + 0.58 mg/g) and in animals infused with
NaH"CO; and lactic acid (5.05 + 0.42 mg/g) were significantly lower following
three hours of postexercise recovery as compared to rested controls (P < 0.05). In
rats infused with lactic acid during postexercise recovery ([*“C-1]-glucose series), total

glycogen (5.52 + 0.60 mg/g) was significantly higher than glycogen concentrations in
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rats which received postexercise saline (3.47 £ 0.38 mg/g, P < 0.05) or glucose

infusions (4.57 + 0.58 mg/g, P < 0.05). Althovgh direct glycogen synthesis was
significantly increased in exercised rats during recovery over those of rested controls
(P < 0.05), the amounts of glycogen formed from glucose were not different during
postexercise saline (1.46 + 0.27 mg/g), glucose (1.83 £ 0.70 mg/g) and lactic acid
infusions (2.44 + 0.72, 1.92 + 0.76 and 1.78 + 0.57 mg/g in [*C-1}-glucose,
NaH™CO; and [*C-U]-lactate trials, respectively). The indices of glyconeogenesis (as
traced by recycled "“C-glucose) were higher in exercised rats than in nonexercised
controls with postexercise saline, glucose and lactate loads (P < 0.05). In the ["C-
1]-glucose series, the uncorrected glyconeogenic index in lactic acid-infused rats (1.10
+ 0.25 mg/g) was also significantly higher than those of animals infused with saline
(0.35 + 0.04 mg/g, P < 0.05) or glucose (0.50 + 0.12 mg/g, P < 0.05) and
corresponded precisely with the glyconeogenic index in rats infused with both tracer

and cold lactate (1.18 + 0.21 mg/g).



Figure 4.9: “C-Glycogen in red gastrocnemius after either saline, glucose or lactic
acid infusion during recovery.

“C-glucose in red gastrocnemius glycogen was determined in rats following recovery
from 4 hours of exercise (exercise + recovery, lower graph) or rest (rest + recovery,
upper graph). Rats infused with [PH-3]- and [*“C-1]-glucose were also infused with
either saline, glucose or lactic acid during the three-hour recovery period. NaH"CO,-
and [**C-U]-lactate-infused rats were infused with lactic acid during the recovery
period. Open bars are total *C-glucose d.p.m. in red gastrocnemius glycogen (total
recycled “C-glucose d.p.m. in the cases of [C-1]-glucose infusion); striped bars are
“C-glucose d.p.m. in red gastrocnemius glycogen accounted for by the direct uptake
of plasma “C-glucose (recycled “C-glucose in [“C-1]-glucose-infused rats). All data
are expressed as means + SEM. **significantly different from total (recycled) "C-
glucose d.p.m. in red gastrocnemius glycogen; *significantly different from rest

(P < 0.05). n = 6 for all bars except NaH"“CO,-infused exercised rats where

n = 8.
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Figure 4.9: 14C—Glycogen in red gastrocnemius after either saline,
glucose or lactic acid infusion during recovery.



Figure 4.10: Glycogen in red gastrocnemius after either saline, glucose or lactic acid
infusion during recovery.

Red gastrocnemius glycogen was assessed in rats following recovery from 4 hours of
exercise (exercise + recovery, lower graph) or rest (rest + recovery, upper graph).
Rats infused with [PH-3]- and [“C-1]-glucose were also infused with either saline,
glucose or lactic acid during the three-hour recovery period. NaH"CO,- and [MC-U]-
lactate-infused rats were infused with lactic acid during the recovery period. Open
bars are total red gastrocnemius glycogen concentrations; striped bars are glycogen
synthesized directly from glucose; and filled bars are indices of glyconeogenesis. All
data are expressed as means + SEM. For the same glycogen parameters: *signifi-
cantly different from rest, *significantly different from saline infusion and **signifi-
cantly different from glucose infusion (for [**C-1]-glucose infusions only),

(P < 0.05). n = 6 for all bars except NaH"CO,-infused exercised rats where
n=2_8. :
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HC-Gl in R mi i 4

Rest (Upper Graph). The very low turnover of glycogen at rest in the red gastrocne-
mius was not statistically significantly increased with either glucose or lactate
infusions (as denoted by relative recycled "“C-glucose incorporation into glycogen in
{"“C-1)-glucose trials). With these glucose and lactic acid infusions, respectively,
however, the significant differences between total and direct recycled “C-glucose in
glycogen became more pronounced, suggesting load-dependent increases in glyconeo-
genic activity in the muscle. Similarly, only about half of the “C-d.p.m. in glycogen
in rats infused with both tracer and cold lactate could be accounted for by the direct
uptake of labelled plasma glucose, again indicative of significant gluconeogenic

contributions to total glycogenesis.

Postexercise Recovery (Lower Graph). Prolonged swimming stimulated postexercise
glycogen synthesis significantly in red gastrocnemii in all rats as indexed by the total
amount of "“C-glucose incorporation into glycogen (P < 0.05 as compared to
nonexercised animals). Gluconeogenic glycogen formation also appeared to be
augmented during postexercise recovery in all rats (with and without exogenous
loading) as depicted by the significant amounts of *C-d.p.m. in glycogen unaccounted
for by the direct uptake of labelled glucose from plasma in both [**C-1]-glucose and
[**C-Ul-lactate series.
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1 n ions in R mi i 4.1
Rest (Upper Graph). Lactate loading induced significant increases in total glycogen
levels as well as in the amounts of glycogen synthesized by both direct and indirect
routes in the red gastrocnemius at rest. Total muscle glycogen in lactic acid-infused
rats (6.32 + 0.63 mg/g) was significantly higher than glycogen levels with saline
infusion (4.05 + 0.61 mg/g, P < 0.05) but not with glucose infusion (4.77 + 0.25
mg/g). This same pattern applied to direct glycogen synthesis in saline- (0.23 + 0.05
mg/g), glucose- (1.20 + 0.41 mg/g) and lactic acid-infused rats (1.62 + 0.31 -mglg,
P < 0.05 vesus saline infusion). The index of glyconeogenesis in lactate-loaded rats
(0.42 + 0.11 mg/g) was significantly higher than the indices in both saline- (0.03 +
0.04 mg/g, P < 0.05) and glucose-infused animals (0.14 £ 0.02 mg/g, P < 0.05).
The uncorrected index of glyconeogenesis in [“*C-U]J-lactate-, lactic acid-infused
animals (0.79 + 0.21 mg/g) approached the amount of glycogen formed via the direct

route (1.20 + 0.42 mg/g) in the muscle.

Postexercise Recovery (Lower Graph). Prior exercise stimulated direct and gluconeo-
genic glycogen synthesis in the red gastrocnemius during the recovery period with and
without exogenous substrate and, thus, total muscle glycogen was not significantly
different from rested controls following recovery from the glycogen-depleting
proionged swim. Postexercise lactic acid infusion resulted in a muscle glycogen level
(5.52 + 0.67 mg/g) significantly higher than that of rats which received saline during

the recovery period (4.16 + 0.51 mg/g, P < 0.05). Glycogen synthesized directly
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from plasma glucose was significantly higher in all exercised rats infused with either
saline (2.76 + 0.35 mg/g), glucose (3.50 4 0.61 mg/g) or lactic acid (5.33 + 0.78,
4.40 £ 0.99 and 4.86 + 0.79 mg/g in [**C-1]}-glucose, NaH™CO, and [“C-U]-lactate
experiments, respectively) as compared to their respective rested controls (P < 0.05).
Direct glycogen synthesis in the lactic acid-infused rats was also significantly higher
than that resulting from saline infusion P < 0.05). Prior exercise induced significant
increases in the amounts of glycogen synthesized via the glyconeogenic route with
saline (0.85 + 0.20 mg/g) and glucose infusions (0.67 £ 0.17 mg/g), P < 0.05 as
compared to respective rested controls. The index of gluconeogenic glycogen
formation in lactic acid-infused rats (1.'}3 + 0.23 mg/g) was not only significantly
higher than that of rested controls (P < 0.05), but also as compared to the indices in
both saline- and glucose-infused animals (P < 0.05). Glyconeogenesis as detected by
[MC-Uj-lactate in lactic acid-infused rats (1.42 % 0.21 mg/g) compared well to the
minimal estimate determined via glucose recycling (1.73 + 0.23 mg/g).

In exercised rats infused with lactic acid and [*C-1]-glucose, the sun: of the
amounts of glycogen made via the direct and glyconeogenic routes is apparently
greater than total glycogen concentration in the red gastrocnemius muscle. This is
most likely due, again, to individual variations in the glycogen concentrations in the
rats and to the limitations of the methodology. While total glycogen and that formed
via the direct route should, theoretically, be consistent with those in all lactate-infused
rats as the determinations were made in the same way, the mean total glycogen

concentration in the [**C-1]}-glucose series is lower than and direct glycogen synthesis
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is higher than those in both the [“C-U]-lactate and NaH"“CO, series. In addition, the

amounts of glycogen synthesized by the direct and glyconeogenic routes were
calculated (differently) from several values whereas total glycogen represents one
measurement. It should be noted as well that total glycogen concentration is simply
the amount of glycogen in the muscle and does not reflect new synthesis as do the
values for both direct and gluconeogenic glycogen. Thus, comparing the higher direct
synthesis (with its accompanying error) to the lower total glycogen concentration
(with its individual variation) may give the false impression that all of the glycogen
was made via the direct route leaving little room for any gluconeogenic contributions.
However, the glyconeogenic index supplies 2 more precise and independent estimate
of this particular process. Interestingly, the two estimates, under the same circum-

stances, using different tracers, are very similar in magnitude.



Table 4.1: Gluconeogenic glycogen synthesis as indexed by recycled “C-glucose
d.p.m. in tissue glycogen not arising from “C-glucose from plasma.

The total amount of recycled “C-glucose in tissue glycogen (liver = L, soleus = S,
white gastrocnemius = WG and red gastrocnemius = RG) was assessed in [“C-1]-
glucose-infused rats following two hours of rest, four hours of swimming or rest and
three hours of saline (sal), lactic acid (lac) or glucose (gluc) infusion. That which
could not be accounted for by the direct uptake of recycled **C-glucose from plasma
(as traced using PH-3]-glucose infusion) was used as a relative index of
gluconeogenic glycogen formation. The results were exprcssed as the means of the
differences (in *C-d.p.m.) between total and direct recycled “C-glycogen + SEM
(for n = 6 rats). *significantly different from rest, *significantly different from
saline infusior and **significantly different from glucose infusion (P < 0.05).
“Column D of the relative glyconeogenic indices immediately following the swim was
taken from Chapter 3 data and was not used in the statistical analysis.



- Gluconeogenic Glycogen Synthesis (**C-d.p.m./mg)

12136 21836 83128 4337 20869 19552 65423
L = x - = + + +
3092 5869 13572 1352 9040 3601 6185
++ + ++ +
2502 19060 3130 -9999 7089 9537 -1766
S = + + + + * +
2889 6546 3159 5226 2459 2382 2994
++ ++
878 16332 3756 2882 12953 30593 14587
+ + + * + + *
W | 354 1768 658 2186 1630 7423 3670
G + ++ * * *
+ ++

Table 4.1: Gluconeogenic glycogen synthesis as indexed by recycled C-glucose d.p.m.

in tissue glycogen not arising from recycled *C-glucose from plasma.
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The differences (in “C-d.p.m.) between total recycled "“C-glucose in glycogen
and that which could be accounted for by the direct uptake of recycled “C-glucose
from plasma were used also used as relative indices (in conjunction with the absolute
(mg/g) indices of glyconeogenesis) to assess the effects of exercise and of glucose and
lactic acid infusions on glyconeogenesis in liver and muscle. (Column D of the
differences between total and direct recycled *C-glycogen d.p.m. immediately
following prolonged swimming was taken from Chapter 3 and has been included for
the sake of qualitative comparison; no statistical analyses have been done on these
values in this chapter.) Hepatic gluconeogenic glycogen synthesis was stimulated to a
significant degree by glucose infusion as compared to both saline and lactic acid
infusions (P < 0.05) in both rested and exercised animals, with exercise alone having
no apparent stimulatory effect. The relatively low “C-d.p.m. in the soleus in saline-
infused rested and exercised rats were both significantly increased with lactic acid
infusions (P < 0.05). Prior exercise significantly stimulated gluconeogenic glycogen
synthesis in both white and red gastrocnemii in saline-, glucose- and lactic acid-
infused rats (P < 0.05 versus their respective rested control values).
Glyconeogenesis in white and red gastrocnemii in both rested and exercised animals
was significantly.increased with lactic acid infusion as compared to that resulting from

saline or glucose infusions in rested or exercised rats, respectively (P < 0.05).
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DISCUSSION

Intense exercise can induce twenty-fold increases in muscle and plasma lactate
concentrations (eg. refs. 3, 18) which may provide substrate for postexercise glucone-
ogenic repletion of muscle glycogen. Hermansen and Vaage (18) have reported
plasma and muscle lactate levels of 21 mM and 26 mmol’kg” wet weight, respective-
ly, immediately following maximal intermittent exercise in humans and have sug-
gested that muscle lactate is the primary substrate for postexercise muscle glycogen
repletion. Most in vitro (25, 37, 38) and in vivo (22) studies demonstrate a need for
high lactate concentrations in perfusate or plasma, respectively, for glyconeogenesis to
be induced. Our studies (Chapters 2 and 3), however, have shown that, following
submaximal exercise characterized by minimal lactate accumulation, while no
glyconeogenesis is detectable as traced by [C-U]-lactate (given systemically),
gluconeogenic glycogen synthesis is seen primarily in fast-twitch muscles (white and
red gastrocnemii) when recycled '“C-glucose is used. This implies that: I) the
enzymatic machinery for the glyconeogenic process is present in muscle as previously
seen (4, 22, 25, 37, 38, 39, 40); 2) it is operative under physiological circumstances
(this being comparable to the in vitro results of Bonen et al. (4) demonstrating
glyconeogenesis at low lactate levels); and, 3) the substrate for glyconeogenesis
appears to be that which is produced Iocally in the muscles since it does not
equilibrate well with systemic lactate. The results in the present study extend these
findings to show that, in fast-twitch muscles: 1) in the presence of high lactate levels,

and particularly in the postexercise period, gluconeogenic glycogen synthesis is
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enhanced (independent of resulting changes in plasma glucose concentrations); and,
2) the individual effects of lactate and prior exercise are additive in terms of glycogen

synthesis during recovery.

THE EFFECTS OF LACTATE INFUSION ON MUSCLE GLYCOGENESIS
WHITE AND RED GASTROCNEMI

Glyconeogenesis is demonstratable in white and red gastrocnemii in the
presence of elevated lactate levels in rested and exercised animals using both “C-
lactate and recycled *C-glucose as markers. The provision of lactate increased both
the amounts of glycogen made via the indirect route and the percent contributions
made by glyconeogenesis to glycogenesis in the fast-twitch muscles in rested rats.
The percent contributions of glyconeogenesis to total glycogen synthesis increased
from 12% and 25% to 21% and 40% in red and white gastrocnemius, respectively,
with the infusion of lactic acid into rested animals (as traced using [*C-1]-glucose).
In rats recovering from exercise, the amount of glycogen formed via the gluconeog-
enic route was enhanced with lactic acid infusion and accounted for 30-40% and 23%
in the white and red muscles, respectively.

These contributions to glycogenesis are based on the uncorrected indices of
glyconeogenesis as determined using both '“C-lactate and recycled “C-glucose. With
exogenous lactate loading, the majority of the glycogen formed via lthe gluconeogenic
pathway would be expected to originate from the very high lactate concentrations in

plasma. The two tracers, then, should give comparable results, which they do. The



-177-

variations that are seen, however small, may be accounted for by the following
reasons. The glyconeogenic indices in lactate-loaded rats infused with [“C-1]-glucose
were calculated using the average specific activities of *C-glucose in plasma (as the
precursor to “C-lactate in muscle) rather than those of plasma “C-lactate (as in all
other determinations) as it was expected that plasma lactate specific activity would be
significantly diluted by the high concentrations of lactate in the blood and would not
be reflective of muscle lactate specific activity. Secondly, the percent gluconeogenic
contributions were calculated as the indices of glyconeogenesis divided by the sum of
direct synthesis and the indices of glyconeogenesis for each group of rats; variations
(or inconsistencies) in direct synthesis, then, would affect total glycogenesis and, thus,
percent gluconeogenic contributions.

All of these estimates, however, are based on the uncorrected indices of
glyconeogenesis and may, in fact, underestimate actual amounts of glycogen formed
via the indirect route by as much as 35-50% (4, 19, 25, 39). With such consider-
ations, then, the glyconeogenic route may indeed be the predominant means of
glycogen synthesis in the presence of high lactate levels.

Relative contributions by the indirect pathway to glycogenesis reported in the
literature vary widely. Our minimal estimates of percent gluconeogenic glycogen
formation in muscle do not approach the calculated 95% contribution reported in
human muscle following maximal exercise (18) but are higher than those (also
uncorrected for label dilution) reported in mouse extensor digitorum longus (9% and

16%) incubated in lactate concentrations of 10 and 20 mM, respectively (4). The
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discrepancies may be rooted in species differences in relative activities of
gluconeogenic enzymes in the different muscles (10) and to experimental design
(perfusion versus in vivo analysis). Johnson and Bagby (22), on the other hand, have
reported similar glyconeogenic activity in rat muscle accounting for approximately
50% of total glycogen formation; however, glycogeneogenesis was detected
exclusively in white gastrocnemius and only in the presence of elevated lactate levels.

Tables 4.2 and 4.3 (pp. 179-180) illustrate, in a quasi-guantitative manner, the
relative individual effects of exercise, fasted recovery, lactate and the combination of
high lactate and prior exercise on gluconeogenic and direct glycogen synthesis in the
muscles, respectively. While lactate alone induced gluconeogenic glycogen formation
in the gastrocnemius muscles, exercise plus postexercise recovery seems to be a more
potent stimulus for both direct and indirect glycogen synthesis in the gastrocnemii. In
the gastrocnemius muscles, the stimulatory effects of high lactate concentrations
during postexercise recovery on direct and gluconeogenic glycogenesis were slightly
greater than the sums of the individual effects of exercise, postexercise recovery and
lactate, suggesting that the effects of lactate and exercise on glycogenesis are additive.
An analogous analysis using the differences between total and direct recycled “C-
glycogen (Table 4.1) in the various cases confirm this potential additive relationship

of the effects of exercise and lactate on postexercise glyconeogenesis.
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Gluconeogenic Glycogen Synthesis (mg/g tissue)

Exercise -- -- 0.05 --

Recovery 0.65 0.20 0.30 0.85
Lactate 0.85* 0.38 0.34 0.39
Glucose 2.10 0.06 0.09 0.11
Exercise + Lactate | 2.60* 0.35 1.05 1.73

Exercise + Glucose

Table 4.2: Effects of various parameters on gluconeogenic glycogen synthesis in liver
and muscle.

Indices of giuconeogenic glycogen synthesis were calculated in rats following 4 hours
of swimming or rest (Chapter 3), as well as following three-hour infusions of either
saline, lactate or glucose during recovery from exercise or rest. These uncorrected
indices in the appropriate groups of rats (in italics) were used to calculate the relative
individual stimulatory effects of exercise, postexezcise recovery, lactate, glucose and
substrate loading following exercise on glyconeogenesis (each in quotations) as
specified below:

"Exercise® = exercise (no recovery) - rest (no recovery) (from Chapter 3)
"Recovery” = saline infusion (postexercise) - "Exercise”

“Lactate" = lacrate infusion (rest) - saline infusion (rest)

*Glucose” = glucose infusion (rest) - saline infusion (rest)

"Exercise + Lactate” = lactare infusion (postexercise) - "Exercise”
*Exercise + Glucose” = glucose infusion (postexercise) - "Exercise”

*Effects based on glyconeogenic indices from lactate-loaded NaH'“CO, trials.
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Direct Glycogen Synthesis (mg/g tissue)
’ LIVER |SOLEUS | wHITE RED
GASTROC | GASTROC
| Exercise - - 0.68 1.40 “
|| Recovery 029 |0.02 0.69 0.93
| Lactate 045 |3.01 0.49 1.39 |
| Glucose 278 | 2.6 0.09 0.97 I
| Exercise + Lactate 137 | 175 2.62 3.70 |
| Exercise + Glucose |3.20 | 1.00 1.06 1.67 ||

Table 4.3: Effects of various parameters on direct glycogen synthesis in liver and

muscle.

Direct glycogen synthesis was calculated in rats following 4 hours of swimming or
rest (Chapter 3), as well as following three-hour infusions of either saline, lactate or
glucose during recovery from exercise or rest. Glycogen formed by the direct uptake
of plasma glucose in the appropriate groups of rats (italics) was used to calculate the
relative individual stimulatory effects of exercise, postexercise recovery, lactate,
glucose and substrate loading following exercise on direct glycogenesis as specified

below:

"Exercise" = exercise (no recovery) - rest (no recovery) (from Chapter 3)
"Recovery” = saline infusion (postexercise) - "Exercise"
"Lactate" = lactate infusion (rest) - saline infusion (rest)
"Glucose" = glucose infusion (rest) - saline infusion (rest)

"Exercise + Lactate” = lactate infusion (postexercise) - "Exercise”

"Exercise + Glucose" = glucose infusion (postexercise) - "Exercise”
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SOLEUS

There is some indication that glyconeogenesis may occur in the soleus muscle
in the presence of high lactate levels. The contributions to total glycogen synthesis,
however, are small (9% and 11% in lactate-loaded rested and exercised rats as traced
by recycled “C-glucose) and not completely consistent since “C-lactate indicates no
glyconeogenic activity when lactate is given following exercise. These estimates,
however, are higher than the 1.1% and 1.6% glyconeogenic contributions reported in
mouse soleus incubated in 10 and 20 mM lactate (4). If any glyconeogenesis does
occur, it appears to be independent of exercise since the three indices (two in rested
and one in exercised rats) are very nearly equal (approximately 0.4 mg/g). That the
soleus muscle responds more to the availability of substrate rather than to prior
exercise to synthesize glycogen both indirectly and directly is evident in Tables 4.2
and 4.3, respectively, which show that the combined effects of exercise plus lactate
are equivalent (glyconeogenesis) or even less than (direct route) those of the individ-
ual effects of lactate alone. As discussed in Chapter 3, any glyconeogenesis that
might occur in the soleus may be due to the FOG fibers (15%) in this muscle (1, 2)
which apparently have higher glyconeogenic capacities (25). Finally, despite any
glycogenic stimulation by lactate during recovery, there is still postexercise glycogen

depletion relative to rest, consistent with previous results (Chapters 2 and 3).
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THE EFFECTS OF GLUCOSE INFUSION ON MUSCLE GLYCOGENESIS
WHITE AND RED GASTROCNEMII

Glucose had little stimulatory effect on both gluconeogenic and direct glycogen
synthesis in the gastrocnemius muscles at rest or following exercise (above that which
would be expected in a fasted postexercise period). Glucose, therefore, does not
seem to be the principal substrate (direct or indirect) for glycogen synthesis, whereas
lactate seems to increase direct glycogenesis (additively with exercise) as well as
adding to glyconeogenesis. It has been shown in the liver that lactate appears to have
a regulatory effect on both direct and gluconeogenic production of glycogen (42);

similar mechanisms may be operating in the gastrocnemius.

SOLEUS

In contrast to white and red gastrocnemii, glucose infusion appears to provide
equivalent substrate and stimulus to glycogenesis (direct) as that induced by lactate
infusion (Table 4.3), without stimulating any glyconeogenic activity (Table 4.2). The
effects of prior exercise appear unimportant in the stimulation of direct glycogen
synthesis by glucose during recovery, again supporting the response by soleus to

substrate rather than to prior swimming.
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"VALIDATION"

In all of the above discussion, it is implicit that the method (and results on
glyconeogenesis) are somehow "validated” by the NaH"CO, data since these numbers
are consistently very close to zero (and not aiways positive) which they are supposed
to be, as discussed in Chapter 2. This lends some credence to one of the main
assumptions underlying this work - that the formation of glycogen during recovery is
linear. Indeed, in exercised rats recovering for only one hour in a fasted state (n =
3, preliminary data not presented), direct glycogen synthesis was approximately 1.2
and 1.8 mg/g in the white and red gastrocnemii, respectively; when plotted on a time
scale with the amounts of glycogen synthesized immediately following exercise and
following three hours of postexercise fasted recovery, the relationship is linear.
Interestingly, this may be less true for soleus as previously discussed in Chapter 3
(using the same approach). In the liver, NaH"“CO; and [“C-U]-lactate gave similar
indices of gluconeogenic glycogen formation in lactate-loaded rested and exercised
rats, while those estimated using recycled “C-glucose were expectedly lower as they
were calculated using plasma '*C-glucose specific activity rather than that of plasma

lactate.

The results of this study not only corroborate the many previous findings that
during refeeding following fasting, glyconeogenesis is the predominant route of

hepatic glycogenesis (14, 22, 23, 24, 26, 28, 29, 32, 33, 36, 42), but further suggest
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a synergistic relationship between lactate and exercise on the promotion of both direct
and indirect synthesis. While prior exercise and lactate each provide some (relatively
minor) stimulation of both direct and indirect hepatic glycogen synthesis, glucose
appears to be the most potent stimuius for liver glycogenesis (Tables 4.2 and 4.3);
the combined influences of exercise plus lactate on glycogenesis, however, not only
approach those of glucose, but are also nearly double the sums of the individual
effects of each lactate and exercise on glyconeogenesis and direct synthesis, with the
latter being the more affected.

This stimulation of glyconeogenesis by lactate and exercise is likely due to the
availability of additional substrate. This synergistic effect on direct glycogen syn-
thesis may be via increased glucose levels induced by lactate following exercise;
however, if the simulation of direct synthesis is mediated via glucose, then the
combined effects of lactate plus exercise should be higher, rather than approximately
half of that induced by glucose loading (see Table 4.3). Perhaps more significantly,
this synergism may be related to the potential regulatory role of lactate in direct

glycogen synthesis as has been previously suggested (eg. ref. 42).
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SUMMARY

During prolonged submaximal swimming in rats, the rates of both glucose
production (R, and clearance (MCR) double to meet the increased metabolic demands
of the contracting muscles. Because the increases in R, and MCR are matched, -
plasma glucose levels are maintained during exercise. During postexercise recovery
(in a fasted state), however, while MCR approaches basal rates, the rate of glucose
production remains high, resulting in a significant increase in plasma glucose levels.
That there is no apparent repletion of hepatic glycogen during a fasted postexercise
recovery period suggested that the maintenance of the elevated rates of glucose
production is for the purpose of the preferential repletion of muscle glycogen. The
extent to which this plasma glucose contributes to muscle glycogen synthesis,
however, remains obscure. Whether muscle glycogen is synthesized entirely from
plasma glucose or whether muscle is capable of significant glycogenesis via the
indirect or glyconeogenic route during a fasted recovery period following prolonged
submaximal exercise was the central question of the thesis.

Tables I and II (pp. 191-192) summarize indices of the amounts of glycogen
synthesized via glyconeogenesis and from plasma glucose, respectively. As muscle
glyconeogenesis apparently occurs via lactate (or pyruvate) formed locally in the
muscle, glucose recycling (as traced by ['*C-1]-glucose) proved to be the best
assessment of the contributions of glyconeogenesis to glycogen synthesis in the fasted

state. With lactate-loading, however, since the primary source of the lactate was the
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plasma, [*C-U]-lactate infusion is probably the best estimate of gluconeogenic
glycogen formation. Each tissue will be reviewed individually with respect to its
metabolic responses to prolonged exercise, postexercise recovery and high lactate

levels.

SOLEUS

Glycogen synthesis in the soleus, a representative of slow-twitch oxidative
muscle fibers, appears to be almost entirely (>97%) from the direct uptake of plasma
glucose at rest. The indices of glyconeogenesis were consistently very low at rest
with each method of assessment used (see Table I). However, the turnover rate of
soleus glycogen is very high at rest, due presumably to the very high rates of direct
glycogenesis (Table II).

The muscle responds more to the availability of substrate than to the stimulus
of prior exercise to synthesize its glycogen. Prolonged swimming did not affect the
muscle as there was insignificant glycogen depletion. During postexercise recovery,
however, it appears that soleus glycogen is depleted in favour of glycogenesis in
glycogen-depleted muscles. Although lactate loading stimulated increases in direct
glycogen synthesis in both rested and exercised rats, the stimulus is probably the
increased plasma gl;xcose levels as glucose loading increased direct synthesis to the

same extent as in lactate-loaded rats.



Table I: Various indices of gluconeogenic glycogen synthesis in liver and muscles
calculated using different methods.

Outlined is a summary of the various indices of gluconeogenic glycogen formation in
liver and muscles (white gastrocnemius = White G. and red gastrocnemius = Red
G.) as determined in Chapters 2-4 for rats undergoing rest, prolonged swimming and
postexercise recovery with saline (rec), glucose (gluc) or lactic acid (lac) infusion.
Glyconeogenic indices (in mg/g) as traced by *CO, (liver only), [“C-U}-lactate (*“C-
U-Lac) or [*C-1]-glucose (**C-1-Gluc) were calculated as described in Chapters 2-4.
HC-d.p.m. is the difference between total recycled '“C-glycogen and direct recycled
14C-glycogen in ['*C-1]-glucose experiments. *denotes indices calculated using the
average specific activities of plasma “C-glucose. NA denotes values which are not
available as those particular protocols were not followed.
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Indices of Gluconeogenic Glycogen Synthesis
(in mg/g or “C-d.p.m.)

| “co, 004 |oss [Na {003 loaw 260 [na |
l*cuzac o002 |126 [Na [Na [o1s [218 |[wa |
uc1-Gle |022 |o46 |23 o012 joes jom |22¢ |
ucdpm. | 12137 | 21836 | 83128 |4337 [20869 {17376 |esaz3 |
| SOLEUS ”
{*cUtac |-003 [044 [Na [Na Jooo |01 [na

| “c1oue 003 [o4rr [ooo |027 |020 o35 [oos |
| “capm |[2502 | 15060 [3130 |-0999 |7089 [o9s37 | 1300 “

| wiTE 6.
|*cutac o003 [oes [Na [na Joos [118 [wa |
“ClGle |0.02 |036 |oa1 |008 |035 |110° [os0o |

uCdpm |89 |16332 |3756 |28%2 | 12953 | 30593 | 14587 |
RED G. |

ucUdac |0.03 |079 |[Na [Na Joos 142 |na |
| “ci-ome [o00s |04z [o1e [oos [oss [im [oer |

|“C—d.p.m. 2921 20265 | 4993 807 30223 | 46715 | 19698 II

‘using average specific activity of plasma “C-glucose

Table I: Various indices of gluconeogenic glycogen synthesis in liver and muscles
calculated using different methods.
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I | Direct Glycogen Synthesis (mg/g) \

Tissue rest rest rest swim swim swim swim
-+ + + + + +
rec lac gluc rec lac gluc

LVER |016 o072 |304 |o1m1 jo28 |1se [342 |
SOLEUS |130 |3.64¢ |355 |117 |126 [336 [215 |
WHITEG. |0.10 | os1 |ois |os [137 [236 |18 |

REDG. |040 |18 |120 [145 [271 [4s6 350 |

Table II: Average direct liver and muscle glycogen synthesis in mg/g from all rats.

The amounts of liver and muscle (soleus, white [White G.] and red gastrocnemii [Red
G.]) glycogen synthesized directly from glucose were determined in all rats undergoing
rest, prolonged swimming and postexercise recovery with saline (rec), lactate (lac) or
glucose (gluc) infusions. Direct synthesis was calculated as in equation 2.1 (p. 81).
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WHITE AND RED GASTROCNEMII

Both white and red gastrocnemii (representative of fast-twitch glycolytic and
oxidative-glycolytic muscle fibers, respectively) synthesize a portion of their glycogen
via the indirect or glyconeogenic route. The source of this gluconeogenic substrate
seems to be that formed locally within the muscles rather than systemic lactate.
Despite the very low turnover of glycogen in the gastrocnemius muscles at rest, up to
25% (minimal estimate) of muscle glycogen was formed via the indirect route.
Prolonged swimming not only resulted in significant net depletion of glycogen (50%),
but also stimulated glycogenesis during and following exercise in both muscles.
During a fasted postexercise recovery period, a significant proportion (20-25% based
on minimal estimates) of glycogen was synthesized via glyconeogenesis despite the
low lactate levels (1.3 mM at the end of exercise). Lactate loading enhanced
glyconeogenic activity in the muscles in both rested and exercised animals while
glucose had little stimulatory effect on either direct or indirect glycogenesis. The
individual effects of exercise and lactate are additive in terms of both direct and

gluconeogenic glycogen synthesis.

LIVER

Approximately two-thirds of hepatic glycogen is synthesized via the indirect or
glyconeogenic route in fasted rested and exercised animals. During a fasted recovery
period following exercise, liver glycogen is not repleted so as to allow for the

preferential repletion of muscle glycogen. While both prior exercise and lactate
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stimuiate glycogenesis, the combination of the two is synergistic in the promotion of
direct and indirect glycogen synthesis. Glucose appears to be a more potent stimulus

of both direct and gluconeogenic hepatic glycogen synthesis than lactate.



CONCLUSION

The principal conclusion of this work is the demonstration of muscle glycogen
-production from glucogenic precursors (glyconeogenesis) under physiological
circumstances (in vivo). Previous work has demonstrated the possibility or the
likelihood of the occurence of this process. The studies presented here resolve
previous interpretational difficulties by showing: 1) that the substrates for
glyconeogenesis appear to be formed locally in the tissue, 2) the addition of lactate
loads also promotes the process during recovery from exercise, as has been shown
previously, and, 3) the local process remains largely undectable under physiological
circumstances because substrate (lactate) tracers do not equilibrate well with the tissue
substrate. The use of *C-labelled glucose to generate local labelled substrate enabled
observation of the intra-tissue activity.

Glyconeogenesis in the white and red gastrocnemii (fast-twitch muscles) was
shown to occur during recovery from prolonged exercise of low to moderate intensity
(swimming), a physiological process. It accounted for at least 25% of new glycogen
synthesis during this process. The conclusions were validated by the_ following
observations. J) There was no evidence of glyconeogenesis when this was assessed
using a tracer (**CO,) which metabolically cannot be incorporated into muscle
glycogen. (In the liver, however, this is a valid tracer.) Consistency with known
metabolic facts was thus established, confirming the applicability of the assumptions

on which the calculations are based. 2) Analogous results were obtained during
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lactate loading in the recovery period using both a systemic lactate tracer and labelled

glucose. This supports the estimates based on the use of the glucose tracer in the

situation (normal recovery) where the lactate tracer does not appear to be applicable.



-197-
APPENDIX A

SOURCES OF CHEMICAL REAGENTS

The anaestetic drugs used in surgery, ketamine and xylazine, were purchased
from Parke-Davis and Haver, respectively. Hapalean was the source of the heparin.
The sodium pentabarbital came from M.T.C. Pharmaceuticals. All of the radioactive
tracer compounds, D-[’H-3]-glucose, D-[*H-6]-glucose, [*C-1])-glucose, [*C-U]-lac-
tate and NaHCO, were purchased from New England Nuclear Research Products,
and, with the exception of NaHCO,, were all purified by HPLC using a Bio-Rad
HPX-87P column. New England Nuclear Research Products also supplied the hyam-
ine hydroxide and Formula 989. BDH Chemicals Ltd. supplied the following chemi-
cals: barium hydroxide, zinc sulphate, 88% lactic acid, 90% ethanol, sodium
hydroxide, potassium hydroxide, D-glucose, periodic acid, sodium bicarbonate,
sodium arsenite, sodium acetate and anhydrous methanol. Dimedone, 30% sodium L-
lactate, lactic acid crystals, metabolite control and the diagnostic kit for CO,
determination were purchased from Sigma Chemical Company. Fisher Scientific
Company supplied 12 N hydrochloric acid, 88% formic acid, 85% phosphoric acid,
sodium benzoate, iodine, glycine and semi-carbizide hydrochloride. Universol scintil-
lation coctail was purchased from ICN Biomedicals, Inc. Boehringer Mannheim
supplied lactate dehydrogenase. Glucose SR Kit was from Medical Analysis Systems,

Inc. Finally, the Dowex column resins were purchased from Bio-Rad Laboratories.
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