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ABSTRACT '
‘ .
- o

Carbohydrate feeding has been found to improve muscle,

Y
&

glycogen repletion following exercise. The depleted muscle
provides a stimulus for repletion. It has been suggesfed that
the simple sugars glucose and fructose give different rates of

glycogen repletion.’ Glucose enters the bloodstream rapidly and

]
-1t was though this result in rapid muscle glycogen repletlon.
Fructose must first be converted in to glucose in the liver and
. " then i3 transported to the muscle by the blood; therefore, it was
¥

thought that a fructose feeding would result in slower but
progressive muscle glycogen repletion.

. Glucose, fructose, a glucose and fructose combination and
_iegular rat chow were fed.to the animals following high.
intensity,intermittent, treadmill running. A .10% solution of
glucose, fructose or glucose.and fructose‘was fed to the aniuals

by gavage needle. Blood was sampled at the following intervals

to monitor blood glucose concentration: immediate post-exercise,
0.5 hours post-exercise, one hour post-exercise, two hours
posf-exercise, three hours post-exercise and five hours post-
exercise. Animel§ were sacrificed immedistely post-exercise, one
hour post-exercise, two houfs_post-exercise and five hours post-
exercise to determine plantaris muscle and liver glycogen
coﬁcentrations‘ Pre-exercise blood glucose and muscle- glycogen
samples were also taken for comparison with the post-exercise

-.vi -



The glucose-feeding resulted in the highest blood gluceee
‘values at 0.5 hours poet-exercise while the fructose-feeding
resulted in the lowest blood glucose values at this time. The
muscle glycogen values at dne hour also showed'that.tne
glucose-fed group had the highest concentrations and the
frgctose-feé group the 1oweet, but the muscle glycogen values _
were not signifieaqt. Blood glucose concentrations decreased
after one hour in all the experimentally fed groups and the
muscle glycogen’coneentrations rose non-significaﬁely in these
groups as well. In the chow-fed group the blood glucose
concentrations continued to rise post-exerCLSe (31gn1flcantly
above the other groups) resulting in hlgher_muscle glycogen
concentrations (non-significantly above the other groups). Liver

glycogen rose significantly in the chow-fed group at five hours
’ .

-

post-exercise.

The continuous adalie feeding resulted in increasing
blood glucose and muscle glycogen concentratlons A criferion
blood glucose level was reached which resulted in muscle glycogen
repletion. Attaining this level appeared to be critical to the
repletion process. Further investigation as what this level -

' .
actually is would be very important for repletion research..

- vii - -



‘Chapter I

THE PROBLEM /\\\\\

1.1 INTRODUCTION

Most sporting events pave rigerous'tra;ning séhedures
which, to some'efzent -deplete muscle and liver of glycogen.
These muscles are required for the follow1ng day 8 practice;
therefore, they require glycogen for- fuel.- At present the
dletary regimen needed to optimiz: nlynogen repletlon in the
athlete is not known. It is knoun that~muscle glycogen is
important to the activlﬁy performe@. The amount of muscle .’
glycogen determines, iﬁ part,-the rate and volume of work that
can be done by the athléte (Maehlum et al, 1978; MacDougall gﬁ
al, 1977; Costill, et al, 197t; Saltin and Karlsson, 1971;
Hermansen, et al, 1967). -

Carbohydrates are used to supply the ﬁody_witqqgaergy and
- are the main source for the repletion of the glycogen steres
(MacDoﬁgall et al, 1977; Bergstronm, et al, 1967; Bergstrom and
Hultman, 1966). However, recent research on diabetic diets
indicates that different carbohydrates have different effects
when ingested. It was once thought that complex cafbohydratee
were more slowly absorbed into the bloodstream as simple sugars

and therefore resulted in a tempered hyperglycemia. Conversely,
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simple sugars rapidly elevate blood glucose levels and wifthin

approximately one hour weré rapidly depressed followin
elevations of serum insulin. Consequently, the” hypothiesis was
that complex carbohydrates would snpply\the muscles’/with higher

concentrations of fuel over a longer peri ime (Jenkins,

1982).

It has since been.found that not al}'the complex
carbohydrates react as previouéiz described. In fact some-
complex carbohydrates éivb blood glucose responsSes like seome
simple sugars and vice versa. A glycemic index was then
developed iﬁ’which a known quantity of carbohydrate was compared
to the éame duantity of glucose. The sugars are plotted on a
blood glucosg‘response curve in which glucose is assigned a
glycemic index of 100 (100%) while other sugars are assigned
indices pertaining to that portion of the curve in which they are
located after a criterion abB8orption time (Jenkins,{982)..

Thé.simple sugars, specifically the'monosacchérides, have
different indices. "As previously stated, glucose has index of‘
100{ whereas, fructoge has an index of 20. Sucrose, a ‘
disaccharide combination of glucose and fructosé, has a glycemicf

———__index of 59 (Jenkins, 1982). These indices suggest that an .
’ 'inges d glucose lqad would rapidly be transporied by the

to the muscle while an ingested fructose load would
transported by the bloodstream to the muscle; sucrose '
robdbly have an intermediate rate of transport. +hich
sugar repletes muscle glycogen at the fastest rate and to the

o greatest extent is yet to be determined.
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The Costill et al (1983) study comparing ingestJd
solutions of 20% glucose or fructose following q;%i%stive

exercise in rats found that both sugars repleted

K\\\_Eifflar degrees at three hours post-exercise. - Results of pilot.

work for the study described in this report, using 5 and 10%-

e muscles to

glucose and fructose solutions, showed that fructose gave higher
amounts of muscle glycogen after five houfs; how§ver, there was
“not a large enough number of rats to pérférm a stvatistical
‘analysis on these values. .
The paths'that these absorbed monosaccharides'téke to
get to the muscle can be quite different which may account for
‘some or all of the varlablllty in repletlon rates and volumes.
Ingested glucose (G) can go directly to the blood and muscle to
be converted to glycogen. Fructose (F) must first be converted in
the liver.to glucose before proceeding to the muscle. Thus the
necessity of fructose (F) fonversion in the livér méy result in
the further promotion'of a slow rise and more cqontinuous
maintenance ¢f serum glucose than glucose (G) ingestion (Costill,
et al, 1983).

Additionél studies have shown that not only does blood
glucose fluctuate less with P ingestion, but hoéﬁonal responses‘
also foiiow %ggimilar, more sStable pattern. In a étudy performed
by Bohannon et gi’(1980) the insulin response was not increased
with F as it was with G, glucagon was not suppresqed folléwing F
ingestion as compared with G and blood glucose did hot rise as

sharply with P as with G. Studies of normal and impaired glucose .

tolerance groups gave similar findings (Crapo et al, 1980).



1.2 RATIONALE

' Given the relatively high glycemic. index of glucose as
compared to fructose, as well as the more direct delivery of
glucose to the muscle, it is possible that glucose and fructose
feedings at concentrations which reflect a relatively normal
feeding habit would illicit different insulin-induced responses.
Studies done to date using much higher .concentrations (20 to 50%)
have shown that glucoge feedings produced hyperglycemia which, if
sgmpling was continued long en%EéE;:;és followed by insulin;
induced hypoglycemia (Behannon et al, 1980). Conversely,
fructose fee@ings have not, been seen to induce an insulin
response and more commonly result in normoglycemia (Bohahnon et
al, 1980; Crapo et al, 1980; Conlee et al, 1978). When glucose
and fructose were ‘given in combination a blood gluccse response
‘between that of glucose énd fructose was seen. It was found, that
fructose gave g}se to the_felease of insulin when some glucose
was a)}do present, but this did not occur in the absence of
glucose (Curry et al, 1972; Bohannon et ‘El’ 1980) .
Coﬂsequentl&}'it would seenm that; if there waé a prolonged
normoglycemig seen folloﬁing Ffructose ingestion, then fruqtose
should be.a superior fuel for muscle glycogen repletion.

In the present study high intensity exercise was used to
deplete the gljcogen gtores tq the maximum extent and was
" followed by feedings of glucose, fructbse, a glucbse'and fructose

combination or regular rat chow provided ad libitum. The’

concentrations of simple sugars in all feedings was selected to

I
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be repfesentative of levels normally found in rat chow.
Measurements were designed to determine which fuel would result

in the greatest and most rapid glycogen repletion. . L

4

1.3 PURPOSE

The purpose was to syudy the rppletion procegs'of muscle
and liver glycogen folloy}pg different feedings after high
infensity exercise. Glucose, fructose, a glucose and fructose
combination and regular rat chqw were coﬁpared¥on the basis of

the resulting muscle and liver &lycogen levels.
1.3.1 Subpurpose

The subpurposé.waé to monitor blood glucose concen-
trationa at 0.5, 1y 2,q3, 4 and'S Hou}'fimes following post-
exercg§é gavage feedings of ‘fructose, glucose and a glucose and
fructose COmb;natioh aleell as an ad libitum feed of regular rat

chow.
1.4 OVERVIEW OF DESIGN"

Rats were used for the stuﬁy to facilitate the control of
d;et'and exercise prece&ing the experimeﬂt. As well, the
requirement for biochemical determination of muscle glycogen
mnakes the use of the animal model 3 more acceptable alternative

to multiple auscle biopsy sampling.
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The experimental exercise protbcol was of a high
intensity, intermittent type. Pilot results showed -that the
plantarié muacle, a mixeﬁ, fast-twitch muscle became quite
depleted Vith this type of'acﬁivity and was one of the fastest

muscles to replete following the exercise. The plantaris is a

-prime ankle plantar -flexor; therefore, is &sed in treadmill-'

running although it‘may not be called upon during less forceful
plantar flexion. This muscle is a large muscle in the rat and
its fibre typing as a mixed, fast-twitch muscle has shown little
variatiory between litter mates in this species. Consequently, it
appeared %o an appropriate muscle to investigate. |
Followijng the exercise the animals were fed glucose,
fruetose, a gllicose and fructose combinatién or regulaﬁﬂrat chow
ad libitum. ©Pilot work indicated that there were variations in
blood glucose a%d muscle glycogen after glucose and fructose
feedings which é}?ﬁhied to at least three hours poét-exercise.
The animals' progresg in repleting their‘glycogen stores was

therefore monitored For five hours post-exercise.

5

1.5  LIMITATIONS '

This study was conducted on rats; therefore,
extrapolatio;s to humans can be made only-in'general terms.

The control group fed on rat chow ad-lib following the
exerciée and this feeding was not c&ntrolled for volume., As

well, the rat chow varies i% carbohydrate composition from batch

to batch; thus precision is reduced in comparisofis between

¥



~experimental and control groups.

1.6 DEFINITIONS

G

F
ad-lib
AMP
CAMP
ADP
ATP
G6P
FeP
FDP
PFK
DHAP
GADP
GAD
UDP-glucose
F1P
kpm

T pm

PG
FOG

-
.

-
*

ingested gludose

ingested fructose

ad libitum

Adenosiﬁe Monophosphate
cyclic Adenosine Monophqsphéte
Adenosine Diphosphate '
Adenosine Triphosphate
glucose 6-phosphate .
fructose 6-phosphate
fructose 1,6-diphosphate
phosphofructokinase |
_dihydrbxyacetone phosphate
glyceraidehyde 3-phoaphate
glyceraldyhyde |

uridine diphosphate glucose
fructose 1-phosphate
'kilppond meter

revolutions per minute
&ram

meters | o
fast glycolytic

fast oxidative glycolytic

slow oxidative



Chapter II

REVIEW OF LITERATURE

2.1 INTRODUCTION

r
The répletion of muééle glycogen involves a nﬁmber Qf‘
factors which are grouped and clarified in the following review
of literature. A review of saccharidé metaboliém involves
“:glucose, fructose, sucrose and glycogen @etaboliSm. This is
followed by some'pef}}ngnt exercise épecifics such as muscle
fibre characteristics, muscle glycogen depletion and exercise
fuél sufply. Thghfinal section degls with actual ﬁuscle glycogen
repletion studies. This includes ﬁ}eferehtial glycogen
repletion, the effects oﬂ'exerciae as a stimulus,‘carhéhydfate-
refeeding reé}mens, glucose'or fructose infusion and ingestion

studies and the hormonal_influence of repletion.
2.2 SACCHARIDE METABOLISM
2.2.1 Introduction

Carbohydrates are broken down into simple sugars before
they are absorbed into the blood. If the simple sugars, glucose
and fructose, are ingested, they are absorbed into the blood from-

the small intestine; however, from this point onward their



metabolic pathways differ. One of the metabolic pathways that
the simple sugars could take is that of glycogen formation. Both
glycogen breakdown and synthesis involve a c0mp1ex\€ft of

reactions that are under hormonal control. P

~ \

2,2.2 Glucose Metabolism ) _X

\
The ingested monosaccharide, glucose, réaches the stobach

intact and continues to the small intestine from which it is
absorbed into blood. The large surface area of the intestine
provided by the villi and microvilli permits rapid abaorption of
the glucose into the blood for transport to the liver (Lehninger,
1982).

Once in the liver the glucose is phospﬁorylated primarily’
bj the enzyme, glucokinase (E.C.2.7.1.2), producing glucose
E-phosphate (G6P). At this point the metaboiism of glucése
proceeds to either glycogenesis or glycolysis. o

Assuming that the substrate is requiréd for energy
producing reactions in the liver, glycolysis of the abéorbed
‘glucose would continue. The aldose, G6P is converted into the
ketose, fructose 6-phosphate (F6P) by the reversible enzyme
phosphoglucoisomerase. In the next step; F6P is phosphorylated to
produce F 1,6-diphospihate (FDP) by one of the main regulatory
enzymes in glycdlysis, phosphofructq#inase (PPK). PFK can be
activated by AMP, ADP, fructose 1,6-diphosphate, phosphate and

potassium ions as is the case %when the body requires energy. This

enzyme is inhibited by ATP, citrate, magnesium ions and calcium



N

‘ v 10
ions when the body is in a résfing'state'(Lehninger, 1982).

An aldolase cleaves the (FDP) giving dihydroxyacetone
phosphate (DHAP) and glycer&idehyde 3-phosphate (GADP) &hich are
interconverted by friose phoasphate isomerase. lThe‘Eonversion to
GADP is favoured as glycolysis proceeds from this molecule. GADP
is oxidized and phosphorylated by the enzyme glyceréldehyde
'3-§hosphate dehydrogenase forming j,3-diphosphoglycerate. ATP is
generated'in the next reaction as 3-phosphoglycerate is formed by
3-phosphoglydérate kinase. Within this molecule the phosphoryl
group is trahgferred to the second carbon by phosﬁhoglycerate
2,3-mutase. 2-Phosphoglycerate then becomes phosphoenol-pyruvate
"due to the enzymatic reaction of én enolase (Lehninger, 1982).

The next reaction involves the second ‘regulatory enzyme,
pyruvate kinase. This irreversible reaction is again activated
when the ATP concentrations of the body are low and inhibited
when the ATP concentrations are high. When the reaction is
fa 8d, pyruvate is formed.  Pyruvate can then be reduced to
fofgfz;;tate under anaerobic conditions by the enzyme lactate
dehydrogenase.w Under'aerob%c cpnditions, pyruvate is oxidized ta
acetyl-CoA énd-further oxidized in thelcitricﬁaéid cycle to 002
and H20 (Lehninger, 1982). ‘

When the amount of glucose'gpébgbed by the liver is in
excess of that required by the bdﬁy,'it is converted‘to'glycogen
for storage. From G6P there is a conversion to gluqose
'1—phosphgte by phosphoglucomutase and then tb uridine diphosphate
glucose (UDP-glucose) by UDB-glucose-pyrophosphorylase;_'Using

the existing terminal branch of glycogeﬁ as a primer, the glucoge
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molecule becomes attached to the terming; glycogen branch and UDP
is liberated. Glycogen synthase is the enzyme responsible for the_
extension of the glycogen. The giﬁcose is added to fhe glycogen |
in a 1,4 linkage. Once at ieasf éeven regidues have accﬁmulated,f///m
the glycogen branching enzyme transfers glucosyl residues; to a
neighbouring branch creéting é 1,6 linkage, four residues away
from an existingl1,6 lihkage (Iehninger, 198a).

If lar

> amqunts of glucose reach the liver, but are not

v

needed for engrgy at that moment they are stored as giycogen. The
s * ! -

liver-ha8the capacity to store large amounts of glyéogeq
(apﬁroximately.SQ g/ke in postabsorptive man.(Hultman and
Nilsson, 1971)) which can be mobilized for distribution yia the
central blood voluﬁe fhrough reaction;_to be discussed in section
2.2.5 (Lehninger, 1982). B R
' In the muscle, hexokinase (E.C.2.7.1.1) catalyzes the
fphosphorylation of glucose Py ATP. TUnlike glucokinase in the
| 1iver,'he£okinase is-inhibited Ey G6P if G6P 1is not being
”‘metabolized as fast as it is formed. The hexokinase ﬁppears td
balance the formation of G6P with its rate of utilization.
(Lehninger, 1982). | o
Glycolysis proéeeds froﬁ G6P, in the muscle, as it doés
in the liver. The ﬁinal products are lactic acid dhder anaerobic

conditioné and 002 and H20 under aerobic conditions (Figure

1)

.
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2.2.3 Pructose Metabolism

—

Once fructose 1is ingested it travels down the esophagus

—

o the stomach and then to the small intestine. Up to 10% of the

A

fructose is metabolized within the inﬂéstinal mucosa fofming
glucose using the same enzymes that will be discussed in
conjunction with the metabollsm in the liver (Chen and Whlstler,
1977) . | | -
Evidence points to active transport of the unéetabolized
fructose from the small intestine into thé blood, {Vrana and
Fabry, 1983). The fructose is slowly absorbed ffbm the small
intedtine as,no abrupt changes in serum fructose levels are noted
following fructose meals (Chen and Whistler, 1977; Bergstrom and |
Hultman, 1967). Via the portal blood-vesgel the fructose is '

transported to the liver, which is the principal site of

. metabolism. The first ateﬁ invoives the phosphorylation of the

Pirgs fructose carbon. Fructose plus ATP, catalyzed by the
enzyme fructokinase (E.C.2.7.1.4), produces fructose 1-phosphate
{F1P). and ADP. The phosphorylation of glucoée i1s catalyzed
.principally by glucokinase in liver and by hexokinase in skeletal
muscle. Hexokinase is also present in the livef and does
phosphorylate glucose at this site. As well, hexokinase has been
found té catalyze the phosphorylation of fructose, forming -
%ructose 6-phosphate. However, the activity of?fructokinase hﬁs
been found to be greater than the activities of the other
phosphorylating enzymes in the liver by a factor of eleyen

(Zakim, 1967) resulting in a higher degree of conversion of

-



}
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fructose than‘éiﬁcbse to its metabéllc prpﬁucté‘(Vrana and Fabry,
1983; Periera and Jangaard, 19?1). That the rate of conversion
is variable under different conditions can be seen from the
results of Heinz et EE.(1958) who reported that fructose was
phosphorylated in the liver four‘timgs faster than glucose while
Vestliqg~33 al (1950) reported thHat fructose was phosphorylated
ten times faster and Pereira and Jangaard (1971) found that
fructosé wag metabolized forming glycogen seven té fifteen times
more rapidly than glﬁcose.
The affinity of fructokinase for frucfose is greater Fhan

that of the other phosphorylating enzymes'. Fructokin;ée has a

for fructose of 0.5mM while hexokinase has a Km for fructose
of 2 to 6émM. The presence of ose has also been- found to
inhibit the phosphorylation of fryctose by hexokinase (Vrana and
Fabry, 1983; Heinz et al,”1972; Adelmant 19?2; Pereira and
Jangaard, 1971). )

Folloﬁing ﬁhosphorylation, the  FIP is cleaved by an

‘aldolase (E.C.4.1.2.7 ketose 1-phosphate alddlase) forming '

* y \
dihydroxyacetone phosphate (DHAP) and glyceraldehyde (GAD). This

- liver aldolase is also responsihle for the cleavage of FDP°

forming DHAP and GADP and the reverse reaction or the formation
of PDP. This aldolase is spécific to the liver, differing from ®
muscle éldolase in composition, physical, kinetic and
immunochemicél_properties (Adelman, 1972; Heinz et al, 1972). _
Subsequently the DHAP can be isomerized forming GADP and continue
in glycolysis o be further broken down to fdpm pyruvate, fatty

acids or €0, and H,0 (Chen and Whistler, 1977; Vrana and
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Pabry, 1983). ‘ '

| .GAD is further metabolized via three possible routes. The

main pathway iuvolves the phosphorylation of GAD by a spec{fic

liver triokinase (E.C.2.7.1.28) forming glyceraldehyde

3-phosphate (GADP). GADP could then‘continue in the glycolytic

cycle. GADP and DHAP could ‘also combine to form fructose

1,6-diphosphate by aldolase catalyeis.Q The phosphate from the

first carbon of fructose is then cleaved by the enzyme fructose
\\1 6—dlephosphatase (E. G 3.1.3.11) producing fructose 6-phosphate

(FSP). An additional isomerase produces the aldose ¢ Then

|
glucose could be produced or anabolism could continud, producing

f-""-\

glycogen depending on the body's requlrements as e time (Chen

and Whlstler, 1977). .

The secondiroute from GAD}involves a reduciion by alecohol
dehydrogenase to form glycerol."Thls is followed by a
phosphorylation forming glycerol 3-phosphate. PFrom here either
DHAP is formed or fet metabollsm contIEEES. iGlycerol takes
longer to be metabolized than does GADP which is another reason
why more fructose is channelled to GADP (Chen and Whistler, 1977;.
Vrana and Fabry, 1983).

Oxidation of GAD by aldehyde dehydrogenase (E.C.
t.2.1.2.) produces glycerate, the third pathway. This is
followed by a phosphorylation, catalyzed by glycerate kinagse
(E.C.2.7.1.31).. Glycerate 2-phosphate (or 2-phosphogl§oerate) is
the product of this reaction. From here glycoiysis, glucogenesis

or glycogenesis proceeds (Figure 1) (Chen and Whistler, 1977;
Vrana and Fabry, 1983).
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Although the metaboliﬂm~;f fructose‘occurs mainiy via the
pathway to'GADP, products from glyéérate and glycerol can enter
the glycolytic pathway for further catabolism or the products
could be rerouted towards the formation of glucose or glycogen.
_If the body needed energy, the glycolytic pathway would be the
predominant pathway; whereas, if the body héd an energy sﬁrplus,
the glucogenic or glycogenlq pathways would predominate. However,
if fructose was the substréte.given and another tissue such as -

the skeletal muscle was def;01ent of energy, glucose would be

formed, transported in the blood and further metabollzed by the - F

muscles (Chen and Whistler, 1977, Vrana and Fabry, 1983).

The liver has been found to metabollze up to 85% of an
orally administered fructose load (Adelman, 1972; Chen and
Whistler, 1977). 1In experimenﬁéﬁperformed on resting Humans; 30%
of a labeiieé?i;uctose infusion was found as glucose fn.the blood
while only a smali proportion of the fructose was found to be
directly oxidized, forming €0, and H,0. Ap well, a high
concentration of F1P}_resulting from a fructose infusion,_
inhibits glycogen breakdown promoting. glycogen fofm ’ioz*
(Sestoft 1979) a%

The 1mportant controlllng enzymes in fructose metabolism
are fructokinase, aldolase and triokinase. These enzymes are
aisb found in the intestine permitting a small amount of fructose
ﬁetabolism to occur. Fructokinase and triokinase are not found
in skele%al muscle; therefore, it is unlikely that the metabolism
of fructose takes place in‘skeletal muscle Some suggestlon that

fructose could be taken up directly from the oloodstrpam by
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skeletal muscle to be converted to glycogen was made by Bergstrom
et al {1972) although the actqal metabolic pathway was undefined.

Insulin le'vels increase. following glucose ingestion, but
this does not appear to be the case following fructose ingestion.
Lack of insulin does not appear to affect the activity of
fructokinase as it does that.of glucokinase which is
insulin-dependent (Zavaroni et al, 1980, Chen and Whistler, 1977,
Vrana and Fabry, 1983; Macdonald EE al, 1978; Curry et al, 1972).
'Howe'er, laboratory rats ingesting a diet containing 66% of the

-calories from fructose have shown increased insulin levels with
iécreased insulin resistance (Zavaréni et al, 1980). This effect
was seen after one week on the high fructose diet and h@s not(f-

been found with acute ingestion (Chen and Whistler, 1977, Vrana

and Fabfy, 1983). | ' )

o

2.2.4 Sucrose Metabolism

Sucrose is a disaccharide consisting of glucose and
fructose. When it is ingested{-it is bfoken'doﬁn by sucrase into
its constituent monosaccharides. Animal experiments have shown
that there is no significant amount of transport from the small
intestine to the blood of sucrose its enzyme is produced
_ by the mucosal c'ells of the small i-nten and is localized iﬁ
:the brush border membrane of the mucosal epithelia. @This

location is ideal; the enzyme digests the rose and due to the

proximity of the plasma membrane r bsGrption into the blood

ig factlitated. Some diffusio ackward intc the lumen does take.
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place. Following hydrolysis of sucrose, 10% of the glﬁcose and
50% of the fructose have been found ip the lumen. The
concentration of fructose in the lumen increases when glucéae'and
fructose'are given as opposed to sucrose,' due to the 9plifting of
the sucrose at the brush border near the transport site. However,
the absorptionlof glucose does exceed the absorption of fructose.
Glucose and fructpse are aétively transported into the
bloodstream, but there ap;ears Fo be a specific carrier for the
glucose that is released from sﬁcrqse during the hydrolysis. This-
carrier is different*from the cafrier far free glucose and givés
the glucoée released from sucrose a kinetic advantage oﬁerhfreé

glucose promoting faster absorption and metabolism. Fructose

" from sucrose is also transported by a di{ferent carrier than free

.
fructose, but it is not yet known whether advantage from this

differenf carrier is accrued (Dehmel, et al \1969; Dalquist, 1972;

Chen and Whistler, 1977; Vrana ana Fabry, 1983). ‘
Following the absorption of glucose and fruc¥kpse into.the

bloodstream, the monosaccharides are taken up by the 1i ér (Glu

and Fru) or muscle (Glu) and continue to be metabolized/as

previously described.

2.2.5 Glycogen Metabolism

Glycogen is stored in skeletal muscle and in liver. The
synthesis -of glycogen from glucose has been‘disbuSSed briefly;
however, glycogen synthesis and degradation are carefully

controlled by hormones and enzymes. The covalent regulation of -
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glycogeﬁ metabolibm is based on a series of

phosphorylation/ phogphorylation reactions. Phosphorylation

‘ .'promotes glycogenolysis while dephosphorylation promotes glycogen

synthesis.

For example, if the body needed energy, adrenalin would
be released. The hormone would interact with the cell membrane
activéting“adenylate‘pyclas:. This would cause an increase in
intracellular cyclic AMP (cAMP) activating cAMP-dependent protein
kinase (cAMP-PrK). cAMP-PrX phosphorylates phosphorylase kinase,
causing activation and giycogen synthase, causing inhibition. The
ﬁreceediﬁg phosPhorylations resui in the activation of glycogen

phosphorylaée, again by phésphorylation, promoting

glycogenolysis. This overview indicates the complexity of the

'regﬁlation of glycogen metabolism (Cohen, 1978).

?he_hormone adrenalin interacts with B-receptors on the
outer surface of the plagma membrang to initiate glycogenolysis
ih the muscle. Glucagon interacts with «-receptors to prbmote
glycogenolysis in the liver, with the proceeding steps similar to
those in the muscle. Insulin binds to A-receptors of both liver
and muscle once activated by increased blood glucose. Insulin
causes an increase in glycogen synthesis. It does this by either
decreasing the activity of glycogen synthase kinase (an enzyme

which phosphorylates glycogen synthase) or'bj inereasing the .

'activify of glycogen synthase phosphatase (an enzyme which

' t
dephosphorylates glycogen synthase) (Cohen, 1983).

Hormones initiate glycogen metabolism by activating

enzymes which cause phosphorylation or dephosphorylation. Before
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this can be done the hormones Ebtually function by triggering the
actiog of a&enylate cyclaase qg the outer sprface of the plasma
mepbrane. This facilitates the.conversion of cAMP from ATP. The
increase in intracellular cAMP aqtivates CcAMP-PrK. cAMP-PrK
catalyzes fhe phosphorylation of bhosphorylase kinase, inhibitor
1 and glycogen synthase (Figure 2) (Cohen, 1978).

Phosphorylase kinase is an enzyme with four subunits
(x,3,¥,4). Eighty-five per cent of the molecule iﬁ\made up of
the &« and 723 sdbunits which provide a reguf:;ory fuﬁétion. The =
aﬁd A subunits are phosphorylated, with the 4 subunit being
phosphorylated firstt The « subunit takes ‘four to five times
longer to phosphorylate. This is importanE for. the
dephésphorylﬁtion process as well. fhe phosphorylation takes’
place in the'presegce of cAMP-PrK, ATP, magnesium ions and v
caicium ions. 1In fesponse to-adpgnalin, two sites on the « and 3
subuﬁits.become phosphorylated (Cohen, 1978).

Calcium ions are needed in quantities similar to those
required for muscular contraction. The calcium that is released
from the sgrcoplaSmic reticulum to initiate muscle contraction
also activates phosphorylase kinase. Calcium interacts with the J°
subunit, which is ‘identical to tﬂe calcium binding pré¢tein’
calmodulin, and interacts with a 5'subunit, which is second
molecule of ealmodulin. The 4§ supﬁnit is complexed /with the
catalytic ¥ subunit of the intact molecule.. The d{ subunit .
interacts with the « and 4 subunits (Cohen, 1983). v

The * subunit may play an important role in the

dephosphorylation of phosphorylase kinase (conversion of
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phosphorylase a to b). The & subunit takes longer to
‘phosphorylate; however, once two % subunits are phosphorylated
the conformation of "the enzyme is altered. The conformationdl
change facilitates the action of phosphorylase kinase phosphatase
on the 3 subun;%. Therefore,‘once the & gubunits are
phosphorylated ,'erhosphorylation could begin in the A subunits,
although rephosphorylation of the 2 subunits is not prevented by
the « subunit phosphorylation. As well, there does appear to be
g'time when the kinase and phosphatase do not compete when the
subunits are'not pﬁosphorylated completgly. The reconversion to
the:;nactive phosphorylase kinase, once the hormonal stimulus is ,
removed, is assisted by the phpsphorylatién'of the & subunits. J
The exact ;ate of phosphofylation and dephosphorylation of the_
subunits ié nof yet clarified (Cohen, .1978). 1 N

| Once cAMP-PrK has activated phosphorylase kinase in the
correct cellular milieu, gl&cogén ﬁhdsphorylase becomes !
activated. This is tﬁe final stepliqjglycogeh degradation . At
the éa;e time the phogaphorylation iné@tivates glycogen-synthase.

Glycogen synthase is a cbmplexhenzyme; censisting of four

subunits of unifgym size and‘seven phosphorylation sites. These
gites are phosphorylated by di?ferént enzymes and all are almost
,fully phoaphorylated during glycogenolysis. Glycogen synthase a
or I>is-£he active or independent form which promotes glycogen
synthesis. Glycogen synthase b or D is the less active or
dependent.form because it depends on G6P for actiyity. ‘Glycogen

synthaée b is the phosphorylated form of the enzyme which

predominates in glycogen degradation (Cohen, 1978; Cohen, 1983).
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It has been found in muscle that during glycogenolysis
the activity of glycogen synthase a is in the range of 15 to 25%.
There would belho glycogen synthesis at this time. The amoﬁnt of
&lycogen synthase in the a‘form depends on, the amount of
uphoSpha?e bound to it. If a stimuli were present increasing the
activity of glycogen synthase a to 40%, changes in glycogen

synthesis would -be great (Roach and Larner, 1976).

Adrenalin inactivates ogen synthase in two ways. It

does this by activating 1. cAMP-PrkK nd 2. glycoéen synthase
kinase 3. cAMP-PrK catalyses the phgsphorylation of sites 1a,
fb, and 2 directly of glycogen synthase. Activated by cAMP—PrK,
phosphor&iﬁse kinase catalyses the phogphorylation of site 2, ~
indirectly. The other protein kinase, cogen synthase kinase 3, -
catalyses the phosphorylatioA of sites 3a+3 5 appeapﬁ
to be phosphorylated under all conditions The phosphor

‘of gite 5 was recehtly found to be a prerizklgite for
phosphorylation of site 3 (Picton et al, 1982).

The phosphorylation of.sites 3a+3b+3¢c catalysed by ‘
glycogen: synthase kinase 3 is shown to decfease_the activity of
glycogen synthase to a greater extent than tﬁe phosphorylations ,
cataiysed by cAMP-PrK or phosphorylase kinase. Although glycogen
gynthase kinase 3 inhibits the action of glycogen synthase in
reaponse to adrenalin,”its action is ﬁnaffected by cAMP. It
appears that'theiphosphorylation of sites 3a+3b+3c and perhaps
gite 2, is a cdnéeﬁuence of the inhibition of protéin phosphaﬁase
1, through thé phosphorylation of inhibitor 1. Protein
phosphatase activates glycogen synthase by dephosphorylation.



22
Inhibitor 1 prevents the. action of protein phosphatase 1 (Cohen,-
1983) . _
Another possible reason for the inhibition of glycoge

synthase could be that as the rate of phosphorylation of glygogen
phosphorylase increases, the rate of dephosphorylation Af
glycogen synthase decreases. This could be possible due to'fthe

higher concentratlons of glycogen phosphorylase (70 uM) cofnpared

[}

to glycogen synthase (2. 5 uM) (Cohen, 1983).

' VWhen glycogen synthase is activated, or dephoeph01yleted,

glycogen synthesis occereﬂ_ Upon activation by insulin,‘§2ycogen
gynthase is dephosphorylated at sites 3&+3b+3c. Sites 1a,\1b and
2 are unaffected by insulin. This could be because ineulin doee
not act by decreasing the levels of cAMP or 1nh1b1tloe of
cAMP-PrK. ,As previously stated, insulin either creasee_the-
activity of glycogen synthase kinese or increase:&¥ee activity of
'proteinﬁ?ﬁysphatase. It is suggested that éhe former hypothesis
is correct (Cohen, 1983). Both protein phosphatases 1 and 2 are
capable of dephosphorjlatlng Sites 3a+3b+3c, but they also
dephospho;ylate site 2 'and are specific for sites 3a+3b+30.
Glﬁcogen synthase kinase 3 could be_inhibit%f;zzﬁj.eecon¢
messengerotriggereﬁ by insulin. It is postuldated” that the
insulin recepfor is a traﬁemembrane protein which includes =2
‘binding site for insulin on the outer surface and the activity of
the protein kinase occurs on the inner:serﬂace. The J
insulin/receptor interaction would theh.releaee-the second

messenger to inhibit glycogen synthase .kinase 3 (Cohen, 1983).

Although the decrease in activity of glycogen synthase

A
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kinase 3 may increase the ‘activity of glycqgen synthasé;‘the '
protein phosphatases are'also responsible for iﬁéreaaed glycogen
synthesis. There are four protein phosphatases present in .
_skeietal-muscle{and othér tissues; the phosphatases are 1, 2a, 2b
cand 2¢. Their actions result in the dephospﬁorylation of the
‘phosphoproteins (Cohen, 1983).

Pfotein‘phosphatase ! catalyses the dephosphorylation of ?
the A2 subunit of phosphorylase kinase, sites 1a, 2 and 3a+3b+3c
of glyCOgen synthase and glycogen phosphorylase. Its actions are
‘inhibited by }nhibitonﬁ 1 and 2. Protein phosphatase 1 is one of
the main feguiato:y enzyme promoting glycogen synthesis or

&

turning off glycogen degradation; however, the dephosphorylations

of phosphorylase kinase, glycogen synthase and glycogen '
‘phosphorylase can be reguldted independently. 5!'AMP activates
phosphorylase b allosterically. The state of'phdsﬁhorylatipn of .
the « subunit of phosphorylase kinase influences the
dephosphorylation of the A s&Punit. As well the aﬁ//ft of
8lycogen present influences the dephosphorylation. of glycogen
synthase (Cohen, 1983; Cohen, 1978).

Protein phosphatase 24 i3 the major- phosphorylase kinase
phosphatase of the « subunit of phosphorylase klnase and has some
glycogen synthase phosphatase activity and a small proportion of
phosphorylase phosphgtase and phospherylase kinase phosphatase (A4
subunit) activity. In resting skeletal muscle, protein
phosphatage 2A functions in the absence of calcium ions. ' Protein
phoaphatase 2B depends on calcium ions; therefore, it is{r -

functional during muscular contractions also acting on the

-
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subunit of phosphorylase kinase. Protein phosphatase 2C "has been
identified in liver and cardiac muscle as a glycogen synthase
phosphatase; but in negligible quahtities (‘Cohen, 1953).

_ Inhibitor 1 and 2 have been identified in liver and
skeletai muscle. Inhibitor 1 becomqé active after
ph&sphorylation by cAMP-PrK; whereas, inhibitor 2 is active
- without phosphorylatlon. The phosphorylated form of lnhlbitor 1
inhibits the actlon of protein phoaphatase 1. It inhibits the

dephosphorylation of phosphorylase kinase, phosphory ase and

glycogen synthase. It is also possible that protéi
1 dephosphorylatés inhibitor 1; however, while it is bet g;‘
dephosphorylated it still has some ability to act on brotein
phosphatase 1. It would seem that the role of inhibitor 1-is to
"make the ﬁetabol;sm of glycogen sensitive to changes in cAMQ
levels (Cohen, 1983;Cohen, 1978). | ‘ K
Although inhibitor 2 does not needmto be phosphonylated.

to be active, it may be present in'quantities sufficient to
inhibit only éiSmall amount of protein phosphatase 1. It may act
at specifié locations to prevent protein phoaﬁhatase_} from

acting on proteins that are dephosphorylated by other enzymés
(Cohen, 1978).

In summary, glycogen can be synthe51zed from.glucose and
fructose. The. synthesis can occur dLrectly from glucose in the
muscle. Pructose is first metabolized in the liver producing

glucose which is then taken by the blood to the muscle where it *°

is converted into glycogen. The conversion.of glucose to
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glycogen is promoted through the release of insulin which

activates glycogen synthase by:incr the activity of protein

phosphatase or decreasing the ac¥ivity of glycogen synthase

kinase. As witl be seen in séctiop 2.4, exercise also. promotes

glycogen synthesis with or without insulin.

y —
2.3 EXERCISE SPECIFICS ; .

2.3.1 Introduction

. Exercise involves the contraction of muscles. The fibres
of muscles are épecific for the type of exercise they pérform..In
additiop, as difggrent fuels are metabolized at different rétes,
.exerbise will affect the choice of fuel. The characteristics of
tﬁe muscle fibres determine the rate and extent of glycogen

I

depletion and tepletion.
2.3.2 Muscle Fibre Characteristics

" Three fibre types have been identified in the skeletal
muscles of rats. These types are fast-twitch white, fast-twitch-
red and slow-twitch red. The fast-twitch white fibres have a
high gly;olytic capacity, a low respiratory capacity and high
myosin ATPase activity; hence they are often .called fast glyco-
lytic or FG fibres. The fast—twitch red fibres have a high.
glycolytic capacity, a high respirétory capacity and high myosin;

ATPase artivity. They are also referrred to as fast oxidative
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glycolytic or FOG fibres. The slow-twitch red fibres have a low

glycolytié caphecity, a moderate regpiratory capacity and low
myosin ATPase activity. They are referred to as slow, oxidative
or SO fibres (Baldwin et al,-1973a; Baldwin et al, 1973b; Terjung
et al, 1974; Conlee et al, 1978; Baldwin et al, 1972; Barnard et
al, 1971). "

The fibre types afe, in part, determined by contractile
characteristics. .Both red énd wﬂite fagst-twitch fibres
demonstrate similar times to peak tension and half-relaxation .

- times, of approximately 20 msec. The slow muscle times are
approximately 80 msec and 1f0 msec for time to peak tension and
half-relaxation tiﬁe respectively. A correlation between
contraction time and myosin ATPase activity has also been found
to exist. The faster tﬁe contraction time the higher the myosin
~ ATPase activity. This appears logical due to the enzyme's
involvément in contraction (Barnard et al, 1971).

The characteristics of'the fibreg are alsoe deterqined by
their predominanﬁ metabolic traits. The slow red fibres obtainq
the energ& they require from aerobic metabolism. The fast red
fibres also obtain energy from serobic sources, but are able to
obtain energy from anaerobic metabolism due to their High
glycolytic. capacity. White muscle has a high glycolytic capacity -
and its contractile energy is supplied primérily by‘anaerpbic
metabolism.

Hexokinase activities appear to be different between red
and white Ffibres whiéh may result in differences in theigynthesis
of glycogen. ‘Folloginé acute or chronic exercise, it has _been

<
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found that hexokinase activity is elevated (Peter et al, 1968;
Conlee et al, 1978), with values for hexokinase activity having
been seen to be twiée as high in red skeletalqmusqﬁe as in white
muscle (Conlee'gﬁ él, 1978). "ﬁbwever, no differeﬂces were found
between fast red and slow red fibres regarding hexokinase |

’ activity (Peéer et al, 1968; Conlee et al, 1978).

Upon examination of the activities of glycogen synthase, -
following a&ute exercise, it was found that there were “

.. differences. among the three types of fibres. Glfcogen synthase a
activity‘was highest in fast red muscle, lowest iﬁ‘white muscle
and between these two levels in slow red muscle. The actual

. muscles representing the fibres were red vastus la@gralis (FOG)!
ﬁhiteUQastus lateralis (fG) and ‘soleus (80). The rate of .
replenishment ;f muscle glyqogen stores*following exercise has
beén .shown to correlate linearly with the activity of glycogen
synthase a. As might be expected, fast-twitch red_muscie had the
highest rate of‘repleﬁion,followgp by slow red and then fast
white (Conlee et al, 1978).

As will be explained later, the type of activitjﬁgffécts
the metabolic characteris%ics of the different fibres. This in
~turn would affect depletion and repletion rates. However, it
dbeg appear that the fast red fibres have higher repletion r tés
than the other two types uqder a variety of exercise cpnditions ’
(Baldwin et al, 1973a; Terjung et al, 1974; Conlee et al, 1978;
‘Barnard et al, 1971; Poland et al, 1980; Armstrong and Ianuz;o,
1977; Peter EE‘EE’ 1968; Tan et al, 1984)." ‘
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2.3.3 Exercise PFuel Supply

Any type of exercise depletes muscle and liver.glycogen‘
stores to some extent, but it is the intensity and duration of
. th? activity that determines the predominant fuel that will be
.used to supply the energy. Both fat and carbohydrate supply'fuel
to the working muécle. The contribution of each substrate is
determiné& by the above conditions.

The resﬁlts of many experiments indicated that during
proionged light to moderate aerobic exeroise, of the type that
can be meaintained for up to fthree ﬁours, fat metabolism provides
- ﬁp to 70% of the fuel used (Christensen and Hansen, 1939; Basu et
al, 1960;~Carlson et al, 1963; Friedberg et al, 1963; Rodahl et
.al, 1964). Brief, heavy exercise, which must draw on anaerobic
mgchanisms, relies on carbohydrate gdurces for energy
(Christensen and.Hansen;'{939; Friedberg et al, 1960; Issekutsz )
and Miller, 1962; Rodahl et al, 1564). The'g}eater the anéerobic
contribution, the higher the carbohydrate utilization.

In experiments in which diet was manipul;ted in huﬁans to
provide high fat or high cafbohydﬁéﬁe,_the high carbohydrate diet
resﬁltéd'in the contynuation of a standard work load, of

indeterminate ensity, for up to three times as long as with

i¥t (Christensen and Hansen, 1939). )

_the high fat

. , conditioning of the subject plays an  * 9
in fuel sﬁpply. "In experiments done'compgring tb\\
to unxrainéd'dogs; if was found that the. fatty acid

utilization increased during the exercise period in the trained
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dog while the opposite occurred in the untrained dog. (The
. trained dogs were conditioned to run on a treadmill for 30 to 40
minutes at a speed of 100 m/min at a grade'of 15 .) At the same
time as the free fatty acid.leqéls decreased in the untrained
'dog, the lactic acid levels increased. This indicates that the
activity could no longer be maintined by aerobic metabolism
(Issekutz et al, 1965). Similar findings have been shown in
gtudies performedpon rats'(Barékat et al, i982). ‘
. The extent of the depletfon'depends on the duration,
,intensify and fype of activity. PFollowing depletion of glycogen
the body Qorks fo replete these stores. )

2.3.4, Muscle Glycogen Depletion

o - #

Assuming that a person or animal is in a recently fed,
rested étate, the liver and muscle glycogen stores would be full.
These stores can be emptiéd in two ways, by decreasing
nutritional supply and ﬁy increasing utilization. Fasting has
_beeﬁ shown to'deplete_;iver &glycogen éonsiderab}y in rats
‘(Brooks, 1973; Conlee et al, 1976) and evidence indicateg that
- .almost complete depletion of livér glycogen occurs after-a
i?yeﬁ%y;four hour fast (Agren and Jorpes, 1931} Leveille and
Chakrabarty, 1967; Rissell and Bloom, 1956). As well, a
twenty-four hour fast hgs;beéﬂ shown to deplete muscle glycogen
stores in rats (Conlée Eﬁ al, 1976). In Conlee's étudy, the
soleus was depleted by 8% ‘in the afternoon and by 49% the -

following morning; the red vastus lateralis by 23% in the
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afterrnoon and 47% the following morning and the gaefrocnemius by
11% in the afternoon and 23% the following morniﬁg. These
figures are derived from a comparison of fed and fasted rats at
the same time of day, indicating not oniy feeting effects but
variance in glycogen content throughout the day. During the time
of Agren's, Leveille's and Russell's studies, it was thought that
only liver glycogen was depleted during a fast. It is new
understood that although liver-is depleted first durlng a fast,
muscle is also depleted. ~

Under exercise conditions, muscle tissue is depleted
prior to liver tissue. Alfhough liver glycogen contributes fuel,
in,the form of glucose, to the work performed, it is‘maiﬁly the
muscle glycogen which determined$ the working capacity or duration
of the exercising animal (Bergetrom and, Hultman, 1967b). gn a
stﬁdy,perfbrmed by Bergstrom and Hultman (1967b) the
characteristics of muscle glycogen in the quadriceps'femoris of
mentge?forming work on a bicycle ergometer were determined. 1In
one phase.of the experiment the men pedalled a% a workload of 950

kpm/min for as long as the pedalling rate of 60 rpm was

maintained. In another phase the exercise intensity was reduced

to 400 to 560 kpm/min to permit catheterization of the veins of

the liver. Through these experimental phases it was foung that

muscle glycogen was utilized triphasically. iq}tially there was a

rapid disappearance of glycogen. This was followed by a second
phase of constant £all which was predOminanf‘énd possibly

indicated steady state. The third phase showed a slower_

‘diseppearance of ‘the glycogen during which there-was an increase
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in the output of glucose from the liver.

It was mainly the glycogen stored in the muscles that was
used for eﬂergy. A;though not measured, it was assﬁmed that the
muscular work raised the levels of adrenalin which in turn
stimulated glycogenolysis. As well, the rise in AMP stimulated
phosphofrﬁctbkinaae,'inoreasing glycolysis; therefore, it was
implied that the rate of glchgenol}sié and glycolysis would
increase with hard museular work. This rgte was highesat during
the initial phase, but was still higher than basal level

. throughout the work period (Bergstrom and Hultman, 1967b).

. » During the third period, the rate of glycogenol}sis was
slower. The glycogen store at this stage was greatly reduced and
this deficiency could probably~explainlthe increased glucose
uptaké from the blood. However, the_glucose production from the

liver was minimal compared to the total amount of carbohydrate

"“metabolized. Thus the store of muscle glycogen was.felt to be

the major deter inant':f/%ﬁéfiength of the work period.

Wahren fet al (1971) also exépcised males on a bicycle
ergometer to d tefmine‘thé contribution of glucose from the liver
during exerci¥8e. The subjects cycled for 40 minutes at workloads
of either 400, 80Q or 1200.kg—m/min. At each workload the uptake
of blood glucose incréased with time. The'heaviest work load
showed the.highest increase in blood glucose uptake. Again it
wag concluded that as the muscle glycogen stores became depleté&
the oxidation of the blood glucose contributed more to
maintaifling the workload. Wshren et al stated that 75 to 90% of

the carbohydrate metabolism and 28 to 37% of the total oxidative
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. metabolism could be sustained by blood glucose at 40 minutes of
exercise. These figures are estimates based on the complete
oxidaﬁiodfof‘tﬁe blood glucose. Regardiess'6f the actual
percentage of blood glucose oxidation, the inérgasing importance
of th;s substrate was seen. '

The increase in liver glﬁcose oﬁtput wad Hioted for all
intensities of exercise. As well, decreases in insulin'
concentration were obséf?ed. Despite the hypoinsulinemia,
glucose uptake by the muscle was detected. There may have.peen
an influeﬁce by glucagon, but it was not measured in this study.

In summary, muscle glycogen is the main determinant df
 the durati&n of exercise. Whén these stores beézme reduced,
‘liver glycogen contributes to the maintenance of the activity.
This would be the case if the activify was supported by

carbohydrate metabolism as opposed to fat metabolism. Exercise

of a high eno ;3_'ﬁtensity would ensure this. If the activigy
was extreqr,:ﬁ_;gznse the FG fibres and possibly some FOG fibres
wauld b:{@?'ﬁ-, d. If it was of a longer duration the SO fibres
would be-invdibed. Oftgn a combination of all the fib}es are
idﬁ%lved,'ﬁut at different times during the activity. As was

geeh, each fibre type has specific depletion and repletion times.
2.4 MUSCLE GLYCOGEN REPLETION

' 2.4.1 Introduction

MﬁscléﬂgIgcogen_repletion occurs folloﬁing depletion of-
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the muscle by fasting or exercise. It will be seen that
repletion of musclg glycogen occurs before repletion of liver
glycogén especially if the nmuscles are depleted by exercise. The-
depleted muscle itself is a potent stimulus for repletion of the
glycogen stores. Repletion can occur without substrates, but it
is enhancéd by simple and complex carbohydraéés. Stud?es on
humans reveal greater repletion rates with carbohydrates as
opposed to other foodstuffs. Studies which lim;t the substrates
to simple sugars have been conducted on laboratory rats to |
demonstrate the differences between gluéose or fructose feedings.

Some studies have involved infusion techniques while more recent

studies involved ingestion techniques.' The latter technique

" . appears to elicit a hormonal response that more closely

corresponds to what would happen following exercise.
h

2.4.2 Preferential Repletion

t

Studies conducted on aaboratory rats have looked into the -
effects of exercise on glycogen repletion. Rats were chosen,~asl
muscle and liver sampleg were required for analysis.

One predominant finding, following.exercise induced
glycogen depletion, was that muscle glycogen repletion was
favoured over liver glycogen repletion (ﬁlawacka, et al, 1978;
Fell et al, 1980; Poland et al, 1980; Armstrfong and Ianuzzo, . %
1977; Costill et al, 1983; Maehlum et al, 1978). Regardless of
the intensity, duration or type of activity or the amount of

training, the muscle glycogen stoles repleted more fapidly. It
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 was felt that fhe repletion oflliver glycogen was a continuous
_process;.wheréas, tge repletion of muscle glycogen was a
dual-phased procedure ipvolving'a fast insulin indépendédf phase
" and a'slow insulin dependent phase (Blawacka, 1978).

| Perfusion studies have begun to clarify the two phaées of
glycogen repletion in muscle (Garetto et al, 1984; Richter et al,
1984). Rals were exercised at a high intensity (36 m/min for 50
minutes - 5 runs of 10 minutes with 2 to 3 minutes rest between)
producing depletion from 60 to 70% in the muscles extracted.
During the first thirty minutes post- exercise, the muscles
repleted their glycogen stores in the presence or absence of
insulin which was added to ﬁhe perfusion medium. In two hours
and thirty minutes the muscle glyésgen stores approached the
resting control levels, but glycogep continued té}be synthesized
in the presence of insulin, to levels reaching ahd exceeding
those'oé the gesting controls. It was concluded that Phase I
occurrédehen muscle‘glycogen was depleted and wés.due to .
tncreased glucose utilization and glycogen synthesis in thé .
absence or presence of insulin.- Phase II occurred as the
glycogen stores reached festing levels and glycogen synthesis was
due to increased insulin sensitivity. The second phase occurred
only in the presence of insulin. Comparisons of glycogen
repletion in electrically stimulé%;a muscle during phasé.II,
gshowed that in those muécles stimuléted to contract,
physiological concentration of insulin resulted in greater

glucose -transport and glycogen synthesis than in those muscles

not stimulated to contract (Garetto et al, 1984; Richter ot al,
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1984) .

w

2.4.3 Exercise as a Stimulus ‘ <\

) An additional potent stimulus for muscle glycogen

)ﬁ%epletlcn appeared to be the exercise itself. In another
perfusion study, exercised animals compared to uon—exercised
animals showed a ten~fold increase in glucose uptake in the
absence of insulin (Ivy and Holloszy, 1981). Othef studies have
u190nshown increased glucose uptake, followed by:increaéed muscle
glycogen repletion after exercise (Richter et al, 1982; Fell et
al, 1982; Conlee et al, 1978; Terjung et al, 1974). )

-Itfls generally agreed that the rate-limiting step in

gluccce utilization in resting rat Skeletal muscle is the
transport of glucogse across the cell membrane (Tan et al, 1984;
Richter et al' 1984; Richter et al, 1982; Fell et'al 1982).
Under exercise ccndltlons thls has not always been agreed upon.
Richter et al (1984) qualified this statement by saying that
glucose transport was the rate-limiting step under most }ﬁ$
conditions. Pell et al (1982) hypcfhesized that when the glucose
transport was high the rate-limiting step in glucose utilization
was the ability to synthesize glycogen from glucose. It was |
théorifi§>that if the glycogen content of the muscle was high G6P

might_ unulate when additional glucose was given. G6P's

w‘\- .
inhibition of hexokinase may result in glucose phcsphorylatlcn ‘!
.being the rate limiting step for glucose upthke at the muscle.

This would occur only when the musgles had a high glycogen



an@/had continuing exposure to. hlgh levels of glucose and

insulin (F\ll et al, 1982).

It was then hypothesized that "the muscle would take up
glucose and convert it to glycogen as long as the glycogen

content in the muscle was low. - In the Fell study, rats swam to

stion (approximately three hours) and were fed either
refgular chow (60% carbohydrate) or lard following the exercise.

I\ was undetermined whether or not the raté were weighted during’
wim. Perfusion of the hindquarters of these rats was done
the fdllowing day. The animals fed the lard showed higher

3 uptake than those fed the chow when perfused with varying
concen .ations of glucose and insulin. This lends support to the

by the hysecles, 82% was converted to glycogen in the lard fed

gluéoé%%:jilization hypothesis. As well, of the glucose taken up
an1ma}§’ The lactate production was higher in the chow fed- group
(28% Jactate in chow fed; 12% lactate in lard fed of the glucose
taken up) and the G6P content was higher in the muscles from the
chow fed animals. Thié study indicated that chow feeding
following exercise raised muscle glycoég; to higher levels than

| lard feéding. When the muscles contained high levels of glycogen
it was the ablllty to synthesize glycogéﬁ as glucocse was
avall&blg.ﬁbr converslon, that determined further glycogen
repletion. It was also found that perfusion with the same lnsulln
concentrations caused an increased rate of glucose uptake in the
muscles with low glycogen levels compared tg-~the muscles with
high glycogen levels. The findings from this study give credence

to the theory that when glucose is available, it is the ability
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to synthesize glycogen that is the rate-limiting step. Additional
studies ueing humans and ;rats help to clarify glycogen replétion

under various refeeding conditions.

2.4.4 Carbohydrate Refeeding

-

Repletion of glycogen stores appear to be enhanced by the
addition of certain substrates following exercise (Bergstfom and
Hultman, 1966; Bergstrom et al, 1967; Conlee et al, 1§}8;.Fell et

al, 1982; Costill et al, 1963; Costill et al, 1981; Terjung et
"al, 1974; Maehlum et al, 1978; Piehl, 1973), but repletion
without substrates may also occur (MacDougall et al, 1977; Poland
et al, 1980). |
Studies that have looked at muscle glycogen repletion

following exercise in humans, have ravealed different results.
Early studids by Bergstrom ot al (1967) found that high
carbohydrate diets did enhance muscle glycogen repletian. In
this study men weré exercised to exhaustion on a bicyclé
ergometer at a work load approximating 75% of.their maximum
oxygen upiake. rPrior to the first exercise ﬁhey ate an
uncohtrolled mixed\dget (M). PFor three days after the exercise
they were given éith;r a high fat/protein (F/P) diet or a high
carbohydrate (C) diet. Then they repeatéd t@? exercise. Following
this they were fed the other diet (F/P or C) for three days and
rTepeated the exeggzse.

“ Biopsies of the lateral part of the quadriceps femoris

gshowed wide ranges §f glycogen concentrations upon repletion

™



initial valuesf whereas, the carbohydrate diet raised “the muscle

glycogen leveld to above normal ranges (0.95 to 2.0 g/100g,
normal, raised sto. 3.31 g/100g). A good correlation between
initial glygdgen concentration and length of work time was also

found. The glycogen values and work times from the C diet were

‘the highest. _ .

\.

Table 1. Glycogen concentrations and work times as a result of

different diets (Bergstrom et al, 1967, pp. 144-145)

M F/P c
Muscle .Glycogen (g/100g) 1.75  0.63 3.31
" Work Times (min) 114 57 167

2

before and after the exercise; therefore, data on the time course

The biopsiés In the previous stu&y were taken immediately

of repletion following exercise was not taken. A study done by
Piehl (1973) exagined this time course. She exercised male
suﬁjects for twe hours. The first hour invblv ndurance
activities (running, skiing, swimming and bicycling) an
gecond hour involved repeated maxiﬁal efforts on a bicycle
ergometer to exhaustion. Following the exercise the subjects ate
“ .2 controlled, 4000 kéai/day_diet consisting of 60% carbohydrate
for two days. Biopsies were taken immediately pre-exercise,

immediately post-exercise, 5 hours post, 10 hours post, 22 nours
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post and 46 hours post with the following results:

.
- ,\&,-;
. ' -

Table 2.  Muscle glycogen concentrations before and after

exerdise (Piehl, 1973, p. 300)

Muscle Glycogen (mmol/kg)

Pre-exercice . 125
Post-e#ércise' - 23
5 Hours Post 64
10 Hours Post - - 86
22 Hours Post | - 95 . | o o

. ' ) 46 Hours Post 124 N ' \—///

. It can be seen that apprdximately 60% of the muscle _
glydogeﬁ had been répleﬁed after 10 hours. df’%he 2600 mmol of
'glucose‘supplied duging-both days, the‘muscles showed -increases
of 72 mmol/kg and 29 mmol/kg on the first and second days
respectively. Piehl concluded that in a 20 kg muscle mass most
of the carbohydrate intake was-init;ally converted to muscle
glycogen. This would be in agreement with fhe thedries'of
Garetto et al (1984) and Richter et al (1984). ”

) Costill et al (1981) also looked at muscle giycogen
repletion in humans fqllowing moderate intensity enduranée
exercise -and high intensity interval exercises These
investigators varied the type, amount and frgquency of the

carbohydrate diet. Comparing diets of simple carbohydrates to

complex carbohydrates (70% of the diet as carbohydrate), needle
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biopsies of the gastrocﬁenips muscle showed that the repletion
after 24 hours was similar to'no;mal pre-éxerciéé values for both
diets, while the repletion after'the second 24 hours was greater
with the complei carbohydrate diet (32.1 mmol/kg increase with
complex and 7.8 mmol/kg increase.With-simple for second 24
hours). Comparing the amount of carbopydrates, it was found that
a low carbohydrate diet decreased the'muécle glycogen stores
(71.3 to 66.6 mmol /kg in 24 hours)iwhile a high cgrbohydr%%e diet
increased the muscle glycogen stores (55.3 %o 125.6 mmol/kg in 24
hours). _ '

The frequency of feeding compared a high carbohydrate
diet taken in two meals o one taken in seven meals. More
- frequent meals did not enhance muscle glycogen repletion, but
exercise following the feeding showed that the seQen feedings
produced increases in carbohydrafe oxidation,Over the two
feedingé. This maj‘have been due to the shorter‘tiﬁe that had
elapsed following the last meal (8 hours for seven feeding
regime; 15 hours for two feeding regime).

In the experiments goﬁparing the type of cgrbohydrates,
648 grams of carbohydrate were ingested in the fifst 24 hours and
in tﬁe expefiments comparing the number of ﬁeediﬁgs, 525 grams of
carbohydr§te were\ingestéd. Repletion to normal values.occurred
after 24 hours with both amounts. It was then suggested that
between 525 and 648 grams@ carbohydrate would Or'eplete muscle
glycogen to normal levels. '

MacDougell et al (1977) also found that complete recovery

following exercise could occur~within 24 hours in humans.
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However, the results of this study 1ndlcated that the rate of
repletion could not be enhanced by addltlonal carbohydrates,

" above a normal intake of 50%, This study involved high-intensity
intermit;ent work on a bicycle ergoméfer (140% ef their maximum
oxygen uptake gn a 1:3 work to rest ratio_untillexhaustion).
Fellewing exercise, the sybjects ate either a mixed diet
consgisting of 3,100 kecal, 50%‘cerbehydrate, or the Same diet plus'
2,500 kcal”oﬁ'carbohydrate. No difference inlrepletion rates
could be szen between the two groups. The intense but brief
exercise may have altered repletion rates as the men were
hyperglycemic post-exercise. This is in contrast to the other
experiments‘where the' subjects were hypoglycemic (BergstrOm and

Hultman, 1966; Piehl, 1973; Costill et: al, 1981). Although not

?H\\\\meaeured, 1t was felt that ilver glycogen was not depleted durlng

' the exercise. Consequently, lt was thought that glucose levels

would rise rapidlidf;iizwing.exencise ag would insulin 1eve1q
contrlbuﬁlng to fmmeé e répletion. In fact at 2 hours
post-exercise é;;bogen levels had.risen 11% from, post—exelese
levels without the addition of substrate -

As well nuscle glycogen-measurements were not made after
24 hours. The 1ncreased carbohydrate ;ay or may not have caused
increases in muscle glycogen levels in the subeequent 24 hours as
in the Ceostill et al (1981) study comparing simple to cpmplex

carbohydrates.

b
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2.4.5 Glucose or Fructose-Infusion

A .
1

It would seem apparent that the ingestion of

-

_carbohydrates following exercise does affect muscle glycogen
repleti;n. Although Costlll et al (1981) did look at simple
Sugars as a carbohydrate source the Spec1f1cs as to the effects
of these sugars were not made cLea;.

As previously stated)~it is felt that the effects of th®—
monosaccharides, glucose é:gf;ructQSe Qould be quite différent.
Studies done in the 1até 60's and early 70's infusing the two
substrates did.aﬁow different rééﬁits. _

» Befgstrom and Hultman (1967) showed that the infusion of
a 20% gludose or fructose solution produced a simiiar, moderate
rise’ in mﬁscle glycogen in resting muscle of humans. In
previously exercised muscle, greater'iﬁhreaaes-in muscie glycogen
‘levels were noted after both infusions, *Howevef, glucose |
infuéion resulted in twice the levels of muscle glycogen as the

fructose infusion'in the working muscle. o
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Table 3. -Muscle glycogen content before and after exercise
following glucose or fructose infusion (Bergstrom and

Hultman, 1967a, BP-.97—98)

Mean Muscle Glycogen Content (g/100g)

Glucose Fructose

Before Inf/After Inf/Before Inf/After Inf G

No Exercise Before Test , 1.39 1.74 - 1.37 1.70
Brercise Before Test 0.+4 1.04 20 0.09  0.55 2h

A

“ﬁ«(;\xﬁtlu - 1.57 4h _0.89 4h

. /J ‘The rgté of repletion-df muscle glycogen, which has been
.dépléted by heavy exercise, favogrs glgpose as a2 substrate upoh
infusioﬁ. -

y As well, additional experiments using humans showed that
liver glycogen repletion favours_ffuctoqg as a substrate upon
. in) sion.fIﬁ these experiments, liver biopsies were taken

following an overnight fast and during glucose or fructose

[}
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infugip 'Ingﬁggses in liver glycogen with both substratowstere

. o
detected, but the increases were higﬁg{ with-f;uctose (Nilsson

and Hultman, i970).

!

y
2.4.6 Glucose or Fructose Ingestion'

1

The studies cited using infusion techniques may not give

2 true indication of repletion rates with glucose or fructose.

Infusion does.not seem to promote the same hormonal résponses as
’ S

-

\
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oralvingestion'does and for Jhis reason more recent atugisg have
involved ingestion of these substrates (Costill et al, 1983;
Neiwoehner et al, 1984).

In a study done by Conlee et al (1978) rats were fed 0.5
grams of glucose by gavage following an efhaustive swin (25%
solution). The swimming group also had a restricted food intake
for 15 hours prior to the swim. The animals were then sacrificed
at 0.5, 1, 2 or 4 hours post-exerciset The results wére compared
to those of a ngn-a§ircised group sacrificqg at the times the run
began (8 a.m.). Samples of the soieus, red vastus lateralis and
white vastus l;tgralis muscles were taken' to determine muscle
glycogen'concent;atic's. VThe red vastus repleted the moét
rapidly followed by the soleus and’ then the whitefvastus: fn
four hours the glycogen content of the red vastus reached
pre-exerciseilevels; whereas, the white vastus had iné}eased to
‘only 60% of the pre—exercise level.

Upon completion of the exercise blood glucose reﬁched a
mean of 50.7 mg/100nl. The animéls wereé hypoglycemic éompared to
the resting, fed controls {(blood glucose of 115.7 mg/100ml);
however, the blood glucose surpassed the control valﬁes within
half an hour (133.6 mg/100ml), increased further at one hour
-{168.1 mg/100ml) and approximated the conﬁrol values after 4 -
hours (123.3 mg/100ml). ) | y

Liver glycogen was significantly depleted following
exercise (0.55 mg/g compared to 31.59 mg/g pre-exercise). Within

4 hours following the exercise, liver glycogen increased to

approximately 60% of resting levels.
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. Ter jung éﬁ al (1974) 2lso conducted a study using twice
the ambunt of'glucose.' 0.5 grams were administered immediately
post-exercise and an additional 0.5 'granms were administered one
 hour latér: As well, rat chow and water were permitted ad
libitum-foilqwing exercise. Prior to exercise, the rats were
fagted for 24 hours. . | -

Again the rafs were hypoglycemic following the swim to
exhaustion (58 mg/100ml immediate post; 140 mg/100ml restiﬁg
fed). The blood glucose then rose to 118 mg/100ml in 30.minutes
which is 8till below restihg leveis, but retugned to resting
levéls after 2 hours. Some hyperglycémia was observed at the 4
Vand 24 hour times, although not to the same degrée that was
observed by Conlee $E al. The red vastus repleted most rapidly,

?ollowed by the 8soleus and then the white vastus. The mﬁscle
glycogen content of the red vastﬁé fefurned to resting levels
within 2 hours following the, exércise, while the mﬁscle glycqgen
content of,thé.soleus retuAgéd to resting levels betWeén.Z and 4
hours. Some supercompensgtion;was notéd in the red vagtus at 4‘
and 24 hours post-exefcige and in the soleus at 4 hours post. The
glycogen in the white vastus reached resting levels by 24 hours
: with-some supercompedsation at this‘time as well.

| As in the Conlee et al study, liver glycogen was depleted
followfﬁg exercise (0.60 ng/g immediate post; 42.0 mg/é resting
.fed). At 30 minutes post~exercise, liver glycogén levels reached
only 4% of the fed controls aﬁd after 4 hours 47% of control

le&elg rather than 60% as in Conlee's study. Supercompensation

was noted in the liver glycogen values after 24 hours. ng””/

=
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overall rate of liver glycogen repletion was 13.12 mg/g/h.

46

It was suggested that during the first 30 minutes
_post-exerciée the glucose was noé~yet available for conversion to
glydogen and this was.the limiting factor. During the next 30
minutes the highest rates of conversion were found. These
overall rates were comparable‘to those reported.for sugar
transport. The rates of conversiop of glucose to glycogen for
the red vastus lateralis were 7.48 ng/g/h, for the white vastus
lateralis 2.64 mg/g/h and for the soleus 3.92 mg/g/h. Studies
measuring sugar transport induced by insulin ;n the rat diaphragm
(60% fast red; 20% slow red; 20% white) refealed rates-betweeg '
5.93 and §.27 mg/g/h. Response of frog sartorius (white) to
contraction or insulin showed rates between 2.88 and 4.32 mg/g/h
(Kipnis and Cori, 1959; Buse et’'al, 1964).

The ingestion of glucose did appear to increase the rates
of muscle glycogen repletion. This influence of‘glucose
Aingestion was éompared to the influence of fructose ingestion in
a study by Costill et al (1983). 1In this study all rats were
starved for 14 hours prior- to the.experiment. Five groups of
animals were then studied. The gfoups were as fdllows:j
1. control, sacrificed at rest
2. control, exercised until exhaus%ion,.ﬁhgn sacrificed

control, exercised until exhaustion, sacrificed 3'hduré-later
4. experimental, exercised to exhauetioﬁ, féd,zml, 20% fructose,
sacrificed 3 hours later .
5. experimental, exercised to exhaustion, fed 2ml, 20% glucose,

sacrificed 3 hours later.
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As .well, the fructose and glucose solutions coﬁtained radioactive
labelled carbon. | )

The Bxercise con31sted of running on a treadmill untll
e#gg;;;;on and the average time to exhaustion was 98.7 mlnutes,
/Jhiéﬁ guggests that, the exerc1se was of a moderate intensity, but.
the animals were not previgusly trained.

Blood.glucose results indicated that the animals were
hyp0glycémic follb#ing‘exercise. The blood glucose dropped from
133.2 mg/100ml, pre-exercise, to 39.6 mg/100ml, post-exercise.
‘Without substrate the levels of blood glucose rose.to 93.6
mé/100ml in 3 hours and with substrate. the values were gimilar to
the pre-exercisg group.

Taking average values from the plantaris, soleus, white
- vastus and red vastus, muscle glycogen coﬁcentrations were 61%
lowér‘than resting values following the exhaustive run (3.90 hg/g
resting control te 1.54 mg/g immediate post). The muscle i
glycogen levels rose in the three hours following exercise with
and without substrétes to 2.9% mg/g, no substraté, 3.95 mg/g,
fructose and 4.05 mg/g?'glgcose. These éveragg values show no
gignificant*differences between the éﬁbstrates, but more carbon
from the glucose feed was found in the muscle than from the
fructose feed. However, iﬁ the plantaris glycogen repletion from
the glucose feeding was significantly greater than from the
fructose feeding (5.82 mg/g glucose, 4.49 mg/g fructosei

i Liver glycogen values decllned durlng the exercise and

rose 3 hours later (pre 3.9 . post 1. 31 mg/g, 3 hour post no
substrata 1 81 mg/g, glucose 6.74 mg/g, fructose 6.97 mg/g) .
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Taﬁle 4. Comparison of results of the Conlee et al (1978),
. Terjung et al (1974) -and Costill et &l {7983) studies

Conlée
Muscle .Glycogen (mg/g)

Pre-Exercise RVas 7.52
WVas 6.87
Sol 6.09

Liv 31.59

Pogst-Exercise RVas 1.33
. i Wvaa 1.73
Sol 1.74

Liv 0.55

RVas 7.27
WVas 4.34
Sol 5.65
Liv 18.79

4 Hours Post

" Blood Glucose (mg/100ml)

Pre—E%ercise 115.74
Post-Exercise 50.7
0.5 Hours Post 133.56
1 Hour Post 168.12
2 Hours Post 135.18
% Hours Post -

4 Hours Poat 12%.3

Al

- no values given

r

~

1 =\

Terjung Costill
8.33
8.38 3.90 average
5.84 with plantaris
42.00 3.98
2.01
2.47 1.54 average
1.55 with plantaris
0.60 1.31
11.28 3 Hours Post Control 2.9
6.24 (average Glucose 4.0
6.68 for muscle) Fructose 3.9
19.94 Control 1.8
Glucose 6.7
Fructose 6.9
~140 133.2
~ 58 39.6 |
“118 - o
. T
“120 -
140 -
- Control 9%.6 .-
Glucose™130

Fructos§"130

~150

approximate values
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There was a greater increase after the glucose or fructose .
feedings but there,;as no significant.difference between the'
~&lucose or fructose feedings. Although these differences were
not significant more of the carbon label from the fructése was
found ih the liver. As well, when the stomach and small
inteétine were examined more carbon labe;:from fructose was foﬁnd
than fzgm glucose. 1 : ‘ |
The absolutetggﬁ}gﬁ;on of glycogen in the muscle and
liver showed little aifferenée between the two feedings. However,
when looking at the carbonllabel'some differences were detected.
More labelled glucose appeared in the mnuscle and more labelled

fructose appeared in the liver. The labelled glucose also

appeared to be more evenly distributed between the two tissues.

s 2.4.7 Hormongl Inflﬁencel

L

In the glucose ingestion studies the rates' of réplgtion
appeared to slow down after one hour when glycogen levels
approached resting levels. This would lend support to the idea
that higher ievels of muscle glycogen retard conversion of
glucose to glycogen although the influence of insulin does permit
continued gl;gogen synthesis. The time factors are somewhat
.different‘than in the perfusion studies during the first 30
minutes post-exercise. This may have been due to the perfusion
itself,'the type of activity or some ather unknown; however,

-]
there waa@?apid repletion followed by slower repletion in both |

“

studies.
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\/1; - The rates were not determined in/the Costill et al (1983)
t

udy; however, this study did show thét ingestion .of

bohydrate improved repletion.fn thé muscle. The reasons for

he improvement could be multi-faceted:
In rats, it has been found that immedigféig_following
exhaustiye eXercise plasma 'insulin was below gesting leggls
al, 1978; Fell et 41, 1980). .The levels of insulin in
asma do rise following the exercise, but the time course
has not been establlshed. It would appear to vary depending on
the intensity and duration of the exercise.as well as thel |
sup?trate given ﬁost—exercise (Koivistg et gl; 1981{ Fell et al,
1980; Conlee et al .1978). ‘

In both the Fell et _g (1980) study and the Conlee-et al
(1978) study, plasma insulin levels‘wére extremely low ‘
‘immediately post-exercise (0.08 ng/mg PelI &t al, not measurable
Conlee et al) In the former study the animals were exhausted on

the treadmill by a moderate 1nten51ty endurance run followed by a

high-intgnsity interval run. In the latter study the - animals
Swam to exh;ustiqn. It has been found that a swim to exhaustien -
d t@;the muscle glycogen stores uo the same extent as
does a fireadmilll run to exhaustion (Arﬁstrong-gﬁ al, 1974). Three
ter exe cise,‘in the Fell et g% study, the plasma insulin
values rad to/approximately 9% of fed, resting controls. These
animals had nbt been given any substrate. 24 hours later the
chow fed group showed increases in plésma insWlin to 60% of

control Four hours after the exercise in the Conlee et al studj

the rats demonstrated 1ncreased levels of plasma insulin to half



of the control values.

Before considering the glycoggn repletion despite low
insulin levels it is necessary to look at the effects of other
hormones. In bpth gstudies discussed above, plasma glucagon was-
elevated immediately -following,exercise (Fell et al, 9 times
above resting fed controls; Conlee et al, 5 times above resting
fed controls). Following three hours (Fell et g&,"1980) and four
hours (Conlee et gi,a1978) poat-exercise the glucagon levels
remgined twice as high.as the resting fed control. At 24 hours
post-exercise, glucagon levels wq?e.étill above control levels,
but were higher in the fat fed grodp than in the chow fed group.
Adrenalin was elevated 7 times above resting levels immediately
following exercise and remained 3 times above controls three
hours later (Fell gﬁlgl, 1980). HNoradrenalin was elevated 3 fold
immediately post-exercise and remained this way'for the four
hours of monitéring (Conlee et al, 1978).

The hormonal milieu found following exercise was one
which would normally promote glycogénolysis and inhibit
glycogenesis; however, this was nét seén. Muscle glycogen’ was
rapidly repleted following exercise, especially during the first
30 minutes of recovery (Conlee et al, 1978). The amount of
glycogen in the muscle appeared to determine the rate:of glycogen

. fepletion. |

| | Tbis has been further support%d-by.studiesuéompgring
repletion rates:in diabetic and normal rats. Rats that were not
gprevious;y trained werg run on a trgadmill for 30 minutes at 23

m/min, 5% incline, a moderate intensity. Glycogen depletion was
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. glucose as a fuel; whereas, liver glycogen repletion favoure
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-

evident ;and almost tqtal repletion was noted within 2 houra

following thé‘exerciée. Simiiar results were noted for both the
ﬁormal and diabetic animals (Armstrong and Ianuzzo, 1977).
'Similar findings were noted in a study conducted by Tan
et al (1984). The rats in thls gtudy were exhausted by a
treadmill run at a speed of 30 m/min, 8% incline. 1In one group

of animals 3 g/kg of glucose was given immediately following

exercise. The ingestion of glucose sulted in faster repletion

in all muééles looked at. With the glucose or without, the rates

of repletion in the diabetic and normal, unfrained rats showed no

signif%cant differences.

These diabetic animals were insul n‘deficieﬁt, but were
still éble to replete their ‘glycogen st&re *to'thelsame.degree éé
the rats who were able to seérete'insulin.l It apéeared that the
diabetic animals were able to actlvate glyc

promotlng glycogenesis.

JIn summary, it can be seen that muscle glycogen is

ﬁTefereqtially gg}eted over liver-glycogen when tha muscle is

. { : '
depleted by e;grﬁise. Upon refeeding*it appeared that the
- [

conversion of glucose to glycogen was the rate-limiti

a Refeéding with carbohydrates appeared to give the most Y¢apid

repletion. The type of food for the greatest repletion
investigated, in part, by this study. ﬁtudies infusing glycose

or fructose showed that mﬁécle glycogen repletion favoured

fructose as a fuel. Ingested glucose also facilitated rapid

 n&gynthase _ o

B
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repletion of muscle glycogen,-especially in fast red muscle. thn
comparing ingested glucose to ingested fructose, muscle.glycogen

repletion rates were -similar, but more labelled glucose was found

=in the muacle?while more labelled fructose was found in the

liver. Due to the preliminary.metabolism of fructose by the
liver it might be speculated that the corresponding glucose

release would be gradual permitting greater glycogen repletion

over a_longeriperioq'of time; an hypothesis which reqﬁireS'.

examination.
»
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T . Chapter III
METHODOLOGY . ~ o

3;1 DESCRIPTION OF SUBJECTS

Eighty-four male Wistar.rats were useq for the study.
Rats were chosen %o fac?litéte the control of diet and exercise
preceding the experiment. As well, the ihcorporation'of
continuous blocod samples and muscle tissue samples for
bioechemicel analysis was made more feasible through the use of an
animal model. Upon arrival they were approxlmately 12 to 14
weeks of age, weighing 200 to 225 grams. ) -

3.2 ACCLIMATIZATION PROCEDURE

‘

Upon arriwal the rats wére housed two or three to a cage
and fed Purina Rat Choﬁ‘and wateF ad 1ibitum. They were ‘
maintained on é 12 hour dark / 12 hour iight cycle. .The dark
cycie wés“from 9 am to 9 pm and the‘i?éﬁﬁrcycle was from 9:01 pm
to 8:59 am. . .'“f‘f%"

The trats were exercised on a motor driven rodent
treadmill (Qﬁinton Model 42-15). During the first week they'ran
at a constant speed of 27 m/min for 10, 15, 20, 25 and 30 minutes
on successive days. The rats were exercised five consecutive days

# week. The treadmill incline was set af 10% at all times.

The second week consisted of intermittent running. An.

/.
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intermittent'training protocol was chosen because 1. glycogen is
the prime fuel at higher 1nten31t1es,'requ1r1ng the recruitment
of fast tlseue (Dallaire, 1977); 2. the purpose was to assure
the ablllty to deplete tissue glycogen rdther than to induce
improvement in glycogen repletion chemistry; 3.» after only
three.weeks of similar training: large depletions of muecle
glycogen were evident following the high ihtensity protocol

chosen for this study (30 to 40% of pre-exercise values, pilot

results}. Durlng the second eek the speed of the treadmlll was

‘set at 35, 40, 45, 50 and 55 m/mln on successive days. Ten

seconds of work-was followed by 10 seconds of reat for a total of
15 mlnutes.
Durlng the thlrd week the runnlqg epeed was maintained at

55 m/min and the work to rest was malntalgea‘ conds. The

first 10 mlnutee of 1nterm1ttent work was followed by mlnutee
rest and a eecond, 10 minute series of 1nterm1ttent work.
results indlcated that the rats were capable of follow1ng thie
exercise protocol in that all anlmals were able to complete the

work period in the third week of accllmatlzatlon

-

3.3 EXPERIMENTAL GROUPS

Prior 'to experihentation all animals ‘were assigned to one
of 14 groups with a2 minimum of six an}male per group. The groupe

were as followe - ‘ | _ . 3//

r
-

’

Pre-exercise

Immediate post-exercise

o
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Glucose-fed_1-hour post-exercise ‘
Glucose-fed 2'hours post-exefcise
Gluéése—fed 5 hours post-exericse
Fructose-fed 1 hour post-exercise
-~ Pructose-fed 2 hours pgsf—exerqise’_'
. Fructose-fed 5 hours post-exercise —
G;ucose&frucfose-fed 1 hour.post-exerc{g%
..Giucose&frhctose—fed 2 hours post-exercise
Gigcose&fructose-fed 5 hours post-eterpise . q
Control 1 hou;'post—exercise
Conf}ol 2 hours posj—exercige
Control 5 hours post-exercise
Pre-exercise sacrificéb were done imhediately pnior to
the exercise session on each experimental &ay. The immediate |
post-exercise group was sacrifiged at the termination of ‘
éxercise. The glucosé3$éd, fructose=fed and glucose&fructose-fed
groups were given the appropriate sugar at the end of the
exercige and the contfol group was permitted rat chow ad libifﬁm,
ﬁnd all groups were ﬁilowed wgter ad-lib. The rat chow consisted
of approximately '58% carbohydrate, but direct communication with
R jfhe supplier indicated that there is some variability in the
~composition at least with respect to percentages and to some
degree with the compoﬁents themselves. For a more precise
composition seé Appendix_Ff ‘Representatives pf all four féeding‘
éroups were sacrificed at the designated times following the
'?. L\\gﬁgngise (one hour, two hoqrs and five hdﬁrs):/Muqéle énd liver

Samples were obtained ®rom the sacrificed animals }Figure 3).

C o .
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Figure ‘4. Number of raté;sgmpled for blood glucose



_ 57

Blood samples wers taken at éesignated times following’
exercise. A random selection of 20 animals provided pre-exercise
and immediate post-exercise blood samples. Additional hlood
samples were obtained at the following times: immediate
post-exerc1se, 0.5 hours post-exer01se, one hour post—exerc1se,
two hours post-exercise, three hours post-exer01se, four hours
post-exercise and five hours post-exercise ( lgure 4). Blood
‘samples were ta%en only from animals -designated to be s;crificed
at the two hour and five hour times. Blogdg c&se data was
available on twice as many animgls for.tégfzirst two post~
exercise houfg‘than during the rémaining three hours. ﬂﬁ;is‘
constituted a "two hour" comparison group fdr blood glucoqe with
a cellular N=12 and a "five hour" comparison grdup with a=
cellular N=6. : ) T _

Pilot results-indiqat;d that blood glucose values
increased rapidly with;n one hour fdllowidé substrate ingestion
and then increased slowly (Appendix A). Thus, hourly monitoring
follow;hg_ﬁhe first hour post-exercise should édequately indicate
~ blood gluéose fluctuations. ' !

ﬁ The time course selected for glycogen repletion was based
on\findings of prgvious‘research. garetto et al (1984) and
Richter et 3!1(1984) have shown that the}e afe'two stages to
musclefollowed by %/géqond‘slow repletion stage. In these
studies the first hour showed rapid repletion with a levelling
off at approximately two hours. Additional studies have monitored

- muscle glycogen patterns for three, four or give hours (Costill

et al, 1983; Richter et al, 1985; Blawacka, 1978; Terjung et al,
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1974) . The fivgfhouf time was chosen as .there was considerable
- reéletion'with'ad-lfb feeding at five hours ﬁost;eiercise, making

cbmparisona-atrthis time useful (Blawacka, 1978).

3.4 EXPERIMENTAL ‘DAY

-

At\ﬂ pm Qrior to the experimental day, the rats' food

- wps taken away to ensure a post-absorptive state for the -

)

xpefi@eh{. Each experimental day began at 9 am. Rats exposed
o 12,hours of light and 12 hours of dark have shown gradual
iﬂcreaaes in muscle glycogen during the dark period (Conlee et

7

directly related to the increases-in food consumption during

El' 1976) . The increases in skeletal muscle glycogén were

" these times. Ea}lowing the ingeétion of food, blood glucose
values rose -somewhat as did insulin levels. Glucagon levels
remained steady throughout the 24 hours. .Animals that had been
fastéd for 25 hours and sacrificed at the beginning of the light
cyq}e showed marked decrea egd in akeletal mﬁsqle glycogen (FOG

L l4T%, FG -29%, SO -49%) whereas, fﬁéls sacrificed at the

beginning of Fhe dafk.cyclé : ot. show the dramatic reductions
*(FOG -23%, PG "~15%, SO -8%) (Conlee et al, 1976). |

'Six rats representing-a random selection from all groups
were treated on each experimental day. Pre-exercise blqod' 
| les were taken and pre-exercise rats were sacrificed and
‘muscké and livér samples excised. The other animals-wefé'éhen

placed on the treadmill. The rats_ran at a speed of 55 m/min

with work and rest times of 10 seconds as during the third week

__ g
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of acclimatization. After 10 minutes there was a five minute
rest{ Following the rest, the same prbtocol of intermittent work
was uBed and this cycle was repeated for/one hour at which time
the rest period w;s taken out. The/éxercise continued until the
rats could no longer maintain the 1816city. When the rats could
not remain on the runnin fg;z; for three consecutive 10 second
work bouts the eiercise,w terminated.: The rats were then fed
according to thei; experimen{al group allocation. Those rats
receiving glucose (G), frugtose (F) or glucose and fructose (G&F)'
were fed 2 ml of the apgropriate, fo% soluEion by gavage needle.
The aniﬁals in the control (Con) group were placed in a cage
where they had free access to rat chow. All post-exercise
animals were allowed free acceas to water.

At the end of the exercise, poat-exercise blood samples
were ; en from the pré—exercise sampled group. - Additional blood
s&mgyzzkwere taken as previously stated. The animals wére

gacrificed and muscle and liver samples obtained according to

previous experimental allocation.

3.5 EXPERIMENTAL PROCEDURES

3.5.1 Blood Samples '

—_—

The rats' tails were slightly nicked with scissors and
the blood was collected in heparinized capillary tubes. It was
fhen centrifuged and the plasma ffansfe}red tb non-neparinized

capillary tubes and frozen for future analyses (Appendix B ).



3.5.2 Gavage Feeding

The gavage feeding consisted of 2 mis of a 10% solu

The_10%.sélution waslglucose, fructose or glucose&fructose.
glucoge&fructose combination wés a’10% solution of which hRlf was
made up ef glucose and the other half was made up of fructose. 3
A 104 concentration was chosen for several reasons. Pilot
results with & 50% solution revealed a supercompensation of
. muscle glycogern within one to two hours. No clear pattern of
repletion could be detected &ue to extremely high glycogen values
in the muscles. Values for the red vastus (RVas) and soleus (Sol)‘
exceeded pre;éxercise values at the one hour time when the
animals werg fed glucose (Pre RVas 4.14 mg/g, One Hour Post RVas
' 4.39 ng/g; Pre Sol 7.38 mg/g, One Hour Post Sol 9.22 mg/g). A
two hours the glucose fed animais‘had muscle glycogen
concentrations 50% higher than pre~exercise levéis in the RVas
and- 75% higher than pre-exercise levels in the Sol.
In Costill et al's (1983) atﬁdy muscle glyéogen

concentrations exceeded pre—eiercise levels after three hours
with glucose and fructose feedings of 20% solﬁtions., In this
study the average glycogen concentrations of the Sol, RVas, white
vastus (ﬁVas) aﬁd Plantaris (Plan) were given ahd only the |
concentratiohs three hours postuexe;cise'were reported. In
comparisdn to the pilot study using the 5‘and 10% concentrations
it was felt that the 20% concentratien was too high and did not
represent a normal feeding following exercise.

| Pilot resglts usiné 5 and {0% solutions did not show the

By
-
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same high muscle glyqogen concentrations after.five,hours. It
was found that the 5 and 10%_fruétosq-fed_gnoupa had higher
miiscle glycogen concéntrations in hVas after five hours than the
glucdse-fed group. However, the 10%.solutioﬁé did not sﬁlw as
dramatic a deérease in blood glucose after.two hours as the 5%
gsolution. 1In light of this finding.it was felt that the 5%
solution was too dilute for the purposes of extended
post—exefcise blood glucose monitoring (Appendix A).

On a day fo day basis it was found that rats norﬁally ‘

consume approximately 3.3 to 3.8% carbohydratr per waking hour

(Correspondence with Dr. Keeney, Uﬁiversity of Ottawa Veterinary

. and Animal Services). If the rat was glycogen depleted, a 5%

solution would not appear to be sufficient to restore the

‘glycogen as the average intake over two hours would be below

¥

normal whlle a 10% solutlon closely approxlmated normal
conditions. Therefore, it wasg d901ded that a 10% solution would

be a better concentration wlth which to contrast glucose and

fructose induced glycogen repletlons under relatively "normal"

- feeding conditions. -

3.%.3 Sacrifice Procedure

!

At the alidéated time, the animals were given an

1ntraperitoneal 1nJect10n of 0.4 ml of sodlumpentobarbltol Pilot

results Aindicated that after four or flve mlnutes the animals
were anesthetlzed at which tlme the abdominal and thoracic

cavities and ventricles were incised resulting in immediate



death.
3.5.4 Muscle and Liver Dissection

Immedlately following the sacrlflce of the anlmal, a
small amount of liver tissue was exc1sed (approxlmately 50 mg)
v1a the abdomlnal opening for the purpose of comparing the
depletion and repletion of the liver to that of muscle.*

Pilot results indicated that the planterie, a mixed
muscle, consisting of 94% faet-twltch fibres (53% red and)ll%
‘white) and 6% slow-twitch fibres in rodents (Ivy and Holloszy,
1981; Fell et al, 1980) repleted rapldly As well, the selection
of the intermittent running protocol fa0111tated recruﬁtment of .
this muscle and its_ fast-twitch fibres.

Following liver tissue excision, thé skin from the
enimals' right hindlimb was reflected to reveal the-éopefficial
lower leg muscles. The Achilles fendon was cut and reflected to
separate the gastrocnemius and plantaris from the deeper soleus
(Armstrong .and Laughlin, 1983)Y. The plantaris was removed and
two samples, weighing approximately 35 to 50 mg were_taken. The
samples were immediately frolzen in 1iquid nitrogen and stored —
frozen in scihtillation-vials in the laboratory freezer at -50°C.
The muscle and liver samples were later assayed for glycogeﬁﬁ;
(Appendlx C)
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3.6 STATISTICAL ANALYSES

—

The statistical analyses consisted of comparisons of the
animals' weights and run'times, muscle and liver glycogen and

blood glucose concentrations at different times and under >

different nutritional conditions. The analyses were conducted in
b ' - .

four phases.

_The firdt phase compareg the animals' weights and run
times between groups. A one-ﬁay anelysis Qf variance'wae used ,
(ANOVA). In the second phase ‘a one-way ANOVA was also used to
compare ppe—exercise¥and immediate post—efercise muscle and liver
glycogen and blood glucose concentrations.

The third phase of analyses involved first the muscle-
glycogen values as the‘dependent variable and then the liver- -
giycogen values. The independent variables were time {one,, two
‘and five hours) aﬁd ﬁhﬁritional treatment (G, F, d&F and Con). A
two-way ANOVA was used.to analyse this data. o |

" In the fourth phase of analysis the blood'glueoee
concentratione constituted the dependent variaple. Nutritional
treatments and time were the independent variables. In the first
part of the analysis the blood glucose levels at the following
times were used: immediate post-exercise, 0.5 hours post-
exercise, one hour post-exercise and two.hours post-exercise.” In
the eecend part o%,the analysis the following times were used:

_ immedizate peet-exercise, 0.5 hours post-exercise, one hour post-
exercise, two houre poet-eierhise, three hours post-exercise,

v

: : ) Y A :
four hours post-exercise and five hours post-exercise.



L Chapter IV
RESULTS AND DISCUSSION e

4.1 RESULTS . | - o
The purpose of this study wgs'to compare glycogen \
:repletion in the plantaris muscle and liver following feedings of ,
glucose, fructose, glucose&fructose and reguiar rat chow after

exhaustive exercise. Blood glucose was monitored during this

time to support the results of glycogen repletion.

The following dat% was used as the basis for
a) the mean weights and run times for each group b)
pre-gXercise and post-exerciéé concentrations of gl
plantaris muscle and llver and blood glucose ¢c) the glyCOgen
concentrations of the plantarls muscle and liver and blood
glucose concentratloqs at specific times during a five hour

recovery period.

’

4.1.1 Weights and Run Times)

A three week period of acclimatization was directed at
training running skili to a degree which‘wouid'allow a -
significant plantaris muscle and hepaﬁic glycogen depletion on
the experimental day. All rats, including the pre-exerc1se
group, could perform the exercise task as for the third week of

acclimatization.
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P;ior to the experimental dgy the rats were randomly .
assigned: to e;perimental groups. To determine whéther or not any
group had different charactg;istics from other grogps, a one-way
ANOVA was conducted compéring the animals' mean weights and mean

run times per group on the experimental day. No significant

differences between any groups were found (Tables S5 and 6)

-~

- indicating that the experimental groups were similar with respect

‘to weight and run times within and between experiméntal days.

' Table;é Mean Body ﬁeights of Groups on Experimental Day

* . Experimental Group ' - Msan (g) +/-~ SD SE
_ Pre Exercise : 6 303 +/- 22 9.
Immediate Post Exercise . 6 313 +/- 13 5§ -
Glucose 1 Hour Post . 6 302 +/-= 10 4
‘Glucose 2 Hours Post 6 304 +/- 18 7
Glucose 5 Hours Post 6 320 +/- 24 10
Fructose 1 Hour Post 6 306 +/- 16 6
Fructose 2 Hours Post 6 308 +/- 9 4
.Fructose 5 -Hours Post .6 312 +/- 23 ° 9
Glucose&Fructose 1 Hour Post 6 311 Co#+/-10 4
- Glucose&Fructose 2 Hours Post 6 298, +/- 9 4
Glucose&Fructose 5 Hours Post.6 311 +/- 18 7
Control 1 Hour Post 6 319 +/= 23 ' 9
Control 2 Hours Post 6 305 +/- 14 6
Contrel 5 Hours Poset 6 306 +/=16 6 5
Grand Mean 84 308" +/- 16 6



Table 6. Mean Run Times of Groups on Experimental Day

Experimental Group N Mean (min) +/- 8D *SE
.. 4 !
Immediate Post Exercise 6 65’ +/- 24 10
Glucose 1 Hour Post 6 79 . +/= 27 11.
Glucose 2 Hours Post 6 B6 .o +/= 27. t4
Glucose 5 Hours Post 6 79 +/= 25 10
Fructose ! Hour Post 6 - T3 4 +/~ 13 5
- Pructose 2 Hours Post 6 86 +/- 16 7
Fructose 5 Hours Post 6 81 +/-18 7
Glucose&Fructose 1 Hour Post 6 83 +/- 32 13,
Glucose&Fructose 2 Hours Post 6 31 Y 4/- 15 -6
Glucose&PFructose 5 Houra Post 6. 79 +/= 10 4
Control 1 Hour Post 6 61 - 17T
Control 2 Hours Post 6 76 w18 T
Control 5 Hours Post 6 79 " 4+/-13 5
- Grand. Mean 78 78 +/- 20 8
. 5>

L

- 4.1.2 Pre-Exercise and Post_Exercise Cémparisons

’
The effects of the exercise and feedings on the blood
'glucose concentrations is shown in Tables 7 and 8. The mean

post-exercise blood glucose concéqtration was reduced to 60%

™

of the mean pre-exercise value (p<0.Q5). "

A G
Table 7. Meaﬁ Blood Glucose Conéentrations - Pre and Post
Exercise ' ) .
Experimental Group N , Mean (mg/100ml) +/- SD . SE
Pre ‘Exercise 10 109.6 © /= 7.6 2.4
1.0 Q.G

Post Exercise ' 10 " 63.5 +/- 2
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Table 8. ANOVA of Blood Glucose Concentrations Pre and Post

Exercise
Source of " Sum of Squares df Mean Square FObs
wvariation ' )
© Between Groups 21270.67 1 21270.67 85.52%
Residual 9451.36 38 248.72 ’

*gignificant at the p<0.05 level

Similarly, the glycogen gdncentratibns in the plantaris

muscle and in the liver (Tables'9 and 10) were approximately
o . . ) .

- . <\
20% of the mean pre-exercise values (p<0.05). This implies that

. the exercise was of sufficient intensity, duration and

specificity to reduce glycogen. reserves in theéerlocations.

-

Table 9. Mean Glycogen Concentratidné for the Plantaris Muscle -
Pre and Post Exercise

- N -

Fad

Experimental Group N Mean (mg/g) +/- &S0 ' SE
Pre Exercise 6" 4.9% +/= 1.74" 0.71
Post Exercise - 6 - 0.9

6 " +/-0.49 90.20

-

Table iO. Mean Glycogen Concentrations for the Liver - Pre and -7
Post Exercise ' '

Experimental Group N Mean (mg/g) +/- SD SE

Pre Exercise | .6 5.31 . +/—.4.37 -1.79

Post Exercise 6 1.12 +/- 0.23 0.09

-]
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Table 11. NgﬁBVA of Plantaris Muscle Glycogen Concentrations —
re and Post Exercise ]

., Source of | ‘Sum of Squares df Mean Square FObs
variation ‘ :
v ¢ ] ’
Between Groupa . 47.283 . . 1 47.283 29.080%
Residual - 16.260 10 1.626
! - *significant at the p<0.05%slevel  , - «
ATaBle 12. ANOVA of Liver Glycogen Concentratlons - Pre and Post
" Exercise )
. Source of _ Sum of Squares d4f . Mean _Square PObs
variation / , . - -
. Betwedn Groups - 52.459 . "1 52.459 . 5.474%
" Residual .- 95.833 - ' 10 9.583 ‘ o
*significant at the p<0.05.level * g
t
v *
4.1 Plantarls Muscle and leer Glycogen and Blood Glucose
Comparisons

14

From Table 13 and Figure 5 it can be seen that the
i\\\\ . plantgyis muscle: repleted considerably !fter one hour of

. recovery under al]l conditions.” At one hour post-exercise the
. e v . * -

bad

+ glucose-fed group repleted the most while the fructose-fed group

eepleted thé'least. owever,ltheldifferences between the

tatis ically significant (Table 14 and

PR

fa\?ings were nat

Appendix )

L ,’/é;dsaqglucoae concentrations (Tables 15 and 16 and °

LY
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Figures 7 and 8) at 0.5 houra and muscle glycogen concentrations

(Table 13 and Fiéﬁr% 5) at one hour appeared to be related. The

blood glucose cohcenﬁiét;ons were étatistically significant at
-

0.5 hours, except between the frictose—fed group and the control

group (Tables 17 and 18, "Appendix E).

Table 13. Mean Plantaris Muscle Glycogen Concentratlons of
Experlmental Groups .

Experimental Group N Mean (mg/g) +/- SD SE
Pre Exercise 6 4.93 4/~ 1.74 0.72
Immediate Post Exercise . 6 0.96 +/~ 0.49 0.20
Glucose 1 Hour Post 6 4.40 +/- 0.90 0.37

- Glucose 2 Hours Post 6 3.43 +/~ 1.46 0.60
Glucose 5 Hours Post 6 4.11 +/= 1.51 0.62
Fructose 1 Hour Post 6 2.73 +/- 1.04 0.42
Fructose., 2 Hours Post 6 2.69 +/- 0.73 0.30
Fructose 5 Hours Post 6 4.48 +/- 1.24 0.51

~ Glucose&Pructose 1 Hour Post 6 3.37 +/-1.71 0.70
Glucose&Fructose 2 Hours Post 6  4.01 \ +/~1.29 0.53
Glucose&PFructose 5 Hours Post 6 3.88 N . +/-1.01.70.41
Control. 1 Hour Post - 6 3.91 +/= 2.06 0.84"
Control 2 Hours Post 6 13.98 +/~ 1.33 0.64
Control’ 5 Hours Post ) 6 5.67 - +/~/1.61 0.66

!

ﬁ‘} L
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Table 14. ANOVA of Plantaris Muscle Glycogen Concentratioﬁs-

Source of
variation

Fuel .(A)

Time (B)
B at G
. Bat P
B at G&F
B at Con

Twep way interaction

Ax B,

Residual

Table 15.

Sum of Squares

(o0} P RPN

13.706 -

Mean Square

ol . 598

7.582
1.499
6.265

0-687 .
5.986.

2.284

1 -883 '

* significgnt.at p<0.05 level \k;/\fjjy

Mean Blood Glucose Concentrations (mg/100ml)

Over Two Hg?rs +/~—-8D and SE (N=12)

GIOWO

Time

FObs

2.442

.025%
- 796
22T*
365
-179%

213

—

Experimental

Group -

Glucose
SD
SE .

Pructose
3D

SE .
Glucose &
Fructoge -
SD

SE

Control‘
" 8D s
“SE

. [ ] »
-0 ~J

T3 10V

oD <]
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Concentrations

s
Five Hours +/- SD and SE (N

Mezn Blood Glucose

Table 16.

(mg/100ml) Over
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Table 17. Two Way ANOVA with Repeated Measures for Blood ,

Glucose Concentrations Over Two Hours ,
Sourcé of, - Sum of Squares d4f Mean Square -~ FObs
variation '

- L4
FPuel (A) - 2482.15 3 827.38 . <1.00
A at Oh 362.20 3 .« 120.73 <1.00
A at 0.5h -32373.87 3 10757.62 21 . 45%
Aat 1 h’ 3356.40 3 1118.80 2.23
Aat 2 h 14075.55 3 +4691.85 9.35%
Residual Between  46188.08 44 1049.73
Residual Within'  88278.41 176 501.58

Time (B) 199001 .19" 3 66333.73 . 208.03*
B at- G ', 99841 .81 3 .33280.60 104.37*
Bat F 36954.82 3 12318.6 38.63%
B at G&F 54258.26 > 3 . 18086.09 56.72%
B at Con 55538.52 3  18512.84 - 58.06%
Two way interaction
Ax B 47591 .68 9  5287.96 16.58%
Residual Within  42090.33 132 318.87 ’

-l * gignificant at p<0.05 level -

-

. .;(,-"
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Table 18. Two,Way ANOVA with Repeated Measures for Blood
Glucose Conei:}ratibns Over Five. Hours

Sourééﬂgf Sum of Squares d4f Mean Square FObs
variation .
r) s . . B .
-Fuel (A) ! 18895.91 5 6331.97 T3T*
Aat Oh 52.21 3 Ti7.30 0.067 _
A a2t 0.5 h 23377.19 3 7792.40 29.83*
Aat 1.h - ¢ 4387.58 3 1462.53 . 5.60%
Aat 2h ,(j“L/8624.25 3 2874.75 11.04*
‘A at 3h. .. '7631.85 . 3 | 2543.9 9.74*
Aat 4h ) 7033.70 r 3 2344. 8.98*
Aat 5h ;5 /" 6700.16 - 3. . 8.55%
a . \ {i .
Residual Between  17177.25 20 858.86
Residug@Within'  36567.47 140 261.20
Time (B): . .  135319.99 6 22553.33 139.58%
. Bat G 84629.57 - 5y 14104.93 87.29*
# B at F ' 22359.13 6 3726.52 23 .06*
B at G&F "32440.90 6 5406.82 - 33.46%
B at Con $4693.53 6 5782.26 . 35.78%
Two way interaction . .
A x B 38826.49 . 18 - 2157.03 \ 13.35%
Resigual.Wifhin 19390.22 . 120 161.59 -
S : e L
' * gignificant at p<0.05 level T 4

: . | ”
. At two‘hours;post—exercise muscle glycogeﬁﬂﬁad not yet

H

reached pre-exercise levels. There did not appeAr to be a -

" relationship between one hour blood glucose coficenyrations and

two hour muscle dlycogen concentrations. H

ever, at these

- w - . .‘ .
. times the oontrol group showed a signMicant rise in blood
- T o @
glucose gbmpared to the glucose-fed, fructose-fed and glucoses-.
,fructose-rfed érpups; an increase: which was §aralleled by rising
N ‘ . - s

LS

muscle glyCoge? concentrations.in"the control group. .

N~ i .‘- T ) . ‘/‘\
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There was some discrepancy between Figureg 7 and 8 as to

the differences or similarlties between the glucose-fed group and

L4

the control group at .one hour post—exerc1se. In Flgure 8 the
blood glucose concentrations of the glucose-fed group and the
control group appear to be somewhat close together. Tﬁis does
not appear to be the case in Flgure T where all three
experimentally-fed groups are similar. Further statistical

examination showed that the glucose—fed_group was dlfferent from

Ay

the control group at one hour, in the animals-monitored over two

hours, but. was similar in the animals monitored over five hours
. * ‘

' . &
(G vs Con -4.08 * N=12; G vs Con -3.65 N=6 (Appendix E)). The
larger sample size of the blooo glucose oomparisons over two
hours is a result of combining the data.from the animals

monitored for five hours with the animals monitored for two
hours; therefore, the larger sample size makes the comparison
over two hours more powerful suggesting that there was a‘\)‘

/

difference in blood glucose between the glucose-fed group- and the

control group at one hour post-exercise.,
The contlnulng decllne in blood‘hlucose aftér'one hour of
. recovery appeared to restrict repletlon, which did not progress
to,any great e;tent after two hours. The fructose-fsd group and'!
'the,oontrol'group did show some trend toward contihued repletionfr
but their values were -not signifioantly differsntvfrom the gther

two groups (Appendix E). The two, three, four and five'hour:plood
glucose“~concentrations rose progressively only within the control
group and this was reflected in the highest blood glocose

ooncentratlons and muscle glycogen ooncentratrons at flve nours
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being measured in this group (Appendix E).

Thé liver glycogen following'experimental feedings did
not increase above post-exercise values until five ndurs‘
post-exercise (Tables 19 and 20, Figure 6€). However, values in
the control group had regained near pre-exercise values af fiv;
hours post-exercise and wéfe significantly different from the
five houf values.following the other expérimental feedings as
well as the one and two hour control group values (Appendix E).
Although sequential repletions févouring one tissue over\aqoﬁher
were not planned for in this experiment, the retarded hepatic

repledions suggest a predisposition toward regeneration of muscle

' P
glycogen prior to a significant hepatic repletign.

In éumpation, muscle glycogen repletion~eccurred

t

following intake of all substrates, approaching.pre-exercise

*

levels at fi€€iﬁours post-exercise. This occurred to the

‘3gréatest extent in tﬁe control group élthough there wére'no
significant differences between Qny of the feedings on the basis
of comparing repletioné at one, two and five hours. It appeafed-
from graphical'comparisons that a weak relationship betﬁeen-blood
glucose concentration and mhsclé glycogen,AEven thdugq.there.
appeared %o be faster initial loading witn'a sgngle gldcose feéd,'

_ the repletion in the muscle was not significantly h;gher'than
with the other feedings,and‘waS'not prqgressivg after one hour. '

/

‘Consequently, as there was a lack of signifiéance in the muscls

glycogen values and -because the blood glucoge data at 0.5 hours

d the muscle glycogen data at one nour. came from,clfferpnt

- - s

._-4‘. . : ,/~_
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animals, no correlational statistics ﬁg#eiéffemptedg

Table 19. Mean Liver Glycogen Concentratlons of Experlmental

Groups BTN ‘
Experimental Group N Mean (mg/g) +/~ SD - SE
bre Exercise 6 - 5.3 +/~ 4.37 1.78
Immediate Post Exercise 6 1.12 +/= 0.23 0.09
Glucose 1 Hour Post - 6 - 1.19 +/- 0.26 0.11
. Glucose 2 Hours Post 6 . 1.08 +/= 0.30 0.12
. Glucose 5 Hours Post | 6 1.32. +/- 0.29 0.12
Fructose 1 Hour Post 6 1.18 . +/- 0.30 0.12
Pructose 2 Hours Post 6 1.27 +/- 0.28 0.11
Fructdése 5 Hours Post 6 1.18 +/~ 0.29 0.12
'~ Glucose&Fructose 1 Hour Post: 6 1.62 “/~ 0.59 0.24
Glucose&Pructose 2 Hours Post 6  {.68 +/~ 0.44 0.18
.Glucos2&Fructose 5 Hours Post 6 1.19 +/= 0.40 0.16
Control 1 Hour Post: 6 1.99 4+/- 1.54 0.63
Control 2 Hours Post 6 1.57 +/- 0.92 0.38
Control 5 Hours Post 6 5.34 +/- 6.02 2.46
. fTable 26. ANOVA of Lifer Glycogen Concentrations o ’
"Source ni : Sum of Squares df Mean Squareg\" FObs ..
" variatlon ‘ : . L
Fuel (A) -38.353 3 12.784 . 3.7TTI% .
A at-2n 1.349 3 0.450 . -0.133
A at 5h e 76.150 '3 25.383 - _7.488*
Time (B) 10.648 2 5.324 1.570
Two way interactian TLs !
Ax B - }1 -843 6 6.974 T 2.057
o . *5:2:?’ BN . /
Residual - - 203.425 . 60  3.390 - ; ‘
B . " . - . L - V . | \ . //_
* significant at p<0.05'le§el R i
b .‘ y
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4.2 DISCUSSION- =

The statistical analyses.indicated a speoific‘inter-group
homogeneity in that the groups did not differ with }especé to the
body weights and run times on. the expérimental daj.' Therefore,
“there can be some confldence that glycogen repletlon would not

have been affected Ey the grouping of" the anlmals., ~ .

l_The hlgh intensity exercise depleted ‘the plantaris muecle
and liver glycogen'éplantarls post-exercise=19% of pre-exer01ee,
‘liver poet-exerc1se121% of pre-exercise). Blood glucoee
-concentratlons were reduced to 60% of pre-exercise valuee
Depletlon of glycogen and reductlon of blood glucose- )
concentrations were evident in previous studies although absoluteJ
valuee were dlfferent (Conlee et'al, 1978; Terjung EE al, 1974;
: Costill_gﬁ al, 1983). In bofh_‘Conlee's and Terjung's studies
" the animals swam to exhaustion, the pre-exerciee vgluee were from
_reeting, fed eontrols'and three homogeneous puscle types were
anelysed; Costill ueed moderate intenelty treadmill rnnning and"
averaged the glycogen values from the three more homogeneonelﬁ
muscles and the plentaris.- In the present study treedmlll';;
' running continued at a high intensity until the animale conld_no
-longer maintain the running velocity, p?e-exercise valuegfwere
ﬂiﬁkén from rats on the expepimental'day after an overnignt fa;t
and only the plantaris muscle vas examined. o \\’/ﬁ
Tne aforementioned experimental diZferences wo&ldkeocount

for the discrepancies between this study and the qthers in tne
P T

following ways. % nas previously be2n noted :hapusw}ﬁgfng 1oesst

~ ' ' -

-

——
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not de}lete muscle glycogen to the extent that treadmill: runnlng
doee (Armstrong et al 1974) . This coupled with the flnding
that hlgher.inteneity exercise relies primarily on'musole

'glycogen,'would‘exrihin why the animals' musecles in the present
study were depleted to a greater extent than in.the Conlee,

Ter jung and Costill studids. Furthermore, as the high 1ntensmty
exercise of this study was dlscontlnued when the animals could no
longer maintein the speed, the contribution from the liver should
-not have been to the extent that would be involved ih e;hauetive
-activity. Similarly, the exhaustive activities wocld.eccount fo};
th= lowen:bloodglucoe:Qéoncentrations.. As well, ' the SN
pre—exerclae levels that were used for c0mpar1ng pre-exerCLSe and'

post—exerc1se values were taken from rats that’ were fed and

rested rather than follow1ﬁg ‘an overnight fast as performed by

% the pregent study. Flnally, comparing three homogeneous muecles,k ]
' o__jhé?everage of. the three, with a mixed muscle (plahtarls) h ‘

. pennlte only rough compar1eons. However,.hlghly elgnlflcant J_s
depletions were detected ;; the present 8tudy and verify the '
¢ effectlvenees of this exercise protocol in redu01ng nuscle
1ycogen o . 1

R .. The llterature has noted that low muscle’ glycogen itself
favours glycogen repletlon (Garetto et al, 1984, Rlchter et al,

B . 1984). Wnen the musole 18 being repleted it does so in two
xstages. Firet there ie a rapid short phase of . ueuallyrfese than

o one hour qu then a elower long‘pﬁaee from *one hour until the

glycogen reaches or eurpasses pre-exercise values® (Garetto et al

19843 Ri*hte‘t‘ et al. 1984.).; In this study the 0.5 aour blqod N

' .

L T
LN
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glucose’ values with glucose ﬂseding seem to demonstrate the flrst

phase. To some extent this was carried over to ‘the plantaf&s -

muscle as glycogen was hlgher following the glucose feedlng at

<
19

one hour. However, no 81gnif1cant differences between groups were

found after ‘one hour of recovery.

The lack of slgnlflcant‘d;fferencesyln'muscle'glyCOgen
between groups in the face of differences in blood gluposei
suggested that repletion was not semsitive to blood glucose
providing minimum blood 1evels were‘attained This lack of
sens1t1v1ty of muscle repletlon to blood. glucose concentratloh
beyond a mlnrmum level was supported by the lack of any trend
betueen blood glucose velues at one hour, and glycogen values at
two hours. - | N

However contlnuous ad llb feedlng resulted in a

progressive rise in glucose throughout recovery and hlgher muecle

glycogen concentrations in th control group "at flve houre. A3

previously stated, the rat/ahow was compoged of approximately 58%

- carbohydrate, but the car ohydrdte components and"percentages
were variable. It would/%herefore appear that the. final - _
breakdown of carbohydrates could have resulted in the releaae o3
some percentage of glucose and fructose as well ag other sugarx
into the bloodstream Prior to the rclease of the elmple sugars
into the bdlood, the complex carbohydrates were. digested dhlcn

~ would increase hd time that was taken for these qugars to o

cs?apsorbed in the intestlne.and released into the olood. qu de-;,J

* the addx%}onal fibre,_fat;and'protein;would nave inereanacd toe
. - L "

~ -

gastric 2jecyjioh -and. abgorption Sime resul-ing {n 3idwer
. ! . v . .. ' . . n o

—
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.increeses in blood concentrations.  The actual volume of ~
consumption' was unknown, but it is known that the rats fed -

cqntinueuslyl: This continuous feeding combined with the slower
. absorption may ?9%ebeeh the explanation for the improved
repletion whic was’Bbierved. o i;

It was iginally hypothesized that fructose ingestion

would result in slower but progressive muscle glycogen i;ereeses}
hoﬁever, a slow persistent incfease in blood glucose
" conceatration was also anticipated. The increase in musels‘
lycogen repletion of the fructose-fed group from two toeﬁlye -

hours was not identifiable in this”study as the single, ..

post-exercise bolus of all of ‘the substrates resulteé in;wp‘
.-p}esuhed to be an insulin induced decline in bleod glucusg;Effer -
two hours. Even‘without the Qistinct differences besw'es ;héjJFfﬂ”‘x\;
glucose-fed and fructose;fed groups, the fructose—fed\ngup'did '
closely resemble the control group. Absolute values for‘ﬁhe
control and - fructose groups were different, but because of the
slmllarltles between .them, beneflts of fructose as a fuel for
repletlon cannot be ;gnored, . |
Glycogen values reached pre—exer01se levels only in the
control group flve hours after exercise. The repletlon process
was not characterlstlc of the pattern seen by some prev1ous
studles (Garetto-EE al, 1984; Richter 33 El 1984, Ter jung et .
al, 1974; Conlee et al (1978). Garetto et al (1984) noted the
'fap#di#lsé Pollowed by the slow steady rise in glycogen in their
perfﬁ%ion studies. Tefjung et al (1974) noted supercompensation

Ain tpe red vastus in two hours post-exercise and in the soleus in
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.
four hours post-exercise, but did use five times the
popcenﬁration of glucose. Conlee et al (1978) reported muscle“
, glycogen repletion totpre-exercisé levels in the red vastus, .
almost 90% repletion in the soleus and BO%‘replet;on in white
vastus four hours pssﬁ-exercise with two and one Hslf times tﬁe
concentration of glucoseé. He also notea that: the rate of
re?letion was rspid in the first‘hour following exspc;se.f There
was, Hb#ever,’agreemént Qith'Costill's (1983) sfudy, where one
Ttype of feedlng did not glve better repletlon than another. It
appeared that the substrate 1nvolved was not as 1mportant as the
maintenance of blood glucose at’ some crlterlon level a level
.Whlch is not 1dent1f1ab1e under these experimental conditionas. rfﬂ\\v/
* élycogen ;epletion in a mixed @uscle such as the

plantaris does not occur in all fibre types idenﬁically. th was
not possible to distingdish the ra%e at which the specific fibre
types were repleted in this stﬁdy{.but it can be speculated that
in accordance with the observations of Terjung et al (1974) and
Conlee et al (1978) (supra pp. 25-27) the fast-twitch red fibres
repleted first followed by the siow—twitch red and then the fast-
twitch white. Thus, while the use of whole muscle homogenates as
has bsen done in this study, does not show an effect of substrate
on repletion times, the.ﬁossibility of differential repletion
times as a function of fibre type still exists as a topic for
future study. _

It was observed that the glucose feeding promoted a rapid
rise in blood glucose at 0.5 hours in this and other studies
(187.7 mg/100ml, present study; 120 mg/100 al Terjung et al,

N
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..1974;‘533.6 mg/100ml Conlee et al, 1978). It would seem that if
the lower conéentration of glucose feeding (10%) could elicitfa
~rapid rise in blood glucose concentrations, then this feeding
concentration would be sufficient. The problems of gastrid-'
distress with the high sugar concentrations would be reduced
(Foster, et al, 1980) and the maintenance of the blood glucose
levels by additional high cbncentration feedings may prove less
stressful to the organism, especially in humans where repl%tion
is carried out over extended periods.

The cOntrol\group fed as often as they wanted, resulting
in slower but progressive increases of blood glucose values
ultimately exceeding those following other feedings and,
subsequently, resulted in higher muscle glycogen values. Fell et
al (1982) has stated that under exercise conditions when gluccse
transport was high, the rate-limiting step in glucose utilization
wés the ability to synthesize glycogen from glucose. Under most
conditiqns the transport Bf glucose across the cell membrane ;as
the rate-limiting step (Tan et al, 1984; Richter et gi, 1984;
Richter et al, 1982; Fell et al, 1982). Under the <onditions of
this experiment the glucose did not appear to be available for
conversion and thus hiqdereq_the repletioh of glycogen.

The only notable change in liver glycogen was in the
control group at five, hours. The liver repletes continuously
‘(Blawacka, 1978) and it too appeared to require the maintenance
of blood glucose concentrations to attain pre-exercise levels.
The liver glyéogen values of this study cannot be éohpared with

the values in other studies as higher concentrations of
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substrates were ingested. Costlll's study did show statlstlcally
similarlliver glycogen repletlon with glucose and fructose after
three hours although the absolute values are quite different due

to the 20% concentrations of the substrates ingested (6.74 ng/g ;

~glucose, 6.97 mg/g fructose at three hours post-sxercise,

-

Costill; 5.34 mg/g control at five hours, present study).

v

~

In summary, ﬁhe'tjbe of substrate did not appear to
affect glycogen repletion but the.maintenance of a criterion

level of blood glucose did affiect repletion. Any superiority of

feeding type at thirty minutes was not reflected in glycogen

repletion. N N

The selection of a 10% concentration for feeding was
arrived at by an estimation of carbohydrate intake in a rat's n
i (]

daily diet. In an average "waking" hour a rat ingests

approximately a 3.5% carbohydpste golution (rat chow and water)

.(cofrespondence with Dr. M. Keeﬁey, University of Ottawa ‘;>

Veterinary and Animal-Seryices). In a se}erely'depleted gtate,
such as following exercise, a larger concentration of glucose

than normal would be required. Glucoss, a simple sugsr, enters
the bloodatream rapidly and is directly taken up by the muscle.
Pructose nust first be tfansported to the liver for conversion to
glucose before being taken up by the muscle forming glycogen. A
glucose and fructose feed should span the time period achieved by
the two separate substrates. initially low muscle glycogen

promotes glycogen synthesis itself. Then insulin regulates

giycogsn synthesis especially by promdting the conversion of
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glycogen synthase to itq.active form. When blood giucose ié?
increased, insulin works %o redﬁce the glucose concentratioa ofy%

‘the blood.thefeby increasing the muscle and/or liver glycogen . j

conﬁth, ‘It would seen reaéoqaple to deduct, from this .

inférmation and from the'results found in this'study, that

subsequent feedings wlth a 10% sugar concentration would _ -

progr9551vely elevate mugcle’ glyCOgen. The 10% solution used did

not produce either a severe hyperglycemla or a subsequent )

. hypoglycemla follOW1ng the hlghest increase at 0.5 hours and

would appear to be less stressful to the animal's dlgestlve -and

. hormonal system. _

Generaliéibg to humans, 1t would seeﬁ thgt large amounts
of simpl? sugars }bllowing a training session or game may not be
requiréd‘to replete glycogenagtores.. A usual well-balanced.diet.
with some suﬁﬁlementation, particularly ' with regard to sborf
interval, intermittent feedings, may therefc?e be adequate
c0mpensatlon for the athlete and avoid any problems associated
W1th hlgh concentration feeding. It is also possible that the
immediate blood concentration response to glucose ingesfion. L
~followed by the slower and more progressive response to fructose .
‘and rat chow point to the benefits of some sort o; "phagic"
feeding. With this type of feeding the "pure" substrate is -
beneficial only at the outset and then only in modest
concentrations while the second phase is promoted through more
"normal™, intermittent nutritiongl prézégies and compositions.

However, specific research on human glycogen repletion will be

necessary to test these speculations.
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Chapter V ‘

CONCLUSIONS AND RECOMMENDATIONS

. N
5.1 CONCLUSIONS B N
- The purpose of this_study was to investigdte plantaris.

.

El

muscle and liver glycogen repletion following different feedi 'S
affer high intensity exercise. Blood glucose éoncentratibné/Zfre
so monitored for five hours féllowing the-exgrcisel v
It was hypothesized . that the glucoseifeedings would
reveal higﬁ blood glucose concentrations soon after the feeding
was administered and that this would be reflected in rapid
muscle glycogen repletion. It was further hypothesized that the
fructose would produce less dramatic but continuous increases in
blodd glucose favouring continuous repletion of mygcle glycogen.

The results from the glucose&fructose feeding would between

those of glucose and fructose.

Conclusions

The results lead to the following conclusions, for the

Y ;
co;%;iipns_of this study: :
(1 No experimental feeding in this study resulted in .

gignificantly different leveys of muscle glycogen repletion at
two and five hours;

(2) Liver glycogen was significantly more:repleted by ad-lib rat
chow feedings at five hours.

-
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(3)..Thé'post-exerciseIgluéose feeding gave higher blood.gldcoae
- at 0;5 hgurs than fructose, glucose&fructose or rat bhow;

(4) Glucose, fr&nzpee and glucose&fructose cqmbined‘wepe not

different in their effects on blood glucose after 0.5 hours;

(55 Rat chow coasumed a&-lié-in totalrconceﬁtrations similar to

the' other feedings resulted in Btable blood glucose at
'S%Enifiéanf1y higher levels than the other feedings;
— . It is hoﬁever ﬁorth.noting'that there was a non-
significant frend toward higher muscle glycogen repletion-at five
ﬁours parallel to the continued increase in blood élucose
following continuous ad-l1ib cat chow'féeding; a trend that

. . - .

deserves further examination with regard to the effect of

maintaining minimum criterion blood glucose concentrdation.

5.2 RECOMMENDATIONS

St

The following recommendationé for future studies weré{
based on the findings of this study. | |
o
1) Maintenance of blood glucose concentrations appéared to be
critical for muscle glycogen repletion; therefore, the -
examination of this criterion level of blood glucose,hfollowing
feedings_of any of the substrates used in_this study, would be

important to the continued research in this field.

2) The superiority of the glucose feeding -for the rapid increase

in blood glucose concentration and muscle Zlycogen repletion'was
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seen with a 10% solution of glucose. This concentration was ﬁuch
lower than those used experimentally to date and it.may be more
‘beneficial to thé experimental animals as the problems with high
concentrations of solutions (stomach-upset; loss of water; etec.)
would not occur. A 10% feeding concentration would be

[

recommended.

.,
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Appendix A

RESULTS FROM PILOT STUDIES T

Pilot Study Using 50% Feeding Concentration (N=1)

Muscle Glycogen Concentrations (mg/g)

Wvas RVas LGas MGas Sol Plan Liver
Pre 4;77 4.14 6.96 8.11 5.91 7.38 1.26°
Post’ 0.35 0.38 0.47 0.36 0.91 0.47 1.24
G 1 hr 2.74 4.39 17.85 5.01 4.93 9.22 1.38 3
G2hr  3.82 6.24 10.71 10.32 7.62 12.15 1.23 :
G 3 hr no data
F1hr  0.71 1.99 4.45 3.66 3.03 6.25 0.88
F 2 hr 1.19 1.97 4.78 3.79 3.65 5.20 1.46
F3hr 1.09 1.74 5.46 4.47 3.99 5.47 1.96

Pilot Study Using 10#4 Feeding Concentration

Muscle Glycogen Concentrations (mg/g)

RVas Liver
Pre 5.44 « 4.81 (N=1)
_Post 1.64 1.35 (N=1)
G5 hr  2.50 1.33  (N=3) .
F%hr 4.67 1.21 (N=3)

o
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Blood Glucose Concentrations (mg/100ml)

Time Pre Post t hr 2 hr- 3 hr 4 hr &5 hr
115.7 96.9 {\ | '

N 8 6 .

Glucose 126.2 108.2 95.3 T78.1 75.9

N 3 3 2 3 3

Fructose 123.2  87.5 85.3 86.4 76.6

N o 3 2 3 3 3

Pilot Study Using 5% Feeding Concentration

Muscle Glycogen Concentrations (mg/g)

RVas Liver
Pre 5.51 14.19 (N=1)
Post 2.52 - 1.38 (N=1)"
@5 hr 3.6 1.50 (N=3)
F5hr  4.92 1.67 (N=3)
Blood Glucose Concentrationsb(mg/100ml)
Time Pre  Post 1 hr 2hr $hr 4hr 5hr
110.5 65.5
N 8 7
Glucose. 115.1  99.1  89.7 84.6 90.6
N . 3 2 3 4 3 3
Pructose - . 93,1 T2.6 89.1 89.3 90.5
N - | . 2 2 2 2 2

+
-
P
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Appendix B

. BLOOD GLUCOSE ASSAY

Reagents:

PGO'enzymg capsules -~ each capsule confhins_SOO Units of
glucose oxidase, 100 f&}purogallin units of peroxidase and
buf{er salts

- one capsule of enzyme was added to 100 ml of distilled H20,in
, . .
an amber bottle

to this enzyme solution 1.6 ml of the Colour Reagent Solution
was added
o-Dianisidine dihydrochloride - preweighed vial containing
50 mg, this is tﬁe Colour Reagent
the vial was reconstituted w}th.20 ml of distilled‘Hzo,
this is the Colour Reagent Solution

Glucose standard solution - 100 mg/dl in benzoic acid, 0.1%

Procedures

™~

1. 0.5 ml of distilled H20 was added to a tube labelled blank.
2. 25 ul of giucose standard was added to 0.475 ml of distilled
HZO' This tube was labelled standard.

3. ‘25 ul of plésma was added to 0.475 ml of distilled H2O.

4, To each tube 5.0'ml of Combined Enzyme-Colour Reagent

Solution was added and mixed thoroughly.
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5. All tubes were then left at room temperature for 45 minutes.
6. After the incubation period the samples were read on the ¢
Ultraspectrophotometer at 450 nanometera, using the blank as the

reference. All readings were completed within 30 minutes.

The results were calculated using the following formula:

Serum Glucose (mg/100ml) = ATest x 100

A3tandard
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Appendix C

MUSCLE GLYCOGEN ASSAY .

Reagents:

30% KOHE solution saturated wlth Na.S0

2774 :
300 g KOH pellets were dissolved in 1 llter distllled H2

— . A

and saturated with Na2804
95% ethanol

5% phenol
50 g phenol crystals dissolved in 1 liter distilled H,0
96% - 98% H,S0, '

50 mg of glycogen powder dissolved in 10 ml distilled H20
working standard'solutions: 0. 5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0
ml of stock solutlon diluted to 10 ml in a volum?trlc flask to
obtain working standard solutions of 10, 20, 40, 60, 80, 100

and 120 ug glycogen/ml

Na2So4 saturated aqueous solution, N~

1. After removal from ftgi:n storage, the muscle samples were

Procedure:

kept on solid CO, until they were weighed on a Mettler H
balance. - '

-

2. Samples were transferred individually to stoppered tubes

-

containing 0.5 ml of 30% KOH saturated Na2804.

3. The capped tubes were than placed in a boiling water bath for
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30 minutes. They were agitated periodically.

4. The tubes were removed from the water bath and cooled in ice
for 10 minutes. | |

5. One drop of aqueous Na2304 was added tc¢ the muscle

sapples. ‘

6. 0.6 ml of 954 ethanol was added to the samples to precipitate
the glycoge rém the alkaline digestate.

7. After the safuplesfwere vortexed they were éooled on ice for.
60 minutes. ) _

8. The sampleé were then centrifuged at 4 C and 3500 X g for 60
minutes. -

9. The supernatants were then aspirated carefully using
disposable Pasteur pipettés.' |

10.l The excesy fluid was drained.from the inverted tubes by
gravity for 15{minutes.

11. The precipitated glycogen was then rediéolved by adding 3 ml
'of distilled HZO' | _//

12. Two one ml aliquots of the glycogen solution were pipetted
into clean test tubes. |

13. One ml of 5% phenol solution was added to the aliquo%s.

14. Pive ml of 96‘—98% H2804 were_rapidly added,to‘the

aliquofs.

" 15. The tubes were allowed to cool for 10 minutes and then

T
r

vortexed.
16. The tubes were placed in a water bath at 25 - 30 C for 30

minutes. , T .

Y\/ .
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“—4/“\\ 17. The tubes then stood at room temperature for 10 minutes
: R before reading.
8. ﬁianks'weré prepared bf using one ml of distilled H,O
instead of the glycogen solution. . |

M9. The absorﬁaﬂce was read on ah Ultraspectrophotometer at 490

-
nanometers.

- »

Whenever samples were analyzgﬁ, two saqples of standard glycogen
solution were subjected to the same procedure.
To calculate the glycogen content of the tissue the following

equation was used: -

mg glycogen/g wet tissue weight = (A 450 - A) x Vx1x l'
B v. R W
where: A 490

Absorbance of sample at 490 nonometers

T A = Y intercept
B = slope of standard curve
v = total volume of glycogen solution

= volume of aliquot used in the colour reaction
= weight of muscle sample in mg

. = recovery



Glggogen Results (mg/g)
Animal Number

Pre-Exerciser

Appendix D

RAW DATA

iR 6.140
10 2.082
15 6.329
23R 3.497
28 5.567
37 5.964
Immediate Post-Exercise

2 0.937

QR . 0.270
17R 0.686
28R o 1.632 [
31 - 1.387
%8R - 0.838

" Glucose 1 Hour Post-Exercise

1 . 5.632
8 . %791
16R 4.118
30R 3.408
i3TR \ 5.400
Glucose 2 Hours Post-Exercise

3R ' 4.769
10R 2.479
17 1.939
26R 5.656
32R - 3.133
38 2.594
Gluccse 5 Hours Pogt-Exercise

4. ‘ 4.587
{19R 2.243
23 3.290
33 3.344
39 4.619
43 6.580
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Animal Number

Pructose 1 Hours
5
13
21R
30
35R
40

Fructose 2 Hours

8R
15R
22
29
36
41

Fructose 5 Hours
2R .
9
16
24R ~
31R ‘
38RR

Glucose&Fructose
3 .

11R

. 18R

44

32 ' -

39RR

Glucose&Fructose
5R
12 .

40RR '

~ Flucose&Frictose
TR

14R

21

24

34R

41RR

Plantaris Muscle

Post-Exercise
1.499
%.089
2.942
2.%524
4.501
2.053

Post-Exercise
2.830

2.375

- 1.837
2.056

3.612

3.428

Pogt-Exercise
3.734
5.438
3.202.
3.936
4.079
6.497

1 Hour Pogst-Exercise
5.866
3.650
1.502
1.804
4.723
* 5,656

2 Hours Post-Exercise
4.647 }
2.083
5.233
2.718
4.368
4.994

5 Hours Post-Fxercise .
- 2.687

4.499-
4.292
4.119
5.084,
2.594

———

— b b —s — (O}
R = O
o= -JWOh
OO =

Liver

1.283
1.481
1.377
1.048
1.258
0.638

1.520
1.346

- 1.426

1.020
0.877
0.884

2.603
1.791
1.551
1.593
“1.384
0.793

1.587
1.682
1.333
1.295
2.509 -
1.690

1.403
1.224
1.556
1.534
0.889
0.549



Animal Number
At

Plantaris Muscle

Control 1 Hour" Post-Exercise

Blood Glucose Results (mg/100mi)

Animal
Nunber O h
Glucose 2 Hours
%R 47.6
10R 64.3
A7 . 44.9
26R 87.1
32R 46.2
38 74.6
Glucose 5 Hours
4 58.9
43 42.6
19R 68.9
23 81.6
33 45.5

39 B2.8

4R 6.893
11 2.794
18 . 5.620
27R 4.292
33R - 1.679
39R 2.165
Control 2 Hours Post-Exercige

6R 4.604
13R 3.219
20R 1.924
25 4.990
34 3.583
40R 5.543
Control 5 Hours Post-Exercise
-7 4.301
14 6.986
22R 6.909
29R T.370
36R 4.859
41R 3.587

0.5 h 1 h

Poat-Exercise
138.8 113.6
152.6 88.4
162.5. 128.5
195.7 121 .1
151.4 - 129.1
225.4 161.3
Post-Exercise
185.6 135.9
213.3 155.1
200.8 144.0
248.4 . 152.3
177.4 133.9
200.8 145.4

4'n

.'5 ‘h

76.1
90.5
79.4
87.0
90.2
84.8

£
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Animal : .
Number O h 0.5 h 1 h 2 h 3 h 4 h 5h
Fructose 2 Hours Post-Exercise ("

8R . 81.2 132.9 133.3 134.9
15R 47.8 120.5 141.0 222.3
22 96.3 166.0 131.7 157.0
29 70.5 111.6 133.3 113.2
36 59.3 111.8 143.9 135.4
41 - T7.5 135.5 137.0 134.4
Fructose 5 Hours Post-Exercise : a.\\#_

2R v56.4 129.2 110.4 97.2 80.& = 76.0 81.6

9 65.1 99.2 123.1 106.3 96.9 87.5 . 88.9
16 50.0 122.3 151.6 130.9  112.1 110.2 108.7
31R 52.7 116.3 136.4 108.0 93.9 73.5 64.8
38RR 85.2 153.1 152.0 119.5 98.4 86.6 98.4
42R 64.9 136.6 124.8 105.6 101 .1 78.5 75.2

. Glucose&Fructose 2 Hours Post-Exercise

SR 62.2 125.6 94.4 98.5
12 ‘54.2 ©120.9 122.1 117.7
19 . 86.0 194.3 144.2 118.1
27 87.0 199.2 186.6 148.0
35 .87.1. 176.6 150.4 153.5
40RR 50.6 = 155.3 145.5 142.4
Glucose&Fructose 5 Hours Post-Exercise .

TR 50.4 138.1 112.2 97.3 67.5 69.0 65.1
14R 32.5 130.2 110.1 119.0 110.1 95.5 98.8
21 86.4 170.6 132.1 98.5 494.3 93.5 106.1
T4R 57.8 183.0 148.1. 122.7 106.8 97.2 95.0 -
41RR 85.0 185.0 150.4 128.9 102.8 98.0 94.3
44R " 48.6 111.7 96.5 99.2 83.6 73.8 T1.3.
Control 2 Hours Post=Exercise

6R 49.4 147.0 160.2 185.5
13R 55.6 06.0 133.7 126.3
20R 100.8 160.8 170.2 142.2
25 77.6 106.1 155.7 164.6
34 111.3 101.6 125.8 159.0
40R 56.8 114.4 126.1 148.6
Control 5 Hours Post-Exercise ]

7 63.5 142.4 152.5 151.4 123.5 110.2 89.
14 ~ 86.8 44.2 -150.2 138.8 129.3  123%.6 119.
22R 49.2 26.4 167.1 165.1 141.5 . 122.9 130.
29R 94.7 122.4 171.6 161.0 153.3 136.2 149.
36R 53.1 136.3 174.4 126.3 125.2 127.7 114.
44RR 26.7 115.1 154.2 134.7 132.3 146.
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Appendix E ' _ *

TUKEY'S PAIRWISE COMPARISONS.
Comparisons of Blood Glucose Concentrations Over Two Hours

Comparisons of Peedings at Specific Times

N

Oh . 0.5 h

G vs F - 1.10 G vs F 12.79%

G vs G&F < 1.00 G vs G&F 6.45%

G vs Con - 1.62 G vs Con 13.83*

F vs G&EF < 1.00 . F vs G&F - 6.33%

F wvs Con < 1.00 F vs Con 1.04

G&F va Con < 1.00 : G&F vs Con T.37* e
1T h 2 h

G vs P < 1.00 G vs F - 5.28%

G vs G&F < 1.00 | G vs G&F - 3.13

G vs Con - 4.08% G vs Con -10.06*

P ovs G&F < 1.00 F vs G&F 2.15

FF vs Con = 3.90% F vs Con - 4.78%*

G&F vs Con - 4.36* G&F vs Con - 6.94*
Comparisons of Times for Specific Feedings4\

Glucose Fructose

0 h vs 0.5 h -48.75*%, 0 h vs 0.5 h '=-23.55%
0 hvs 1 h ~27.93*% 0 h va 1 h -26.24*
0 hwvs 2 h -16.92% : 0 h ve 2 h -=24.51*%
0.9 h vs 1 h 20.83* 0.5 h vs 1 h - 2.70
0.5 h va 2 h 31.8%* 0.5 h va 2 h < 1.00
1 h vs 2 h 11.01% 1 h.vs 2 h 1.74
Glucose&Fructose Control .

0 h va 0.5 h ., -35.66*% 0 hvs 0.5 h =20.73*%
0 hvs 1 h -26.03*% 0 h vs 1 h =32.39*
0 h vs 2 h -=21.21*% 0 h va 2 h =32.25%
0.5 h vs 1 h g9.63% . 0.5 hvs 1 h -11.66%
0.5 h vs 2 h 14.44* 0.5 h vs 2 h =11.52%
1 h ve 2 h 4.81*% 1 h vs 2 h

< 1.00

* significant at p<0.05 level
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Comparisons of Bloofi Glucose Concentrations Over Five Hours

Comparisons of Feedings-at Specific Tinmes

0O h 0.5 h

G vs P < 1.00 G vvs F 17.44*%
G vs GF < 1.00 G vs G&F 11.47*
G wva8 Con < 1.00 G wvs Con 16.33%
P ve G&F < 1.00 F ve G&F - 5.97*
F vs Con < 1.00 F veg Con - 1.11

G&F vs Con < 1.00 G&F vs Con 4.86%
1 h 2 h

G vs F 2.52 G vg F - 1.99

G vs G&F 4.32% 9% vs G&F - 1.92

G vs Con - 3.65 {;G vs Con -10.80%
F vs G&F 1.80 F va G&F < 1.00

F vs Con - 6.17* F vs Con - 8.82*%
G&F va Con - 7.97% G&F vs Con - 8.89*
3 h ' 4 h -

G wvs F - 1.55 G vs F < 1.00

G vs G&F < 1.00 G vs8 G&F < 1.00

G vs Con - 9.84*% G vs Con - 8.98%
P vs G&F < 1.00 P ve G&F < 1.00

F va Con = 8.28% F vea Con - 8.87*%
G&F vs Con - 8.93% _G&F vs Con -~ 8.32%
5h

G vg F < 1.00

G vs G&F < 1.00

G vs Con - B.90*%

F ve G&F < 1.00

* wvs Con - 8.55%

G&F vs Con - 8.07% .
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Comparisons of Times for Specific Feedings

&)
'1 .
e

e}
ot
o
@
(1]

Glucose
0 h vs8 0.5 h =54.55% 0 h vsa 0.5 h <=24.56*
0 h va 1 h <=31.23% 0 h vs 1 h =27.23%*
0 h vs 2 h =14.99*% ¢ h vs 2 h -18.83%%
0 h vs 3 h ~10.30% o) h vs 3 h ~13.30%
0 hvs 4 h - 8.27*% 0 h vs 4 h - 8.86*%
0 h vse 5 h - 8.20% 0 h va § h = g.21*%
0.5 h vs 1 h 23.33% 0.5 h va 1 h - 2.67
0.5 h vs 2 h 39.58% 0.5 hvs2-nh 5.73*%
0.5hve 3 h 44.29% 05 nve3 h 11w7* A\
0.5 h va 4 h 46 .29%* 0.5 hve 4. h 15.70%
0.5 h vg § h 46 .36%* 0.5 h va § h 15.3%6*%
1 hvse2 h 16.25*% 1 hvs2 h  8.40%
1 hvs 3 h 20.94* 1 hvs 3 h 13.84*
1 hvad4 h 22.96% 1 h vs 4 h 18.537%*
1 h va § h 23 .03* 1 h vs § h 18.03%
2 h va 3 h 4.69% 2 h vs 3 h 5.44*
2 hvs 4 .h 6.71% 2 h vs 4 h g.g7*
2 h vs 5 h 6.78% 2 h vs 5 h 9.63%
3 hwvs 4 h 2%vb2 3 hvs 4 h 4.53*
3 hva §5 h. 2.09 3 h ve 5§ h 4.18
4 h vs § h < 1.00 4 h vse § Q < 1.00
Glucose&Fructose Control
0 nvs 0.5 h =35.8%*% 0 h vs 0.5 h -=-25.87%
0 h va 1 h ~24.96%* ] h vs 1 h =37.35%
0 h va 2 h =19.58% 0 h vs 2 h =33.58%
-0 h vs 3 B -13.13% 0 h vs 3 h =27.20*%
0 h vs 4 h -10.68% 0] h ve 4 h =-23.68%
0 hvs§$ h -10.91* 0 h vs 5 h -23.48%
0.5 h vs 1 h 10.87* 0.5 h va 1 h -11.48
0.5 h va 2 h 16.25% 0.5 h vg 2 - T.71%
0.5 h ve 3 h 22.71% 0.5 h vs 3 h N\ 1.33
5 h vs 4 h 25.15* 0.5 h vs 4 h 2.18
5 hvs 5 h 24.92% 0.5 h vs 5 h 2.39 J
h vs 2 h 5.38% 1 h vs 2 h 3.78
h ve 3 h 11.84* 1 hve3 h 10.15%
h vs 4 h 14.29*% 1 h vs 4 h 13.66%
h va 5 h 14.05% 1 hva §- h 13.88*%
h vs 3 h 6.45% 2 h vs 3 h T38*
h vs 4 h 8.90* 2 h vs 4 h 9.89%
h va § h 8.67T* 2 h va 5 h 10.10%
hve 4 h 2.45 3 hvs 4 h. 3.5
h va § n 2.22 3 h vea § h 3.72
h vs § h < 1.00 4 h vs 5 h < 1.00

* gignificant at p<0.05 level
{
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Compﬁrisons of Plantaris Muscle .Glycogen Concentrations

Comparisons of Feedings at Specifid Times

1 h 2 h .

G vg F 2.98 G wvs F 1.31

G vs G&F 1.85 G ve G&F -1.03 |,

G wvs8 Con < 1.00 G vs Con < 1.00

F vy G&F -1.13 F vs G&F -2.35

F va Con -2.10 B vs Con -2.29

G&F vs Con < 1.00 G&F vs Con < 1.00

5h °

G vg F < 1.00

G ve G&F < 1.00

G vs Con =-2.79 : .
F vs G&F 1.08 ' : ' )
F vs Con -2.12 . .

G&F vs Con =-3.20

Comparisons of Times for Specific Feedings . .

Glucose ” Eructose

i h vs 2 h 1.74 ' 1 hvs 2 h < 1.00
1 h va § h < 1.00 1 hvs 5 h =3.12
2. hwvs 5 h -1.22 2 hvs 5 h -3.20
Glucose&Fructose Control .

1 hve 2 'h -1.14 1 h vse 2 h < 1.00
1 h vs 5 h < 1.00. -1 h ve 5 h ~3.15
2 hvs 5 h < 1.00 2 hvs % h

-3.03



Comparisons of Liver Glycogen Concentrations

Comparisons of Feedings at Specific Times

i1h 2 h -

G vs F <. 1.00 G va PF

G vs G&F < 1.00 G . vs G&F
G vs Con -1.06 G wvs Con
B vs G&EF < 1.00 P va G&F
F vs Con -1.07 F ve Con
G&ZF va Con < 1.00 G&F vs Con
5h .

G vs ¥ < 1.00 : .

G vs G&F < 1.00

G vs Con =5.35%

F vs G&F < 1.00

F vs Con. =5.54%

G&F vs Con ~5.52%

TAANRAAA

Comparisons of Times for Specific Feedings

Glucose . Fructose
1 h vs 2 h < 1.00 1 h vs
1 h vs. 5 h < 1.00 1 h vs
2 hvs § h < 1.00 2 h vs
GlucosekFructose Control

i hvs 2 "h <-1.00 1 h va
1 h vs.5 h < 1.00 1 h vs
2 h vs § h < 1.00 2 h vs

* gignificant at p<0195 levsl
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1.00 .
1.00
1.00
1.00
1.00
1.00



Appendix F

RAT CHOW COMPOSITION

)

Carbohydrate &58% *
Ash 8% X :
Fat 4%

Actual Ingredients

ground extruded yellow corn
fish meal

dried beet pulp
wheat midlings

cane molasges

dried brewer's yeast
Vit Bi12 supplement
choline chloride
thiamine

Vit A supplement

Vit E supplement
dicalcium phosphate -
salt

manganous oxide
cobalt carbonate

carbohydrates so

Protein 22%
Fibre 5%
Minerals 3%

soybean meal

wheat germ meal-

ground oats

dehydrated alfalfa meal
soybean oil
DL-methionine

calcium pantothenate
riboflavin supplement
niacin

D-actified sterol
calcium carbcnate
calcium iodate
zinc oxide
iron oxide
copper oxide

There was considerable variability in the specific
t the percentages of simple sugars were not
ing, as verified by the supplier.
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