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Chapter I

THE PROBLEM -

1.1 INTRODUCTION

Research concerning . metabbl&§m during muscular activity
was initiated late in the 19th‘zéhtury (Chauveau, 1896).
Throughout this early period of research many features of.
carbohydrate and fat metabolism were elucidated. However it
was not until the 1960's and 1970's that\fesearchers, led by
Scandinavian physiologists, larifiedsthe roles of fats and.
carbohydrates during prolonged physical/ activity. This con-

tefporary research thrust kas aided by the development of

the needle biopsy techniqie (Bergstrom, 1962) and the use of

radiocisotdpes in the determination of substrate utilization
{(Bragdon & Gordon, 1958); The results.of this research em-
phasized the importance of muscle glycogeh stores 1in pro-
longed activity. o

-~y
It was found that the initial stores of glycogen in the

working muscles of an.individual determined, to a large ex-

tent, the capability of the individual to sustain work for
, —

long periods of time (> 1 hour) at work intensities requir-
S

4
-

ing a substantial fractional utilization of maximal oxygen
uptake (66 to 85% MV02). High initial levels of glycegen in

- h
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the working muscles of an individual led to ‘a greater abili-

ty to sustain physical activity whereas low initial levels
of glycogen in the working muscles of the same individual
led to a decreased ability to sustain ghysical gctivity
(Hermansen et al., 1967,1979, Ahlborg et al. 1967, Bergstrom

et al. 1967, Hultman, 1967, Karlgson & Saltin, 1971, Saltin

& Hermansen, 1967).

In light of this research, ” exercise and dietary regimens
were devised to maximize the amount of glycogen stored in
the mﬂécles to be used.in the activity (Bergstrom et al.,
1967, Bergstrom & Hultman, 1972, Sherman et al.; 1981 Cos-
till et al., 1951).  This type of regimen became known as
' carbohydrate loaéﬁng (Forgac, -1979). |

Although the application of carbohydrate loading to en-

durance activities does seem useful and has therefore been
used since its conception, the mechanism by which the glyco:
. gen stores replete -has not been elucidated (Poland, 1980}.
If this mechanism were known it may.prove possible to in-
crease the rate and/or level of glycogen repletion. Subseg-
uently a more complete understanding of post-exercise metab-
olism, as well as metabolism in generai,:will emerge. There
would then be immédiate'practical benefits for endurance

" athletes.

t
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One possible factor which may contribute to the regula-

.

M “
tion of post-exercige glycogen repletion is the post-exer-

- tise rise in non-esterified fatty acids (NEFA) (Poland et

“al., 1980). . Poland et al. (1980) observed that NEFA.were

the only major substrate whose concentration changes while
glycogenesis is occurring. Based on th#s observation Poland
et al. ~ (1980) postulated a role for NEFA in post—?xercise

-~ |
glycogen repletion. = Thesé\Fesearchers did not provide a
. [} ~ -

. theoretical mechanism for this hypothesis.

.

It is clear that the uptakejof NEFA in skeletal muscle is
not regulatéd by a cellular transport mechanism although the
‘transport into the musclé cell may'be limited by capillary
endothelial cells {(Rose & Goresky,'192]). ‘Despité this po-
tential &ndothelial barrier there is an increased removal of
NEFA from the blood in the post—éxercise state as long as
the arterial concentration of NEFA is augmented (Hagenfeldt

& Wahren, 1975).

Once inside the muscle cell fatty acids can contribute to

the ﬁost*exercise energy demand. This fat oxidation s

* thought to lead to a relative inhibition of carbohydra?e ox-
idation through the inhibition of phosphofguétokinase and

pyruvate dehydrogenase (Randle, 1981). Pyruvate dehydroge-

nase is inhibited by the. increase in the intramitochdﬁdfial

acetyl CoA/CoA ratio which accompanies increased fatty aéid

oxidation (Randle et al., 1978), while phosphofructokinase



bl

is postulated to be inhibited by an increase in cytoplasmic
T . C : .
citrate concentration which also accompanies increased fatty

acid oxidation. ) 4

Citrate is the only knowﬂ metabolic effector of PFK_which—
is relatively independent of the eneréy state of the cell.
It follows that if the oxidation of fatty.aclas were in-
‘creased throughout a per;od where ; the energy requirement is
constant and the. oxygen supply adequate, the cell's reliance
on carbohydrates might decrease. This 'ﬁould provide a
mechapismvfor‘caﬂbohydrate sparing. ngevér, it 1is imﬁor-
tant to note that this mechanism would only cause a relative -
inhibition of the catabolic fate of glucose;- it would not
inhibtt the anabolic process of glycogenesis. Thus, when
glycogen stores are depleted, the incigfggd_availability and
utilization of fatty acids may enhanég the rate and extent
of glycogen repletion. These facts and\pfdpositioﬁs gupport
the theory of a relationship between NEFA and glycogehesis
in the post-exef&iserstate. '

H

1.2 RATIONALE

As digt and activity level are important to the glycogen
storing éapability of muscle an animal model was chosen for'"
this study. In thHis way a more precise control 'of diet and

activity level was attained.



Since the metabolic capabilities and charateristics of a
barticular muscle may influence the.effect of NEFA on post-
exercise glycogen repletion, the proposed effect was studied
in the three skeletal muscles of distinctly different fiber
type populations of the rat. The muscles under investiga-
tion were the red vastus iateralis, the white vastus later-
alis, and the soleus. These mugcles had préviouﬁiy been
shown to be good repreéentatives of the fast okidative gly-
colytic (FOG) muscle fiber, the fast glycolytic (FG muscle
fiber, and the slow oxidafive (SO0} muscle fiber (Arianoaet

al., 1973, Barnard et al., 1971).

.The levelé of NEFA in the past-exercise state were al-
tered through the use of nicotinic acid and heparin, These
substances had préviously been shown to be potent antilipo-
lytic_and lipolytic agents respectively (Carlson, 1965; Ren-
nie et al., 1976). Pilot work indicated that any possible
effect of varying NEFA levels on post-exercise glycogen re-
pletion would be noticeable 1in early post-exercise glycogen
repletion. Furthermore, pilot work indicated that in the
protocol used in this study glycogen stores are largely ré-
pleted after three hours. For these reasons the influence
rof varying levels of NEFA on post-exercise' glycogen reple-

tion was studied for the first three post-exercise hours.



1.3 PURPOSE

The purpose of the present study was to determine the ef-
fect of varying levels of NEFA via heparin/corn oil and ni-
cotinic acid administration on the rate 4nd extent of post-
prolonged exercise glycogén repletion at one hour and three
hours following prolonged exercise in three skeletal muscles
of the rat. These muscles were the red vastus lateralis,
the white‘vastﬁs iateralis, and the soleus.. The effect of

o

exercise per se on glycogen and NEFA levels was also deter-

N

mined. \\‘\\_

1.4 LIMITATIONS

-
N ~.

¢

The rats used in this study‘%ere not all equally adept at
running: For this reason the poor runners were assigned to
non—running-contro& groups, while the goed runners wére ran-
domly assigned to running groups. Thus, the resultsbof this
study can "~ only be applied to groups of rats with similar

running characteristics. -

1.5 ABBREVIATIONS AND DEFINITIONS

AMP Adenosine Monophosphate

ADP : Adenosine Diphosphate

ATP : Adenosine Triphosphate

CAMP : cyclic Adenosine Monophosphate
CoA : Coenzyme A |

E.C. : Enzyme Commission



~—

- FG : Fast Glycolytic
FOG -+ Fast Oxidatimg Glycolytic
g : gram(s)
G-6-P :‘[Glucose—G-Phosphate
IMP :}«Inosine Monophosphate
ip /+ intraperitoneal
Km : Michaelis-Menten constant
1 : liter
PDH : Pyruvate Dehydrogenase
PFK i‘ .1 Phosphofructokiﬁase
Pi : Inorganic Phosphate

NAD/NADH : Nicotinamide Diphosphate oxidized/rgduced’

NEFA . Plasma nonesterified fatty acids
SO : Slow Oxidative

subcut. : subcutaneous

ueq :. microequivalents

umol : micromoles




Chapter 1II

REVIEW OF RELATED LITERATURE

2.1 INTRODUCTION N

The purpose of this chapter was to review 1) glycogen me-
tabolism, 2) current concepts-in carbohydrate and fat metab-
olism, 3) the metabolic characteristics and capabilities of

rat muscle fiber types, 4) the actions of nicotinic acid and

‘heparin as they relate to exercise and lipolysis and 5) re-

late this knowledge to the post-exhaustive exercise glycogen

repletion process.

<

2.2 GLYCOGEN METABOLISM

The fegulatioh of glycogen metaboliém 1s governed by the
relative éctivity of two regulatory enzymes, glycogen phos-
phorylase ( aipha 1,4 glucan:orthophosphate glycosyl transf-
erase E.C. 2.4.1.1.) and glycogen synthase (UDP glucose al-

pha 1,4 glucan-alph§—4~glucosyl transferase E.C. 2,4.1.11.)

(Larner et al. 1967). \~//

The relative abundance of allosteric effectors as well as
the extent of covalent modification is known to gdéernfthe

activity of the enzymes (Larner et al., 1976). The covalent



Y

modification of the'"énzymes is largely due to the hormonal
milieu impinging on the cell. he concentration of cellular
effectors is determined B}' both hormonal and non-hormonal
means (Larner et al., 1967). The sensitivity of éhe muscle

cell to the phosphorylation state of the regulatory enzymes

" is modulated by the allosteric effectors of‘Fach enzyme

(Roach & Larner, 1976, Fischer et al., 1971). The control

of glycogenolysis and glycogenesis is illustrated in Figure

1.
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Specifically, the glycogenolytic catecholamines
(epinephrine- and norépinephrine) once released into tﬁe
blood or released at nerve endings (norepinephrine) bind to
receptor sites on the muscle cell causing an increase in
intracellular cAMP (Cohen, 1978a, Dietz et al., 1980). The
increased cAMP level mediates the .activation of glycogen
phosphorylase and the inactivgtion of glycogen synthase
(Cohen, 1958b). . The activation of glycogen phosphorylase
has been found®to involve the addition of one phosphate {Pi)
per monomer to the relatively 1inactive dephosphorylated
glycogen phosphorylase b to form the active phosphorylated
glycogen phosphorylase a (Fischer et al., 1971, Jenkins et
al., 1981). Calcium ions are an obligatory cofactor for the
activity of phosphorylase b kinase and are thus thought to
provide a . link between muscular contraction and
glycogenolysis (Cohen et al., 1979; Brestrom et al., ’1971).
In contrast glycogen synthase is active in the
dephosphorylated state (glycogen synthase a) and largely
inactive in the phosphorylated state {glycogen synthase b)
(Soderling, 1979). Glycogen synthase has been shown to
contain multiple phosphorylation sites and is thought to
contain 2 molecules of phosphate per subunit in the fed
resting stater and 3-3.5 molecules oj phosphate under the
influence of epinephrine (Roach & Larnéf, 1976, Cohen, 1979,
Chiasson et al., 1981}, cAMP mediates the phosphorylation

of glycogen synthase a by increasing the activity of cAMP

_ll...



dependent protein kinase (Dietz et al., 1980). When this
study was undertaken ,there were two additional protein
_kinases which were kpown: these kinases wére independenf of
CAﬁP‘(then, 1979)(po The second kinase to Dbe discerred,

- .cAMP dependent . protein kinase being the first, was named

- “glycogen synthase kinase-2 (Cohen, 1979). This * second

kinase has been shown to contain calmodulin, a -calcium
binding protein, as does phosphorylase kinase (Cohen, 1979).
.This-led‘to the suggestion that glycogen synthase kinase-2
and phosphorylase kinase were the same enzyme (Cohen, 1979,
Srivastava et al., .1980).. The third kinase which is known
to exist is cAMP and calcium ion independent. (Cohen, 19879).
lThis kinase has been named glycogen synthase kinase-3 or
protein kinase_C (Cohen,‘1983; Berridge, 1984). Each hinaée
is known to phosphorylate different sites on glyéogen
synthase so it has been proposed that each kinase has a
unigue physiolbgical role (Cohen, 1979). Glycogen synthase
kinase-3 is thought to be inhibited during the action of
insulin, making it the most importént regulator of glycogen
synthase (Cohen, 1983). However, glycogen synthase kinase-3
has also been shown to be an activator of Mg-ATP dependent
protein phosphatase; so that at present the physiological

role of glycbgen synthase kinase-3 is unclear {Cohen, 1983).

Through the actions of CcAMP and calcium ions the
processes of glycogenolysis and glycogenesis are precisely
and reciprocally controlled, The inhibition of the action

.—12.—
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and secretion of insulin by épinephrine (Richter et al.
1981) and norepinephrine (Gerich, 1976) ensures rapid
glycogenolysis in  situations requiring ~immediate énergy

production,

Glycogenesis 1is stimulated in the presence of insulin
provided there 1is not sufficient catecholamine present to
inhibit this effect (Bannister & Griffiths, 1972). insulin
is postulated to stimulate the dephosphorylation bf glycogen
synthase and the dephosphorylation of glycogen phosphorylaFe
(Larner, 1972} thereby promoting glycogenesis. Insulin
achieves this effect without altering the cAMP leyel of the
cell (Larner, 1972). The action of insulin is'thought to
involvé an intracellular chemical mediator which inhibits
cAMP dependent protein kinase and/or the stimulation of

glycogen synthase (Larner et al., 1979).

- Protein phosphatase 1 is known to catalyze the
dephosphorflation of = glycogen synthase b, glycogen
“phosphorylase a and phosphorylase kinase {Cohen,1979). The
action of protein phosphatase 1 is known to be inhibited by
two factors known as inhibitors 1 and 2 (Huang & Glinsman,
1976). Inhibitor 1 is active in the phosphorylated state
gnd is phospﬁbrylated by cAMP dependent protein kinase
'-(Cohen, 1979). Thus glycogenolysis under the ﬁnfluence of
catecholamines is thought to "turn on" the/phoSphorylation

of the glycogen metabolism enzymes and "turn off" their

_13_
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dephosphorylation {(Cohen,1978b). This latter function is
thought to involve the inhibition of protein phosphatase 1

by phosphorylated inhibitor (Cohen, 1978b).

Thus based on this review of literature it appears that
both insulin and the catecholamines create a hormonal
cascade action thereby stimulating glycogenolysis or

glycogenesis respectively.

+Glycogen phosphorylase b is known to be strongly
activated by AMP and Pi and weakly activated by IMP (Cohen,
1978a). Glycogen phosphorylase b is known to be inactive
without AMP (Fischer et al 1971, Gross & Mayer, 1974),
Glycogen phosphorylase b was further demonstrated to to be
inhibited by ATP, ADP and G-6-P (Cohen, 1978a). Unlike
glycogen phosphorylase b, glycogen phosphorylase a is known
to achieve maximal activity without molecular effectors

(Cohen, 197Ba).

Glycogen synthase 1is allosterically activated by G-6-P
(Villar-Palasi & Larner 1961 a & b). The extent to which
glycogen synthase 1s activated is dependent on'?its
phosphorylation state (Villar—Palasi & Larner, 1961 a & b),
The phosphorylated form, glycogen synthase b, is very active
in the presence of G-6-P. It was termed glycogen synthase D
or glycogen synthase Dependent as it is. dependent on G-6-P

for activity {(Cohen, 1978a). The phésphorylated form,

glycogen synthase a is largely independent of G-6-P for its

_14_



activity and was named glycogen synthdse I or glycogen
synthase Independent {Cohen, 1978a). ' .

The activity of glycogen synthase is decreased by a wide
range of cellular effectors, such as ATP, ADP, AMP, UDP, and
‘Pi (Roach & Larner, 1976). Cohen (1978) felt that the
degree of allosteric stimulation/inhibition could be
adequately represented by the ratio G~6+P/ATP,ADP,Pi, Thus
although the intracellular G-6-P concentration ;s often
above the Km for glycogen synthase D, glyEogen synthesis is
inhibited due to the presehce of other alloster%c effectors
(Dietz.et al., 1980). The overall control of glycogen
synthase actiyity is proposed to involve the integration of
the action of-cellular effecﬁors with the action of ﬁormonal

control (Roach & Larner, 1976).

Glycogen synthase D is observed to be the predominant
form in the resting muscle (Dietz et al., 1980). fﬁg
literature suggested thaf glycogen synthase 1 is the form of
synthase which is largely responsible for glycogen synthesis

in vivo (Conlee et al., 1978, Piras et al., 1968).

In summary, glycogen metabolism is governed ‘by the
relative activity of glycogen synthase and glycogen
phosphorylase. Glycogen synthase promotes the anabolic
process of. glycogenesis while glycogen phosphorylase
promotes the catabolic process of glycogenolysis, The

relative activity of these two regulatory enzymes 1is

_15_
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achieved by both hormonal and non~hormonal éffectors. In
general, effectors that cause phosphorylation will "turn-on"
glycogenolysis and "turn-off" glycogenesis while those
effectors which cause dephosphprylation will "turn-off"
glycogenolysis and "turn-on” glycogenesis.

2.3 CURRENT CONCEPTS {N FAT AND CARBOHYDRATE METABOLISM

\ -

‘Currently the nature of fat and carbohydrate metabolism
is regarded as a reciprocal, not a depenhent rélationship
(Randle, 1981). That is, there is no preferred substrate:
the use of metabolic fuels is dependent on substfate avail-
ability at the site of utilization rather than substrate
preference. Of course substrate utilizatioﬁ/;s also depen-
dent on the int;écellular state. These principles have
evolved from the study of-the glucose-fatty acid cycle (Ran-
dle et al. 1965). In its present form it is more aécurately,

described as the glucose~ fatty acid-ketone Epdy cycle
(Stanley, 1981).

-

The cycle is based on the observation that high levels of
fat oxidation in a tissue inhibits the rate of carbohydrate
utilization in that tissue (Randle, 1963). Randle (1981)
explained the concept of the glucose-fatty acid cycle as
(p109) :

"l)the release for oxidation of fatty acids (and of ketone
bodies formed from them) imposes restrictions on glucose me-
tabolism in muscle. 2) uptake of glucose by cells imposes

restrictions on fatty acid release and oxidation, 3) there
is a tissue phase based on the esterification- llpolysis cy-

J _16_



cle and a blood phase based on consequential modulations in
FFA and ketone body concentrations, and 4) the primitive cy-
cle is subject to modulation by hormoned through effects on
rates of lipolysis, glucose transport, and esterification of

fatty acids.”

This cycle provided an explanation for the increased myo-
cardial glycogen concentration which'accogpanies starvation
and alloxan diabetes (Garland & Randle, 1964a & b). Later
studies showed that it was possible ta restore normal rates
of glucose uptake, glycolysis and pyruvate oxidation in the
hearts of diabetic rats by inhibiting fatty acid o;idation

with 2-bromostearate (Burges et al., 1968).

These findings ~ laid the foundation of the gluc se-fatty
‘acid cycle. However since the original research utilized
the rat heart and diaphragm as experimental tissues there
was some guestion regarding the applicability of the results
to skeletal muscle. 1Indeed there are many studies‘éﬁich in-
dicated the glucose-fatty acid cycle did not exist in skeie—
tal ﬁuscle (Jefferson et al., 1972, Goodman et'al.f 1974, .
Reimer et al., 1975, Beatty & Bocek, 1971). In retrospect
many of these studies could be éeen to have methodological
flaws (Rennie & Holloszy, 1977). Later studies supported
therekistence of the glucose-fatty acid cycle in skeletal
muscle (Rennie &—Holloszy, 1977, Cuendet et al.,,-1975, Maiz-
el et al., 1977, Newsholme et al., 1977). /%he majority of
these studies (Rennie & Holloszy, 1977, Cﬁendet et.al.,

1975, Maizels et al., 1977) supported the existence of the

=
/
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X
- glucose-fatty acid cycle only in red oxidative muscle. Only

Newsholme et al., (1977) proposed that tﬁe cycle was opera-
tional in all vertebrate skeletal muscle. /Based on these
later studies it seemed safe to conclude that the cycle was
operational in skeletql,muscle ber: se; the guestion of the

'v'degree of operation in different types of skeletal muscle isg

discussed in Section IV of this chapter.

The available evidence suggests that fatty acid’oxidation
~produces its  'carbohydrate sparing' effect through the di-
.rect inhibition of at least two requlatory enzypés, p&ruvate
dehydrog;nase and phosphofructokinase (Randle, 1981)..

| N
Pyruvate dehydrogenase is a mitochondrial multienzyme
‘ coﬁpléx (Randle et al., leB). fhis multienzyme complex has
three catalytic subunits which are known to <catalyze the
/jormation of carbon dioxide, acetyl CoA, and NADH respec-
tively (Randl%"et al., 1978). The overall reaction is irre-

versible, haviﬁg a Keg of .8.4 to thg/gixth power of base 10

(Randle et al., 1981).

Pyruvate dehydrogenase is inhibited by an increase in the
intramitochondrial acetyl CoA/CoA which accompanies in-
creased fatty acid oxi@ation {Randle et al.} 1978)f The i%;
hibition of pyrﬁvate dehfdrogenase by increased acetyl CoA/
coA ratio occurs by covalent modification. This
modification involves the phosphorylatiog of the enzyme'cqm—

ponent of the pyruvate dehydrogenase complex which catalyzes
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the formation of carbon dioxide (Barrera et al., 1972).

This phosphorylation decreases the activity of ' the complex

(Barrer%&et al, lQ?Z,IPettit et al., 1975).

Furthermore the pyruvate dehydrogenase complex has been

shown 'to be inhibited, again through phosphorylation, by in-

Erease@;ﬁitochbndrial ratios of ATP/ADP and NADH/N@D+. Both .

of these nucleotides are intimately concerned with the,ener-
gy charge of the cell (AFkinson, 1968). Thus in a situation
where the energy requirements of a cell are constant buﬁ‘the
availalabilty of acyl CoA (and hence acetyl CoA)  are in-
creased, the amount'of‘parbohydraté oxidized may be expected
to decrease, providing the cell has sufficient meEaPoliE ma -
chinery to oxidize fat. It may be érgued that competition
for Coenzyme A between .the pyruvate dehydrogenase catalyzed
reaction and the thiolase catalyzed reaction slows the rate
of glucose oxEdation in and by itself. However if this were
true one’ would expect td detect a rise in lactate release
from a given muscle with an increased fétty acid oxidation
rate. This 1s not the case 1in either fast glycolytic,or
slow oxidative rat skeletal muscle (Maizels et al., 1952).
In fact, lactate release is'actually decreased when the slow
oxidative soleus 'is perfused with acetoacetate and insulin
éompared to the amount of lactate release when soleus muscle
is perfused with only insulin in the perfusion medium (Maiz-
els et al., 1977). This indicates that an ealier reaction
of glycolysis is ipvolved in the carbohydrafe . sparing pro-
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cess. The available research indicates that the phospho-
fructokinase catalyzed reaction is the most likely point of

regulation.

Phosphofructokinase (PFK} 1is the main regulatory enzyme
in the glycolytic pathway (Hofman, 1976, Raéker, 1974). PFK
catalyzes the irreversible (Keg = 8.0 to the second powe; of
base 10) reaction of fructose-6-~phosphate + ATP to fruc-
tose-1,6-bisphosphate i ADP (Hofmann, 1976). It is regulat-
ed by a number of allosteric modifiers including ATP and ci-
trate (inhibitors) and ADP, AMP, inorganic phosphate (Pi},
qnd’cyclic adenosine monophosphaté (cAMP) (activators) (Hof-
mann, 1976). Muscle PFK is also strongly activated in vitro
by fructose—Z;6—bisphosphate but the in vivo role of this
effector is uncleér at the present  time (Smith et al.,

1983).

The intramuscular concentration of citrate has been shown
to be increased with augmented fa%ty acid oxidation (Garland .
et al., 1963, Rennie et /al., 1976). The increased citrate
conceﬁf;ation is suspected to cause é decrease in glycolysis
by inhibition of PFK (Garland et al., 1963, Rennie et al.,
1976). ' o o

:CitraEg is the only known metabolic effector of PFK which
is relatively independent of the energy state of the cell.

It follows that if the oxidation of fatty acids, or other

metabolic products of fatty acid degradation, were increased
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throughout a period where the~energy requirement is constant
and the oxygen supply adeéuate, the cell's reliance on
carbohydrates might decrease. Maizels et al. (1977) noted
that the ability‘of ketone bodies and fatty acids to dimin-
ish glycolysis ih a tissue seems to depend on the tissue
having a high relative rate of -glycolysis. For example
Maizels et al. (1977) noted that ketone bodies decrease the
rate of glycolysis in soleus muscle from 12.4 umol/g/hour to
B.6 umol/g/hour, However when the rate of glycolysis was
lower, ketone bodies did not cause a stifistically signifi-
cant dropl in gkycolysis' (2.1 umol/g/hour to 2.0 umol/g/
hour). Maizels et al. (1977) suggested that two conditions
where increased levels of fat oxidation might cause a sig-

nificant decrease in the rate of glycolysis were mild or

moderate physical activity and postyexercise recovery.

'

In order to inhibit the cytoplasmic PFK, citrate, which
is formeé in fhe mitochondrion, must gain access to the cy-
tosol. The exact mechanism of cit;ate transport from the
mitochondrion to the cytoplasm is not known. Maizels et al.
(1977) proposed three mechanisms to”account for the in-
creased cytosolic citrate during periods of increased glyco-~
lysis (see Figure 2). Allithree mechanisms have some exper-
imental‘support (Cheema-Dhaldi, 1975, Safer & Williamson,
1973, Randle et al., 1970).
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Figure 2: Hypothetical bases for relationship between glycolysis
and citrate accumulation in muscle cytosol {a) NADH generated during
glycolysis is used for the formulation of malate, in which form the
carbon skeleton of aspartate and oxaloacetate can enter the mitochondria.
Malate may also be thg'antiport for citrate effiux from muscle mitochon-
dria (b} Conversion of malate into pyruvate provides NADPH for the
conversion of oxoglutarate into citrate in the cytosol (c) Aspartate
in the cytosol must be converted into malate in order to enter the mito-
chondria. 1In addition to generating NADE for this process, glycolysis
provides pyruvate, which accepts the amina group of aspartatea.

FROM: MAIZELS E.Z. et al EFFECT OF ACETOACETATE ON GLUCOSE METABOLISHM IN
THE SOLEUS AND EXTENSOR DIGITORUM LONGUS !MUSCLES OF THE RAT. BIOCHEM. J.
1€2: 557-548, 1977.- '
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In addition to its effect on PDH and PFK, an increase in
fat availabilty and oxidation could be expected to regqulate
carbohydrate utlilization by controlling the availability of
glucose to the glycoélytic pathway. This regulation could .
occur at three points 1) at the glucose specific transpor;
mechanism 2) at the hexokinase catalyzed reaction and/or
3)at the phosphorylase catalyzed reaction. However if all
the effectg caused by the regulation of PDH and PFK are
accounted for, direct control of these reactions and of the
transport can, theoretically, be discounted! Thus, the
remainder of this section is dev;ted to the development of a‘

theoretical model which explains the carbohydrate sbarfng

effect of fatty acid oxidation through the inhibition of PDH
and PFK. .

. .

As noted previously the rise in citrate which accompanies
fatty acid oxidétion inhibits PFK, This would cause the
intracellular concentration of fructbse—6-phosphate to rise.
As the Keq of phosphogluccisomerase is near 1.0 the level of
G-6-P will also be increased. G-6-P 1is known to be an
inhibitor of hexokinase (Ozand et al., 1962). This
inhibition of hexokinase caused by increased fat oxidation
is thus thought to be a consequence of the direct inhibition
of PFK (England & Randle, 1967). If such an -ind;rect
inhibition occurs it follows that the intracellular free

glucose concentration would increase provided the transporgi

mechanism for glucose was not directly inhibited by citrate



or another product of fatty acid metabeclism. Experimentally
intracellular glucose increases with the addition of free
fatty acid to a perfusion medium surrounding a contracting
skeletal musclé (Rennie & Holloszy, 1977). Furthermore
Maizels et al. (1977) noted that the inhibition of glucose
uptake by acetocacetate in soleus muscle causes an increase
in intracellular glucose concentration which is ten times
greater than the Km for muscle hexokinase. This suggested
that hexokinase was inhibited but did not preclude the
concurrent inhibition of glucose transport. However Cuendet
et al. (1975) found that the uptake of non-metabolizable
3-methyl glucose was not decreased in soleus muscle when the

muscle is perfused with fatty acids or ketone bodies.

The effect of this increased intracellualr free glucose
concentration may be two—folél Firstly, the glucose
transport mechanism could be i;aifectly inhibited due to
high intracellular free glucose cqncentration {Maizels et
al., 1977), Secondly the rate of glycogenolysis could
decrease és an increased intracellula; free glucose
concentration increases the susceptibilty of glycogen
phosphorylase a to hydrolysis by phosphatase (Hoiﬁes &
Mansour, 1968, Stalman et al., 1972). ‘ T%e decreagé in the
ratio élycogen phosphbrylase a: glycogen phosphorylase b
would result: in decreased glycogenolysis, as éhosphorylase-a
is the most active form of glycogen phosphorylase (Fischer

et al., 1971). In this theoretical model of the
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relationship between fatty acid oxidation and carbohydrate
utilization the carbohydrate sparing effect of increased
fatty acid oxidation can be explained adeguately by the
regulation of two regulatory énzymes, PDH and PFK. Other
potentidlly  important sites of regulation (glucose
transport, hexokinase catalyzed phosphorylation and glycogen
phosphorylase cafalyzéd phosphorlygis) were hypothesized to
be controlled indirecfE;‘as a conseguence of the PDH and PFK

regulation.

Finally the m;st important aspect of this model is that
the transport. of glucose into a muscle cell oxidizing
increased amounts of fat is only restricted if the disposal
of glucose in the cell is impaired. If the muscle is able
to wutilize glucose (G-6-P) the inhibition of glucose
transport would be eliminated. Thus when glycogen stores
are depleted glucose transport per se should not be affected
by high NEFA levels whereas anabolic glucose disposal will
be enhanced due to increased glycogen synthesis. Cuendet et
al. (1975) provided evidence that net glucose utilization in
perfused soleus muscle (sum of glycolysis and glgéogenesis)
is not affected during increased fat availability and
oxidation but th% relative amounts geing to each process are
affecfed. During périods of increased fat oxidation more
glucose is used in glycogenesis thahpis used in glycolysis.
Thus, glycogen repletion may be affected in both rate and

extent by high rates of increased fatty acid oxidation. The
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Figure 3.

mechanisms for

this effect
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2.4 LIPID SUBSTRATES OTHER THAN NEFA IN CARBOHYDRATE
METABOLISM

Since NEFA may exert an effect on post-exhaustive exer-
cise glycogen repletion, a logical corollary is that other
"lipid substrates can exert an effect on post-exercise glyco-
gen repletion. For example, substrates such as plasma tri-
glycerides, phospholipids, and lipoproteins may exert such
an effect. However, many studies have shown that these
substrates are minor contributors to the energy demand of
muscle cells (Froberg, 1971; Paul, 1973). However, there is
a relatively large body of research which indicates that in-
tramuscular t:iglycerideé are used extensively 1in moderate
exercise of long duration (Paul, 1973). If this is so one
would think that intramuscular triglycerides could create
the same carbohydrate sparing effect that has been ascribed
to NEFA, A brief review of the intramuscular triglyceride

literature will clarify this point.

Experiments on electrically stimulated muscle prepara-
tions have demonstrated that the rate of electrical stimula-
tion has to be great enough to increase the metabolic rate
of the stimuléted muscle 15-20 times that of rest to find a
significant decrease in intramuscular triglycerides (Bar-
clay, 1972). At lower stimulation ratés (10 times resting
rate) intramuscular triglycerides are not mobilized because
there is enough plasma substrate to supply the energy to

sustain the work (Barclay, 1972). Thus, in experiments us-
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7
ing 1 twitch/sec at tetanic frequencies, which increases the

metabolic rate of the muscle approximately ten times, there

was no significant depletion in intramuscular triglycerides

(Masoro et al. 1966; Gemmell, 1940). In essence, it is no
necessary for thewcell to mobilize intramuscular triglycer
ides 1in the post-exercise state 1if there are sufficignt
amounts of other substrates to meet the energy demand.
conclusion 1is supported by the*\Study of Conlee et al.
(1978). Conlee et al. (1978) observed that post-exercise
myocardial glycogen repletion was inhibited when NEFA levels
were decreased with nicotinic acid. In this study it is
plausible that the :lack of NE?A diverted glucose away from
glycogenes;s to glycolysis. Intramuscular triglycerides
were not used to spare the glucose as the glucosé was a more

readily available substrate.

In summary, the glucose-fatty acid cycle is thought to be
operational in mammalian skeletal muscle. It is suggested
that the phenomenon of carbohydréte sparing could be attrib-
uted to the requlation of two key enzymes, PDH and PFK,
These enzymes are affected by changes in metabolite concen-
trations which accompany increased fatty acid oxidation.
Glucose transport per se may not be affected by an increased
rate of fatty acid oxidation. Thus the repletion of glyco-
gen stores may be somewhat dependent on the availability of
alternative substrates for oxidation 1in the post-exercise

state. " The most likely alternative substrates are NEFA.



As the glycogen or glucose sparing effect. of fatty acids
relies on their oxidation in the  tissue where they exert
their action, the ability to oxidize fat is a crucial factor

in the existence of a glucose - sparing effect in skeletal

muscle.

2.5 RELATIONSHIP OF FIBER TYPES TO THE GLUCOSE-FATTY ACID
CYCLE ¢ T

In the rat three distinct muscle fiber types have been
recognized (Baldwin & Windér, 1977). These are 1) fast-
twitch, high oxidative, moderate glycogenoiytic (FOG); ‘2)-
fast-twitch, low oxidative, high glycogenolytic (FG) and 3)
slow-twitch, moderate oxidative, low glycogenolytic (S0)
(Baldwin & Winder, i977). The FOG fiber has a high level of
myofibrillar ATPase activity (Burke & Edgerton, 1975} as
well as high oxidative-poééntial (Peter et al,, 1972). Iin
rat skeletal muscle, the FOG fiber has a higher oxidative
enzyme capacity than even the SO fiber (Nolte and Pette,
1972). Thus, 1in rats the respiratory capacity of skeletal
muscle is greatest in the FOG fiber, intermediate in the SO
fiber, and least in the FG fiber. These fiber types also
have different glycogen synthase activities. In rat skele-
tal muscle, the-total'glycdgen synthase activity of FOG mus-
cle figers has been shown to be 110% greater than in FG mus-
cle fibers and 35% gfeater than 1n SO muscle fibers (Conlee

et al., 1978). The actual glycogen synthase activities in

&
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the three muscle fiber types were 4.46, 2.10, and 3.31 umol
of glucose residues/min/g muscie for FOG, FG, and SO muscle
fibers respectively (Conlee et al.,, 1978). 1In the pre-exer-
ciée state approximately 20% of thé total glycoggp synthase
activity within a given muséle fiber type was in thé glyco-
gen synthase I form. In the post-exercise state the activi-
ty of glycogen synthase I rose to about 40% of the total
glycogen synthase activity within a given muscle fiber type
(Conlee et al.,. 1978). Since the initial total glycogen
synthése activity was gregtest in the FOG muscle fibers,
lowest in FG muscle ffbers, and intermediate in SO muscle
fibers it was to be expected that the rate of glycogen re-
pletion would be greatest in FOG muscle fibers, lowest in FG
muscle fibérg and intermediate in SO muscle. fibé}s. This
trend has been substantiated experimentally (Terjung et al.,
i974, Poland et al., 1980,_ Conlee et al., 1978). The re-
spiratory capacity of the different muscle fibers also fol-
lows this trend. The possible interrelationship of glycogen
synthase activity and availabilty of fatty acids within a

muscle fiber is discussed in secticn VI.

In summary, rat skeletal muscle is composed of three dis-
tinct muscle . fiber tfpes. These szcIe'fibers ‘differ in
their ~ enzymatic profiles and hence also differ.in theif
metabolic capaéities. These differences may affect the

ability of NEFA to exert a glucese or glycogen sparing ef-

TN

fect. It is-proBable that 'any glucose or glycogen sparing
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effect thaf\is dependent on NEFA would be most clearly seen
in the highly oxidative FOG fiber and least clearly seen in

the slightly oxidative FG fiber.

2.6 USE OF PHARMACOLOGICAL AGENTS IN THE INTACT SYSTEM

2.6.1 Effects of Nicotinic Acid

. » s
Carlson (1962)\ was thq\first investigator to demonstrate .
that nicotinic acid is a potent anti%ipolytic,agent. Nico-

tinic acid was obserye@-tg cause a decrease in NEFA concen-

tration in fasting men and an inhibition of the noradrena-
line induced increase of NEFA concentration in dogs
(Carlsqn, 1965). Nicotinic acid-decreasgs plasma NEFA lev~
els by inhibiting the adipocyte adenylate cyclase system
(D'Costa et'al., 1979). This research corroborated earlier
research showing a rapid accumulation of labelled nicotinic

acid in the adipocytes of mice but no such accumulation in

their skeletal muscle (Carlson, 1945), e

;

Nicotinic acid is a potent antilipolytic age;;\;hether it
is administered orally or by injection (Carlson, 19655. In
resting rats, a dose of 250 mg/kg of §odium nicotinate ad-
ministered subcutaneocusly produced a s%atistically signifi-
' cant decrease in NEFA at two and fgn{,hours post-injection
(Caflson, 1966). The values for the control rats were 0.88
+/- 0.04 mM and 0.91 +/- 0.05 mM at two and four hours re-

spectively. The values for the nicotinic acid injected rats

o
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were 0.50 +/- 0.03 mM and 0.48 +/- 0.02 mM at two and four.”

/
hours respectively {(Carlson, 1966). g

The action of nicotinic acid in the post-exercise state
is very rapid and very potent. Carlson (1962) observed that
nicotinic acid pretreatment (100 mg/kg body weight) almost
completely inhibited the effect of norepinephrine infusion
in anaesthetized dogs. There 1is also substantial evidence
that an injectidﬁ and/or oral aéministration of nicotinic
acid will,céuse a rapid decrease {< 60 min) in post-exefcfgé
NEFA levels (Bergstrom et al., 1969; G&llnick et al., 1981).
The effect of nicotinic acid in the post-exercise state de-
spite high levels.of NEFA is p;obably due to its potent ins
hibition of lipplysis coupled with the short half-life of
NEFA in the plasma.

o
0

The infusion of nicotinic acid also affected insulin lev-
els although plasma gluc%ée concentration was unaltered (Ba-
lasse & Ooms, 1973). Nicotinic acid does not eﬁert'a direct
inhibito¥y effect on the pAncreatic secretion of “insulin
(Malaisse et al., 1967) so the observed fall in insulin is
thought to occur through a reduction in NEFA levels (Balasse
& ©oms, 1973). If a decrease in NEFA were to cause a simi-
lar decrease in insulin levels 1in the post-exgiiige state
one could aréue that glycogenesis would be detrimentaily af-

fected. However Gerber et al. (1978) have shown that insu-

lin concentration does not bear a strong relationship to the

hY
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.
rate of glycogen repletiqn in the post-exercise state. Ber-
ger et al. (1975} have ;uggested that insul?n is needed in
small amounts to promote normal glycogen repletion in the
post-exercise state. This postulate_ is supported by re-
search which has shown that the circulating insulin concen-
tration 1is depresséd below pre-exercise values for at least
the first four hours of recovery (Terblanche et al., 1981;
Conlee et al., 1978). .Cdﬁlee et al. (1981) suggésted that
post-exerciée insulin secretion in the rat is supgxeséed due
te high levels of catecholamines and glucagon. Post-exer-
cise insulin secretipn was suppressed even when the rats
were given a .5 g oral glucose load immediately after exer-

13 . | . .
cise (Terblanche et al., 1981). . Thus, it is not likely that

L

changes in post-exercise NEFA concentration produced by ni-
cotinic acid administration would significantly affect post-

exercise insulin concentration.

b

In summary, nicotinic acid is a potent antilipolytic
agent. Its.acéﬁon Eé ;pecific to the adipocyte adenylate
cyclase éYstem. Nicotinic acid was chosen to decrease the
post-exercise NEFA concentration as it was shown to be a

specific and potent agent in lowering NEFA levels.

2.6.2 Effects of Heparin
Heparin is classified as a linear anionic polyelectrolyte
(Jacqués, 1980). . Commercially-available heparin is a mix-

ture of these linear anionic polyelectrolytes (Engelberg,

L



19784. Heparin is composéd primarily of sulfated glucosa-
‘mine residues and sulfated uronic acid residues {Jacques,

11980).

An azjection of heparin reduces the concentration of cir-
culating triglycerides (Engelberg; 1978).. This decrease is_
reflected by an increase in NEFA (Rennie et al., 1976, Cos-
till et al., 1977, Hickson et al., 1977). Heparin exerts
its effect by 1increasing the plasma lipoprotein lipase ac--
tivity (Engelberg, 1978). Lipoprotein 1lipase hydrolyses
triglycerides in chylomicrfons and very low density lipopro-
.teins (Nilsson-Ehle et al., 1980). Lipoprotein lipase fead—l
ily binds heparin (Olivecrona et al., 1971) thereby stabi-
lizing the eﬁzyme (Iverius et al.,1979) and making it m&re
soluble (Bengtgson & Olivecrona, -1977). Apolipoprotein C
11, the activator protein for lipoprotein lipase can stimu-
late lipoprotein lipase activity Qithout affecting the bind-
ing of the lipoprotein lipase to heparin (Bengtsson & Olive-
crona, 1977). | Thus lipoprotein ‘1ipase, freed. from the
vascular endothelium by exogenous heparin, 1is catalytically
. active .and can be stimulated by apolipoprotein C II. It is

by this mechanism that hgeparin increases NEFA.

Care is needed when assessing NEFA after heparin adminis-
tration as significant changes in NEFA concentration can oc-
cur if samples are left at room temperature for periods as

short as 5 minutes (Giacomini et al., 1980). Freezing the
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samples terminates the lipase activity‘ but upon thawing 1li-
pase activity is restored (Giécomini‘et-alb, 1980), Lipase
activity is reduced if the samples are incubated at 0 C dur-
ing analysis (Giacomini et al., 1980). These results Yndi-
cate that after hebarin adminjsbration NEFA assays should be
carried out immediately at low incubation teméeratures. Al-

ternatively, the samples could be frozen and assayed later

using low incubation temperatures.

The decrease in plasma triglycerides with proportional
increase in NEFA 1is dependent on the.iﬁ;tial level of TG in
the blood (Engelberg, 1978). Thus in exercise studies where
an increased NEFA level was desired an exogenous fat source
was given followed by an injection of heparin (Rennie et
al., 1976, Costill et al., 1976, Hickson et al., 1977). In
rat studies this , exogenous fat source is usually corn oil,
delivered by stomach tube. A subcutaneous inﬁection of sodi-
um heparin (200 U); is administered after allowing time for
digestion (3 hours) (Hickson et al., 1977, Rennie et al.,
1976).  Significant elevation of NEFA was. attained 10 min-
utes after the injection of heparin (Rennie et al., 1976).
NEFA level was obseryed to' be significantly ele?ated in ex-
‘ercising rats which received corn o0il and heparin compared
to exercising rats which did not receive corn oil &nd hepa-
rin (Hickson et al.) 1977}, Poland et al. (1983) achieved
the same effect by giving an intraperitoné%l injection of
corn oil followed by a subcutaneous injection of.sodium he-

parin.
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Heparin is also known to be an anticoagulant and is
thought to be physiologically important in this regard (En-
gleberg, 1978). A search of the literature failed to reveal
any injurious association between acute heparin injections

and bleeding in normal rats.

The increased NEFA levels caused by heparin and trigly-
ceride administration were observed to increase the i;sulin
concentration in resting dogs (Madison et al., 1968). Howj
ever since circulating insulin does . not bear a strong rela-
tionship to post-exercise glycogenesis (Gerber et al., 1978)
the results of Madison et al. (1968) cannot be extrapolated
to the post-exercise state. This 1is verified by Conlee et
al: (1978) who obsefved that the post-exercise rise in NEFA

did not cause a similar increase in circulating insulin.

In summary, heparin causes an increase in NEFA at the ex-
penge of plasma triglycerides. Exercise studies which uti-
lized heparin;without detrimental effects were noted. Thus,
heparin administration in conjuction with corn oil adminis-
tration 1is is a safe and effective method of increasing

plasma NEFA levels in the post-exercise state.



2,7 © POST-EXHAUSTIVE EXERCISE GLYCOGEN REPLETION

In the recovery state after 1long duration exhaustive ex-
ercise anabolic procésses are expected to predominate in-all
fiber types. In this state the muscles which were used in
the activity are severely depleted of glycogen {(Fell et al.,
1980, Gaesser & Brooks, 1980 Terjung et al., 1974, Ter-
blanche et al., 1981}, Tﬁe,extent of glycogen depletion is
dependent on the exercise type. In rats, skeletal muscle
glycogen depletion is greater when a running protocol as op-
posed to a swimming protocol is used as the means of exer-

cise to exhaustion (Terjung et al., 1974).

Regardless of the type of activity, skeletal muscle gly-

4

cogen stores are_éever completely depleted (Blawacka et al.,
1977, Lambert et al., 1969). It is thought that this is a
protective mechqniSm which exists to provide a glycogen:
primer for the future resynthesis of glycogen stores (Bia—
wacka et al., 1981). Thus, ‘the repletion of glycogen fol-

. . e . . '
lowing exhaustive exercise is not dependent wupon reaching

complete glycogen deplétion.

Rat skeletal muscle has been observed to supercompensate
its glycogen stores quite quickly; often within 4 hours of
the céssation SY exefcise (Terjung et al.,.1974, Teéblanche
et al., 1981). The available literature suggestg that gly-
cogen_repletioh in the first 30 minutes following exﬁaustive

exercise is very slow, while the fastest rate occurs in the
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second 30 minutes (Conlee et al., 1978, Terjung et al.,
1974}. Terjung et al. (1974) suggested that decreased subs-
trate availability causes a decreased glycoéen synthesis in
the first half hour. This postulation is supported by the
observation that most studies wutilizing exhaustive exercise
protocols report marked hypoglyeemia immediately after exer-
cise {(Terjung et al., 1974, Conlee et al., 1978}, These
studies, which provided e;ogenous substrate, aiso observed a
significant rise 1in blood glucose in the first 30 minutes
following exercise, Therefore although NEFA levels were at
their highest in this\iniﬁial post-exercise period and gly-
cogen synthase was predaﬁinantly in the independent form,
significaht glycogen repletion did not take place, due to
lack of substrate (Conlee et al., 1978, Terjung et al.
1974). As substrate became available 1in the second half

hour glycogen repletion was stimulated.

In the absence of exogenous carbohfdrate, skeletal muscle
repletes fo near resting levels but does not exhibit glyco-
gen supercompénsation {Gaesser & Brooké, 1980, Fell et al.,
1980). When carbohydrate;is supplied, the rate of glycogen
synthesis is increased; which results in glycogen supercom-

pensation (Terjung et al, 1974, Terblanche et al., 1981).

However the degree of supercompensation may be biased if
the rats are fasted before the _exercise treatment. The

studies of Fell et al. (1980}, Conlee et al. (1978), Terjung

-
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et al., (1974} pfovided a resting fed control group to com-
pare with fasted exercised experimental groups. This method
could cause misinterpretation of results as a fasting-re-
feeding cycle alone has been shown to induce glycogen super-
compensation in skeletal muscle of resting'control rats (Po-
land et al., 1980, Gaesser & Brboks, 1980). Thus fasting
rats before exercise overlooks the bias of interpretihg a
fasting-exercise effect as a pure exercise effect. Although
the inclusion of a fasting segment in an exercise study sim-
plifies the experimental logistics by reducing the time to
exhaustion the practise is unacceptable if a goal of the ex-

periment is to isolate the effects of exercise.

It was of interest to note that recent evidéncé has sug-
gested that glycogen repletion in rats takes place in a hor-
monal enviroment which would normally be conducive to glyco-
genolysis (Terblanche et al., 1981 Conlee et al., 1978). In
these studies insulin levelé remained below control values
during four hours of recovery despite.a glucose load which
was imposed on the animal immediately after exercise.  Con-
lee et al. (1978) suggested that the prolonged elevation of
plasma nprepinephrine, caused by the severe exercise stress,
inhibited insuiiqﬁgecietion. Epinephrine and glucagon were
also sign}ficantly elevated after exhaustive exercise (Fell
et al., 1980) which could fufther suppress insulin action
and secretion. PostJexercise glucose entry in the presence

/.
of decreased insulin is explained by recent studies which
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have demonstrated that a potent stimulus for increased glu-
cose.transport into the muscle cell is a low muscle glycogen
content (Ivy & Holloszy, 1981, Fell et al., 1982). This in-
creased transport occurrs concurrently with an increased

»

ability to dispose of the glucose. The increased disposal

-

of glucose occurs through the repletion of glycogen stores

in the skeletal muscle (Fell et al., 1982).

After exhaustive exercise the potential for glyéogenésis

is increased due to an increased concentration of glycogen
synthase I (Conlee et al., 1978). Many studies have demon-
strated thaF the concentration of glycogeg synthase I is in-
versely correlated with glycogen concentration (Bergstrom et
al., 1972, bpanforth, 1965, Conlee et al., 1978). This in-
crease in glygogen synthase I is thought to occur by dephos-
phorylation of glycogen synthase D as acute exercise did not

alter the total glycogen synthase activity f{(i.e. glycogen

synthase I + D) (Conlee et al., 1878}.

However glycogen repletion does not solely depend on gly-

- tory enzymes of glycogen metabolism are controlled by both
phosphorylation-dephosphorylation reqctions and the relative
abundance of allosteric effectors. "The allosteric effectors
appear to be very relevant to the post-exercise state as
Conlee et al. (1978) noted "the rate of glycogen repletion

at a given level of glycogen synthase I activity was faster

...41._.

cogen synthase I activity. As noted previously the regula-



during the period 30 and 60 minutes after exercise than it
was 60 and 120 minutes post-exercise." That is the phospho-
rylation state of glycogen synthase did not change, yet the
synthesis rate was altered. This suggested that‘the concen-
trations of one or more of the ﬁllosteric modifiers had
changed causing a decreased rate of glycogen synthésis. As
the energy charge of the cell is probably constant at this
point (minimum 30 minutes after exercise) it seemed possible
that the decrease in the amount or availability of G-6-P

might have been the cause of the decreased synthesis rate.

The action of NEFA during post-exercise recovery may in-
volve the diversion of available glucose from degradative
pathways ta sfnthetic pathways; thereby increasing substrate
availability. It is well established that increased NEFA
levels during strenuous exercise can .exert a glycogen spar-
ing effect in rodents (Rennie et al., 1976 Hickson et al.,
1977) and humans (Costill et al., 1977). Furthermore there
is evidence which suggests that NEFA levels exert a direct |
effect on glycogen recovery 1in the post-exercise state.
Conlee et al. (1981) gtud{ed the effects of NEFA on glycogen
recovery after exercise. The exercise stress was a 1 hour
swim; untrained rats were usea. A fed contrel group was in-
cluded in the study and thé rats were fed ad libitum until
the experiment. Conlee et ai. (1981) suppressed 1ipolysis
in one group of exercising rats by injecting them with nico-
tinic acid (25 mg/kg), a potent antilipelyitic drug.. Tﬁe

] i L



rats which received the nicotinic acid were injected 15 min-
utes befdore the one hour swim, again immediately after the
swim and finally two hours post-exercise. A second group of
exercising rats received saline injections at the appropri-
até times.  Control animalg received the appropriate injec-
tion of nicofinic acid or saline. In the post-exercise
state a similar concentration in myocardial glycogen concen-
tration {35-38%) was noted in both groups of exercised ani-
mals, There was a siénificant depression of NEFA concentra-
tion in the nicotinic acid treated aniﬁals. In the first
two hours, myocardial glycogen repleted faster in non-nico-
tinic acid.injected animals than in the nicotinic acid in-
jected'animéisn After 2 hours the NEFA levels of the two
groups were guite similar, After this point glycogen con-
centrations aiso became quite similar in the two groups (ni-
cotinic and saline injected). At 4 hours both groups had a
glycogen concentration of approximately 5.58 mg/g wet
weight. Thus, it would appear that decreased NEFA levels
can cause at least a transient decrease in myocardial glyco-

genesis during recovery from a moderate exercise stress.

Studies ‘detailing post-exercise skeletal muscle recovery
have observed that éarly post-exercise glycogen recovery
takes place when NEFA levels are significantly elevated (see
Table 1). The relationship between piasma NEFA levels and
early post-exercise glycogen repletion is not strict as evij

denced by the study of Conlee et al. (1978). Conlee et al.
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{1978) observed that NEFA levels decreased from TGb umol/1
plasma at exhaustion to 380 umol/l1 plasma in the first 30
minutes 02 recovery. From this point NEFA levels remained
significantly elevated throughout the remainder of the 4
hour mgasurement period. On the other hand glycogen concen-
trations in the different tissues gradually increase@
fhroUghout the 4 hour observation period (see Tabie 1).
H;wever the proposed relationship between NEFA and glycogen
repletion may 5till have exerted an effect. For example if
the NEFA leVel was over an "inhibitory threshold" the pro-
posed relationship would be a factor during glycogen reple-
tion. Even if this were not found to be true the result
would not be incongruent with the thesis at hand as NEFA can
only exert an inhibitory effect when they are being utilized
by the tissue. As suggested by Maizels et al. (1977) the
importance of NEFA as a gluéose sparing substrate may only
be importént when the tiséue in question has a high glyco-
lytic flux. As the flux decreases in the post-exercise
state the importance of fatty acids in this role will de-
crease regardless of their intracellular or extracellular

concentration,



N e

\\‘ - 3 sTaa97 ¥JINd xo/pue uoriafdsq ‘uor3arday
:mmoumﬂw buTtAToAUT setpnig 9sToIaxg T S1qeL
OTT 0TT S6 0t1¢ oL 85°S PO’ 08" Y e e 98" {¥N} 3ITe3H| TB6T 1°®
OfT 0zt 0LE .OHm 00T BS°S ¥6°9 8BS G be'E 98 b JAesH| 32 8’TUCD
: : ; _ , : :
“ | _ ' 86T |  o0t'9 | SNOTOS! 6461
. t i ; ’ : 1 i
; : i i ! | ch e 89 TAM, |aaTuon
L | . 08°1 00°6 1AM 8 HIETD
! H i ;
! ! _ . , T
_ ! _ ! |0B"9 [ 06°F 06T 09° T 01 1 05°6 (M3549) TA .Amm. i
| i | m . m eydEMRTT
, , | _, .
! _ | : N TEE 6T°9 oox3sen ‘M|  BL6T
; . _ §
; ; 89 0T1c | h 65°T I£°s snafos| - IR 3@
b m i ! : L 9t Tad|  Aqbeg
i . m ” w
! | n _ 4 A _ £L°F . kETE L5°9 0013589 "M LL6T
m m ! %m.v ‘ vm.v“ ge'e ! 89°G ooa3sen paY| ozznuey
| dv-c Eata £1°¢ 979 STIQ3URTd 3
| m 16°€ mmo.m& . _ £E°T 621 snajog! buoaysuay
“ PL"6 vm.hmmo.m €€ €] 69°C S¢°sS JaesH
T PLoT
B9 -9 PvTS 0T°F PT°C GG T rF8°g SN8TO5| ¢
- AN PE 1 9B7E} ¥G°C Ly e 8¢'8 TAM bun(iay,
BZ 1T 6L76| B9 LI F6°E T0°¢ €e'8 TAY
; P ; . . no1o
06 Y 0ze 099! 088 080T 08b 89° ¥ b ge ¢ 89T ! S1ST i SNaTos 1861
. | €L L 0€°8l Sb°G s6'z | 1£°6 | staejuerd| syouerqasy,
F 4 > | -
y ! oaue | oay z | ;r[auE; Iy o H\Ho.cn_ T oplay g Tz ay T|ay §] Ay o | IubTom 3eN|  ayosny Apnas
u,duo0o| u, JuoD _ u,ouod /bu i
VA3N VJIN uabooA1b] u,ouoo
xa-950d| xa-aad xa-350d | ushooaiih
. | |  xs-2ad




4
STeAaT vJANd z0/pue uoTiotdag ‘uoriatdey

- :wmoumﬂw buTaToAul saTpnis astorexg ${(3,U0d) T =21qeL

ToI3UoD 1073U05 E ~H0nu:00_ £Z°E A R S0} S 08°T1 m g6°¢€ TAM 086 T
i I . ! R S . _ .
J0 30 Il 30 _ SL°€ FEL'E OF'E . 6S°1T A, oy v TAd e 1o
| ” . . m i . ! - sna
% 08T | s 722 % opT SOV Z07¢E: 96 m_ Z6°1 | PeG 108 pueTod
i _ L |28 19976 GTg stz . 9Z'v ERCEH
i _ ” . : | : 0861
m 987 L9°T vpT ze ﬁK ov* 1 < pg'zT | sdeoTapend | syooag 3
% | m | . I35598H
: - i ! w . ; .
o8t | , 00§ | 0fz e L v M ML TR, oset
_ | 19 m,. _ _ Te°T | BLL TAY TR 79
* q € . : . 'y snato
! | _ 88 m” . kot | sy 108 1104
. _ _ vy b i | et | zeve sTIRIURTg
L L - §5°S PV VTTESTIT pLTT _ 60°9 snatos | 8461
082 | 06€ [00E 08€ . 09L : 09 91" 'B87Z SE°Z|S6°T €L M L8°9 TAM | Te 39
| ! w Lz L 0T°S BT°p|S6°2: €6°T | 254 A | oaTuO)
oy oiaye ' oIy g | ayy Ay Ao T/ToUn. Iy piay £ Iy g Iy 1l ay f A4 0 ‘ucmﬁmz IBN| . |TIsnY Apnas
” ! . u,5uos ‘u, Ucou_, | u,duocs | /bu
M _ © vaaN . YJIN _ H i :mmoomam_ u,ouon
i ; . X9-350d : xm sad! . ! ' Xa-3s0d h::mmoumﬁm
1 ,¥ “ { _ | _ ! ¥a-571d
lI.lr.\n\\-\n,




One way to determine if the plasma concentration of NEFA
_ ha; any effect on post-exercise glycogen repletion in skele-
;1tai musc1e is to modify the NEFA levels. There has been
onLy one studﬁ {Poland, 1983) wﬁich has attempted to use
thi's means to resolve the question. Poland et all (1983)
ran trained and untrained rats on a rodent treadmill set at
£600 m/h. The untrained rafs_ran for approximately 15 min-
utes and the trained rats ranu for 30 minutes. Some rats
wvere made lipemic 30 minutes prior to exercise bf adminis-
tering corn oil intraperitoneally and heparin subcutaneous-
ly.  This procedure jproduced the desired’'effect as demon-
strated by NEFA levels gf 2850 ueq/1 and 1891 ueqg/1l at 2 and
4 hours post—injection }espectively coppared to control val-
ues of approximately 239 ueg/l. The exercise also produced
the desired effect of significantly reducing muscle glycogen
in both untrained and trained rats. Despite these sustained
high NEFA levels both muscle citrate . and muscle glycogen
levels were relatively stable. The only significaﬁt differ-
ence in muscle occurred at 4 hours when muscle citrate was
significantly elevated in vastus latetélis (33.5 vs 29.6
ug/g). However Po{?nd et al.' (1983) hdﬁggeqi;ed vastus la-
teralis to deter;ine citrate aqé glycogen Ievels. This
‘methéd does not allow one to observe significant "changes
which may have occurred in 'a particular fiber type. It has
beeh shown in section IV that the metabolic bharacteris/hﬁgwf‘“

of the different fiber types are vastly different afd thag\\

1) 0

)'/
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this may affect the apility of NEEK to produce an effect in
a particular fiber. Thus unfortuhately the study of Poland
et al. (1983) does not resolve the question o whether or
not NEFA levels influence thé rate and ex?ent of early post-
exercise glycogen repletion. 'The preéent investigation has
studied the effect -of NEFA on early post—exerigse glycogen
repletion 'in the FOG, FG, and SO fiber types i; brder té de~-
termine if varying the level of NEFA has any effect on early

post-exercise glycogen repletion.
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Chapter III

METHODOLOGY

3.1 INTRODUCTION

_This chapter presents the methodology that was used in
this‘study.‘ The methodolbgy is described in chronological
order dommencing with the description of subjeéts, followed
by acclimitizétion procedure, experimental procedure, =and
analysis of blood and tissué. ' Tbe—q?apter concludes with
the statistical procedures used in analysing the results.

3.2 DESCRIPTION OF SUBJECTS .

The subject population was composed of B0 male Wistar

rats. The animals were approximately 10 weeks old when they

arrived at the University of Ottawa's Main Campus Animal

Care Facility. Their body weight wupon arrival was betweem
: . N\
180-200 grams. The animals were purchased from Charles Riv-

er animal breeding laboratories.
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3.3 ANIMAL ACCLIMITIZATION PROCEDURE

.
L] Ld

Upeon arrival the animals were housed in individual cages.

- They were maintained on standard laboratory rat chow and wa-

ter ad libitum.. A light /dark'cycle was maintained so that
the time 6:00 am - 6:00 pm was dark and the tiﬁe 6:01 pm -
5:59 am was liéht. During the initial aéclimitizgtion peri-
od (5 days) the rafs were allowed to adapt_to their npew en-
vironment and food. On the 6th'aay all of the rats began a
program to conditién them to- run on a calibrated rodent
treadmill (Quinton model 42~lé). The rats wvere conditioned
until all thg rats could run at 22 m/min for‘ 40 min.' The
rats ran five consecutive days/week. The treadmill was al-
ways set at an incline of 15%. ° Once all rats could run -at
22 m/min for 40 min the experimental protocol was begun,

—

3.4 SELECTION AND DESCRIPTION OF EXPERIMENTAL GROUPS

Prior to the .experimental day, the rats were assigned to
one of ten groups: pre-exercise (PRE), post-exercise (POST),
saline injected-exergise 1 h'(SEl), saline.injected-exercise
3 h (SE3), saline injected-non-exercisg 1 h (SNE1l), saline
injected-non-exercise 3 h (SNE3) nicotinic acid injected-exl
ercise 1 h (NAEl), nicotinic acid injected-exercise 3 h
(NAE3), heparin injected-exercise 1 h fHEf), heparin inject-
ed-exercise 3 h (HE3). The groups SE, NAE, HE and POST were

exercised to exhaustion, while SNE and PRE provided'non-ex-
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. ercised trained ‘control values, In addition to the drug

A

._‘_/

treatments described below all groups received two ml“of a
solution containing .5 g dextrose/ml water at the point of
exhaustion, The dextrose solution was administered via a

gavage needle. The non-exercised trained control group re-
ceived their dextrose solution approximately ten minutes af--
ter the second experimental rat became exhausted. This pro-
cedure ensured that the” control groups would receive their
dextrose at the approximatg mean time of the experimental .
groups. Of course this was an arbitrary procedure~but it
was thought to be necéssary in order to standardize ;the
dextrose adminisfratﬂgn as much as possiﬁle. All of the sa-
line groups‘received a one ml’intraperitoneal injecgion of
.9% saline. All heparin injected animals received a one ml
intraperitoneal injéction of corn 0il and a .5 ml subcutane-
ous injection of .9% saiine solution containing 400 U of he-
parin/ ml saline solution. All nicotinic acid injected ani-
mals received a oné ml intraperitoneal injection of a .9%
saline solution containing 16.6 mg nicotinic acid/ ml saline
solution. This solution was buffered with NaOH to a pH of
7.4. The nicotinic acid injected rats also recE{;ed 33.2 mg
of nicotinic acid in their 50% dextrose solution. ‘Thié so-
lution was buffered with NaOH to a ©pH df 7.0. The rat;Ain
groups HE, SE, and NAE received their appropriate iﬁjections

as soon as exhaustion had been determined. Exhaustion was

defined as the point when the rat was unable to maintain the



pace and avoid the shock grid at the rearzof the treadmill.-
“The résting‘;;ained control rats received an intraperitoneal
injection of one ml .9% saline approximately ten minutes af-
ter the second experimental rat became exhausted. See Table

2 for an illustration of the injection regimens of the dif-

ferent groups.

A
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3.5 EXPERIMENTAL DAY

'fﬁe experimental day always began at 9:30 am by placing four
animals in four lanes of therrddeni treadmill. The running
protocol of Hickson et al. (1972) wa; followed which called
for 40 min of exercise with the treadmill speed set at 22
m/min, After this time the treadmill speed was increased to
27 m/min fof S-miﬁ periods which were separated by 5-min in-
tervals of running at 22 m/min. As .the animals became ex-
hauéted they were removed from the treadmill and given the
appropriate injection according to their treatment group.

All animals also received 2 mls of a solution containing .5

g dextrose/ml via the gavage needle.

3.6 SACRIFICE METHODOLOGY

All rats received a .4 ml injection of sodium pentobarbital
(65 mg/ml) at the times corresponding to their experimental
group classification. After the anesthetic had taken effect
blood and muscle tissueg were taken St

3.7 BLOOD COLLECTION

As soon as the anesthetic had taken effect, as determineé by
the absence of eye reflexes, the abdominal cavity was opened
using stainless steel scissors. The scissors were then used
to cut an incision from mid-abdomen t¢ mid-sternum. ‘The in-

cision was reflected to expose the heart and a vacutainer

was used to collect the blood directly [from the_heart.\ The

o

-
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vacutainer contained .07 ml of 15% ethylene diamine tetr-
aacetate (EDTA) as an anticoagulant. 1 Once the blood had
Been coMected it was stored in ice until it could be put in
a refridgerated centrifuge (4 degrees Celsius)}. The max imum
length of time between blood collection' and centrifugation
was two 'mjynutes. The blood was centrifuéed until the plasma

was separad;d from the red blood 'cells, _Three fifty microl-
iter samples of the plésma thus obtainéd were analyzed by
the NEFA assay of Laurell and Tibbiing (1966). The NEFA as-

say of Laurell and Tibbling is presented in Appendix A.

3.8 MUSCLE DISSECTION AND PREPARATION

Immediately after the Qlobd sample had been taken the leg
muscles were rapidly exp;sed. Tﬁe RVL, WVL and soleus mus-
cles were dissected out.- All the visible fat, connective
tissue, and blood were removed with a probe and forceps.
Muscle samples weighing 35-50 g. wefe_taken from the dis-
sected muscle and frozen in isopentané pre-cooled in "liquid
nitrogen. The frozen muscle tissue was then transferred’
into a p;e—cooledltest tube. The test tubes were stored in
liguid nitrogen until they could be transferred for storage
to a laboratory freezer Kept at -50 degrees Ceiiius. After
removal from frozen. storage, thE‘muscie samplesfhere kept on
solid €02 until they were weighed. Weighing was done on a

Mettler” H balance. The acid hydrolysis procedure of Lo et

& y )
al. (1970) was used to determihe the amount of glycogen in

Ly



the samples of rat skeletal muscle. The methodology of the

glycogen assay is presented in Appendix B.

3.9° STATISTICAL ANALYSES

The statistical analyses were performed i hases.

The first phase used the ANOVA téchnique to determine if
the experimental groups were sipilar with respect to mean

body weight on the experimental|/day and mean run times to

exhaustion.

The second phase c¢onsisted of determining the means and
standard deviations for all the groups with regards to gly-

‘cogen concentration and NEFA concentration.

The £Sird phase consisted of two one way analyses of var-
iance. The independent variable .was the exerecise treatment.
The respective dependent variables were glycogen concentra-
tion and NEFA concentration. This third phase determined

the effect of the exercise treatment on glycogen concentra-

tion and NEFA concentration.

The fourth phase consisted of a twé'way ANOVA. The inde-
Sé%dent variaﬁles were drugﬂtreatment and time. The depen-
dent variable was NEFA level. The drug treatmenﬁ factor had
four levels. These were heparin—injected exercised, saline-

injected exercised, nicotinic acid- injected exercised and

saline-injected non-exercised., The time factor had two lev-



els. These were one hour post-exercise and three hour post-
exercise. This fourth phase determined if the drug treat-

ments were effective in altering the NEFA levels.

The fifth phase consisted of a three way ANOVA. Tﬁe
first two factors were the same as above. The third factor
was muscle type. There were three levels 1in this factor.
These were red vastus lateralis, white vastus lateralis, and

soleus muscles. The dependent variable was glycogen concen-

tration.

The sixth phase consisted of simple main effects analyses
and Tukey post-hoc analyses. This phase isolated areas of
significance within significant interactions and main ef-

fects respectively. The probability level of 0.05 was used
[

for all statistical analyses.



Chapter IV

RESULTS AND DISCUSSION

4.1 RESULTS -

J

The purpose of this study was to determine the effect of
varying levels of NEFA via heparin and nicotinic acid admin~
istration on the rate and extent of post-exhaustive exercise
glycogen repletion in the first three hours following ex-
haustive exercise in three skeletal muéq;es of the rat. The
results will be analyzed as follows: a) training program re-
sults including a subjective evaluation of the training pro-
gram, the mean body weights of the various groups'qn the ex-
perimental day and the mean times to exhaustion of the
various groups. b) means and standérd'deviations of all
groups with regards to glycogen concentration and NEFA con-
centration. c¢) one-way ANOVA to determine the effécﬁ of ex-
haustive exercise on NEFA concentration and two-way ANOVA to -
determine tﬁe effect of exhaustive exercise and muscle type
on glycogen concentration. d) two-way ANOVA to.determine
the effect of time and “treatment on NEFA concentration. e)
£hree—way ANOVA to defermine the effect of muscle, drug

treatment, and time on glycogen repletion.



a) subjective evaluation of acclimitization program

The acclimitization program was successful in briqging
the rats to @~ .level where they all could‘run on the rodent
treadmill at lS%Vincline and 22 m/min for 40 minutes. The
progress of the rats in reaching this objective was quite
erratic._ ‘A group of rats which were good runners one week
might turn into bad runners fhe_next week. So;e rats exhib-
ited respiratory difficulty during pérts of their acclimiti-
zation. The symptoms included a whee;ing sound upon-éxer—
tion, wet snout and sneezing after exertion and difficulty
in maintaining the pace during an acclimitization run. When
the rats . exhibited these symptoms they were not run. Gener-
ally, after a few days rest they were able to resume their
acclimitization program, Rats which exhibited symptoms two
days before the experimental day were assigned to non-run-—:

ning experimental groups.



. Mean body weights of groubs on the experimental day
q
Experimental group n= _ MEAN +/- S, D.

: ' o 7 (in grams)
PRE-EXERCISE 8 336 +/- 18
POST-EXERCISE 8 318 +/- 28 "

 HEPARIN-EXERCISE (1-h) 8 343 +/-26
SALINE-EXERCISE (1 h) 8 345 +/- 23
NICOTINIC-EXERCISE (1 h) 8 330 +/- 17
SALINE-NON-EXERCISE (1 h) 8 326 +/- 19
HEPARIN-EXERCISE (3 h) 8 342 +/- 26
SALINE-EXERCISE (3 h) 8 348 +/- 30
NICOTINIC~EXERCISE (3 h) 8 341 +/- 26
SALINE—NON-EXER?JQE {3 h) 8 334 +/- 31

J _

/

There was some variation in the mean weights of the ex-
perimental- groups on the experimental day (Table 3). A one
way ANOVA was run to examine the effects of the experimental
groupings with regards to body weight. T;ere were no sig-
nificant differences between the body weights of thepbxperi-

mental groups on the experimental day (p > 0.05).

~N

%
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TABLE 4

Mean run times to exhaustion for experimental groups
[}

-

Experimental group ~ n= MEAN +/- S. D, (mins.. )
POST | 8 98 +/- 17

HE (1 h) 8 . 93 +/- 19

SE (1 h) B 90 +/- 47

NAE(1 h) 8 83 +/- 31 °
HE (3 h) 8 79 4/~ 22

SE (3 h) 8 72 */- 19

NAE{(3 h) 8

83 +/- 33

Table 4 illustrates the range in run times\to exhaustion

T\

that were obtained in this study. one way ANOVA was used
to examine the effect of the exégpfzental groupings on the
run times to exhaustion.. The resuits of this one way ANOVA
indicate that thg experimental groups were similar with re-
gards to their run times to exhaustion. However, it 1is in-
teresting to note that the groups with the lowest and high-
est weights (POST and SE3 respectively) were the groups with

the longest and shortest rum times to exhaustion respective-

P

-ly.

7>
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Mean

POST
HE 1
SE 1
NAE1l
SNE1
HE 3

SE, 3

1

I m o m o o @m ™ @ @

NAE3

SNE3

= = = = A= J ~ =

i

Glycogen concentrations and the associated standard deviations are

[eATI S

TABLE 5

glycogen and NEFA concentrations

RVL

5.26 +/- 1
0.62 +/- 0
5.59 +/- 1
4,00 +/- 1
3.75 +/- 1
5.98 +/- 1
5.30 +/- 1
5.25 +/- 1
L95 +/- 1
.69 +/~ 2

.90
.32
.80

.51

.32

71

.25

.49

.20

.75

5.7%

2.97
2.99
3.47
5.96

3,66

3.60
3.29
5.79

7

SOL

N )
3]
£

expressed in milligrams of glycogen/gram of muscle.
NEFA concentrations and the associated standard deviations are
expressed in microeguivalents/ liter of plasma.

™~

hY

1.67

0.31-
1.15
1.44
2.46
2.42
0.91
1.69
2.42

1.82

NEFA

234
620
508
404
239
266
288
282
303
219,

38
254
13
131
62
50
100
66
94
56

\
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Table 5 illustrates the mean glycogen and NEFA concentra-

tions of all the experimental groups. By observing the values
of the PRE and POST groups the reader will note that the exer-

cise treatment caused the NEFA. concentration to rise to a level

approximately three times greater than the resting NEFA value,

of the PRE group. ‘ v

By study&ng the NEFA values the reader will observe that at
one hour post-exercise all groups had lower NEFA values than
tﬁe NEFA value of the POST group. Of the one hour groups, the
HEl group had the highest NEFA concentration while the NAEl
group had the lowest NEFA concentration and the SEl group had a
NEFA éoncentration between the HEl and NAEl groups. At three
hours post—exércise all treatment groups were quite similar.
The NEFA concentrations of all groups decreased from one hour
to three hours post-exerciée with the exception of the groups
NAEl and NAE3. These groups exhibited an increase in NEFA con-
centration from one hour to three hours post-exercise, The
reader will also note that the exercise treatment caused a five
to ten feld decrease in glycogen concentration. The largést
dec;ease occurred in RVL muscle, the smallest decrease in WVL

N

muscle, while the decrease in SOL muscle was intermediate.

—_—
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. TABLE 6

NEFA concentration as a function of exercise

8
Source Sum of squares df Mean square F ratio
Exercise  596756.25 1 596756.25 18.098*

Residual 461641.75 14 32974.41

_* significant at the p < 0.05 level

Table 6 indicates that the three fold increase in NEFA con-
centrationn caused by the exercise treatment was statistically
significant. This result is consistent with previous reports
in the literature as can be seen in Table 1. As all of the ex-
perimental groups underwent the same exhaustive exercise treat-
ment it is highly probable that all exercised grougf had ele-

vated NEFA concentrations at exhaustion. Thus, all of the drug

~~+treatments, which were given at exhaustion, began to exert

‘their effects at a time when the NEFA concentrations of all the

exercised groups were significantly elevated.

///—““”__“\\
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TABLE 7

Glycogen concentration as a function of muscle type and

\ exercise

5
Sourcé Sum of sduares d4f Mean square F ratio
muscle 9.775 2 4.988 3.178
exercise 276.049 1 - 276.049 179.496%
2-way inter-
action
A X B ©og2e8 2 2.122 0.263
Residual  64.592 a2’ 1.538
,.M' * s?gnificant at p < 0.05 level

N

The exeréise'treatment caused a significant depletion in the
glycogen.content of the muscles. All three muscle types were
depleted to statistically similar levels at the end of exhaus-
tive egercise. Hogever, the effect of the exercise on glycogen
concentration was not completely uniform across the three mus-
cle types. As noted previously RVL was depleted the most, WVL
the least, and SOL intermediate. This differential effect of

muscle type on glycogen concentration was close to being sta-
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tistically significant (p = 0.052). In a physiological sense
this result may be significant; this possibility is discussed

in the next section,

TABLE 8

NEFA as a function of drug treatment and time

%ource Sum of squares df \\gggn sguare F ratio
Brug (A) 238651.75 3 79550.563 9,292%
A at 'l h. 377196. 3 125732. 14,687%
A at 3 h. 31064. '3 10355. 1,21
Time (B) 104895.00 1 104895.00 12.253%
B at HE 213448, Tl 213448. 24,93% |
B at SE 59536. 1 59536, 6.95%
B at NAE 16384, 1 16384 . 1.91

B at SNE 9216. 1 9216. ~ 7 1.08
?-way inter* o

action

A x B 172863.375 3 57621.125 6.731%
égsidual - .479422.313 56 8561.109

. * significant at the p < 0.05 level
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As noted previously- the drug treatments-used in this study
caused variations in the NEFA levels., However these variations
wefe iny significant at the one hour\heaéurement‘period. The
simple main effects analysis revealed that at this time the

NEFA of the HEl group was significantly greater than the NEFA

of the other one:hour groups. //Furtherﬁore, the SEl1 group had

significantly greater NEFA levels than the NAEl and SNEl
groups. The NAE and SNE NEFA levels were not significéntly
- different from each other at the one hour measurement period.
‘'There were no significant differences between drug treatment

groups at the three hour measurement period.

The NEFA of both the HE and SE groups decreased significant-

ly from one hour to three hours post-exercise. The NEEA levels

of NAE and SNE did not change significantly from one hour to

three hours post-exercise.

There was a significant inteqégéién between drug treatment
and. time. This interaction occurred as a result of the differ-
ential effect of time on the " NEFA levels of the drug treatment
groups. An analysis of simple main effects showed that the in-
teréction occurred as a result of large significant differences
between Fhe means of the one hour groups which decreased to
non—sigﬁﬁficant differences at the three measurement pefipd.

.
This interaction is seen in Figure 4.
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TABLE 9

a T B

Glycogen as a function of exercise, drug treatment, and

time

Source | Sum of squares df

Muscle (A) 172.468 2

A at 1 h. 27.69 2

A at 3 h. 141.34 2

Drug (B) 183.253 3

Time (C) 58.918 L

C at RVL . | 8.07 1

C at WVL .85 _i

C at SOL 89.87 1

2-way ?ntér;

actions - /

AxB 16.096 6
rA xaC . 40,244 2
‘Bxc 6.069 , 3

3-way inter~‘

actions

A X B x C .~ 9,264 6
Residual 440,895 23

Mean sguare
B6.234

13.84

70.67
61.084
58.918

8.07

.85

89.87

5.736
20.122
2.023

2.624°

F ratio
32.859*%
5,28*
26.93%
23.276%
\22.450%
3.07
< 1
34.25%

2.186
7.667*

0.771

" 1.544 ///P\m.SBB
f

* significant at the p < 0.05 level
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Table 9 shoﬁs that all three main.effects were significant,
The Tukéy post-hoc analfses'(hppendix D) for drug treatments
revealed that at one hour the glycogen concentration of all
drug treatment/exefcise groups was significantly lower than the
corresponding SNE1 value with the exception of HEl versus SNEl
in RVL. For the case of HEl versus SNEl there was no

significant difference in glycogen concentration. ‘

The glycogen concentration ‘ of RVL in HEl -‘group was
significantly higher than the glycogen concentration of RVL in
both the SE1 aaq NAEl grohps. There were no other signifiéant
differences ‘between the means of any other drug

treatment/éxercise groups within one muscle at one hour post-
exercise.

7

v

There was a significant interactionﬂrg;£ween muscle and time
in regards to glycogen repletion. This interaction was caused
by a significantly greater repletion rate - in SOL froﬁ one hour
to three hour as opposed to the repletion®rate in both RVL and
WVL from onelhour_to three . hours and a significantly greater
repletion rate in RVL from. 0 hour to one hour as opposed to the
repletion rate in WVL at the- same time. This effect can also

.

- E_Aeen in Figure 5.
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In summary, the exercise treatment caused a significant
increase in NEFA concentration and a significant decrease in
glycogen concentration. The drug treatments caused a

significant wvariation in NEFA levels at the one hour

.

measurement period. ~ _This variation was transient and had,

disappeared by three hours post-exercise. The drug/exercise
treatments caused a éignificant variation in the glycogen
concentration at both .the one and three ’hour measurement
periods. The Tukey posé—hoc'procedure revealed that the
significant main effect of drug treatment was largely due to
the comparison of the " SNE groups Qith the exercised groups.
However, the Tukey post-hoc procedure also ‘revealed that the
glycogen . concentration of RVL 1in the HEl group was
significantly gréétef than the glycogen concentration of RVL in

the SEl1 and NAEl groups.

4,2 DISCUSSION

Although all rats could run the required 40 minute acclimi-
tization period by the time of the experimental day, it was
guite easy to_distinguish between rats which were excéllent
runners and rats which were poor runners. The'rats which
were excellent runners ran almost continuousl§ during the
acclimitization program whereas the rats which were poor
runners ran intermittently"auring the 'agclimitization pro-
gram. The rats which were deemed as poor runners were,

placed in experimental' groups where they would not have to



run to exhaustion. The other rats were randomly assigned to

the experimental groups which ran to exhaustion,

By referring to Table 5§ the fea&ag_wwill note that the
non-exercised rats (groups PRE, SNE1 and SNE) exhibit an in-
crease in glycogen- content of their muscles - throughout the
study: The existence of this trend can be explained’in two

ways. Firstly, it may indicate the-presence of a diurnal

Eﬂythm. Secondly, it may indicate that the oral glucose

load gfvgn to groups SNEl1l and SNE3 created a " stimulus to
synthesizeﬁ%gre glycogen. Resting muscle doés not have a
strong impe®ls to synthesize glycogen but the possibility
that the glucose load accounted for part of the increase
canqo% be discounted. Of course, these two possibiiitiés

are not mutually exclusive. ' ' : ’

As noted previouﬁly, the protocol used in this study may
have favoured tﬁé“’ﬂtilization 6 glycoéen from "RVL muscle.
This is an important boinﬁ to consider as the éctivity of
glycogen synthase varies inverseiy with fhe concentration of
glycogen within the muscle cell (Bergstrom et al., 1972, pan-
forth, 1965; Conlee ef al., 1978). Even though the decrease
in glycogen concentration in RVL was nét significantly dif-
ferent from the decrease in glycogen concentration in EVL‘
and SOL, the fact that the RVL decrease tended toward lower

levels may indicate that RVL had a stronger impetus to syn-

- thesize glycogen in the early part of post-exercise glycogenL

\%\\\_a
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repletion. If this is so, RVL was the moét likély muscle té
exhibit any possible associations between earlg'postfexer—
cise glycogen fepletion and NEFA levels, In light of this

_rationale there are some very interesting results in evi-
dénce for RVL muscle at one hour-post-exercise. At this
time the rats with high NEFA (HEl) had repleted significant-
lf.morg glycogen than had thehrats with moderate or 10w NEFA
(SE1 and NAEl respectively). In addition, a similar trend
in glycogen 'repleﬁion values can be seen in SOL muscle at
one hour pest—exeréise (Tabl& 5). This treq? would be more
apparent if, the glnggén content of thé soieus in rat $#204
is considered to be an aberrant value {appendix C). This
\may'be considered a fair assumption as the glycogén content-
of the soleus in rat #204 is mbié than twice the average
glycogen content of the rest of the NAEIL SOL group. If the
gl}cogen value of rat #é04 is excluded from the group, “the
group mean decreases from,4.30 ug glycogen/g muscle to 3.55
ug glycogen/g musclé. The group means for high, moderaté,
and low NEFA kHEl, SEL, and NAEl respectively) would then be
4.78, 3.79, 3.55 ug glycogen/g muécle. In contrast, the
group means for WVL glycogen content.for the‘drug treatmerit/
exercise groupg are all very similér at one hour post-exer-
cise (Table 5). Thus, based on the results of this study it
seems that there 1is an association between NEFA levelé and

glycogen repletion in RVL from immediately post-exercise to

one hour post-exercise. There appears to be the possibility
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of the same association for SOL. The results of -this study
indicate that there is no sqch associagipn between NEFA con-
centration and'glycqgen repletion for WVL in the first three
heurs post-exercise. '

- k4 . .
At three hours post-exercise  there were no statistically

significant differences 'in NEFA between the &ifferent drug
: : s .

treatment/exercise groups. v The NEFA of the NAE group ap-

. pears to rise from one hour .post-exercise to three hours

post-exercise, Thia increase in NEFA was not statistically

A
significant. ]/ﬁowevqﬁ, such a result would be consistent
with the literature as (Svedmyr et al. 1969} have indicated

'that.a~'reb3%nd ef'fect’ can occur 1if nicotinic acid is used

to suppress NEFA. In this 'rebound effggt' quantities of
NEFA are released from the adipocytes as the circulating

concentration of nicotinic acid begins to fall. The NEFA of

both the HE® and the SE groups decreased significantly from .

one hour to three hours post-exercise. The decrease in the

- . " 1/ .
NEFA of SE is consistent‘ﬁi;h previous reports in the liter-

ature as outlined in Table 1. The decrease in- the NEFA of

-

the HE group was expected as ‘pilot work indicated that this

decrease would occur. However, the literature suggested
Ly . e
that the NEFA would stay elevated for well over three hours
B

(chkson et al. 1977; Poland et al. , 1983}, The difference.

between the results of this study and the results of the

~

literature with regards to the effects off heparin and corn

oil éﬁmlnlstratlon on NEFA concentratlon may be due to -meth-
\u “T- V. . . - :

odological varlat“p om0 FTN
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The first difference occurs as a result of the blood col-
lection procedure. In 'this study, the tube containing the
blood was placed 1in ice immediately after collection for a
period of time not longer than two minutes. After this time
the blood was centrifuged at 4 degrees Celsius. Immediately
after separation aliquots of .the plasma were placed in an
organic solvent which completely inhibits the activity of
lipoprotein lipase (Giacomini, 1980). If blood is allowed
to stand at room temperature for periods as short as five
minutes significant increases in NEFA can occur (Giacomini,
1980). This occurs because the test tube is a closed sys-
tem; NEFA are prdduce by the action of lipoprotein lipase
but ‘they are not removed. Thus, the NEFA results in this
study should resemble the in wvivo NEFA concentration more
closely than the* results of a study where the collected
blood was allowed to stand at room temperature for several
minutes. It is difficUlt-to say if this is a problem in the
literagateﬁés very few researchers elabora£e on their col-
lection procedures. N
The second dﬁfferencb is in the adminiétratioﬁ\ofgthe he-

parin and corn oil. The heparin was administered.with the

same technigue and in the same guantity (subcutaneously and

© 200 Units) as in the study of Hickson et al. (18977) but the

corn oil administration was different with respect to both
technigue and quantity. In+this study one ml of corn oil

was administered intraperitoneally whereas qther studies ad-



ministered three mls of corn o0il by stomach tube (Hickson et
al.,1977, - 'Rennie et al.,1976). The intraperitoneal method
was used with success in,one study (Poland et al.,1983) but

the amount of corn 0il used was not mentioned. Thus, by the

process of elimihation the amount of corn oll administered

may.have been responsible for the aecrease in NEFA in - the HE
group .from one hour to three hours poét—exercise. The meth-
od of bléod collection may have been responsible ‘for the
lower NEFA values in the HE group as compared to the values
seen in the studies of Hickson et al. (1977), Rennie et al,

{(1976) and Poland et al. (1983).

Aléhough'the drug treatments were effective in creating
statistically significant differences between drugl treat-
ment48}ercise groups at one hour these differences had dis-
appeared between one hour %nd three hourvpost—exegcise. Co-
incidenﬁélly, there w;;; no statfstically §§gnificant
differences in:glycogeq‘content between drﬁg treatment /exer-
cise groups at three ‘hours post-exe}ciég.

\

Inde endent of drug treatments,é the RVL repleted at a
faster rate than the SOL which \ip turﬁ repléted at a faster
rate than the. WVL from immediately post-exercise to one hour

‘post-exercise, This ' result is consistent with reports in
the literature (Table 1). However, from one hour'to three

-hour post—exerciée S50L repleted the fastest, fol}owed by RVL

. 'and WV%;/ﬂir is not possible to postulate any effect of NEFA
1 - _—

~
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on the glycogen repletion rates from one hour to three hours
rd . .

post-exercise since NEFA levels at three hours post-exercise

were similar in all drug treatment/exercise grbups at the

three hour measurement period.

At one hour post-exercise the results of this study indi-
cate that NEFA levels are related to glycogen repletion in
RVL muscle. This relationship is clearly not 1in evidence
for WVL. This suggests that the availability of NEFA exerts
a moderate influence o the glycogen repletion rate 1in the
highly oxidative RVL whereas the availability of NEFA does

4 . -
not éﬁert a comparable influence on the glycogen repletion

rate” in WVL which has 'a very low oxidative capacity. Since
thE\Qrug treatments caused a differential effect‘on the re-
pleti;n rate in the\same muscle (RVL) the bias of comparing
treatment effects across muscles with different activitieé
of glycogen synthase is eliminated. Thus, these results
support the theory that NEFA promote glycogen éynthesis by
sparing glucose from oxidation. It may be~argu§d that the
high oxidative capacit§ of RVﬁ allows thié}husdlél to take
full advantage of alternate fuel sourées, iﬁ thig case NEFA,
during the early part of pqst—ex;rcise glycogen repletion,
By using altefn?te fuel sources, muscles .may be . able to
store more glycogen in a sﬂortef space of time. ;7//
Y

¥
These results also suggest a possible explanation for the

results of Poland (1983). As described in Chapter,3 Poland

1
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,{1983) folloyég/Zhe glycogen repletion pattern in rats with
high and low NEFA levels. The results of Poland (1983) in-
dicated that. high levels of NEFA do not affect the glycogen

-

repletion rate in Vasfus Lateragis muscle. However, Poland

)

(1983) analyzed the dntire VL instead of separately analyz-

ing its highgyoxidative a lowvé;idative components (RVL and
WVL respectively). Thusd;:;\e&ieff/;;—;\\\fo Ne glycogen
repletion pattern of VL would be an averazzA;¥lits effect in
RVL and WVL. Beth the litéraéure and the resultf of this
sstudy suggest that the glycogen repletion pattern in WVL is
not related to NEFA levels in the same way as it is in RVL.

e
Thus the non-significant findings of Poland (1983) may be

attributable to the differences 1in the metaboclic character-
L

istics of the different muscle fibers which compose the VL

muscle.

In summary, the results of khis study indicate that there
igs a relationship between varying levels of-NEFA in‘éhe rate
of glycoge: repletion-in RVL from immediateiy post-exercise
to one hour post-exercise,. The means of drug treatment/ex-
ercise groups for glycogen in WVL were not significantly
different from each other. Thus, the results indicate that
there is not a strong relationship between v§3¥}ng NEFA lév-
els and glycogen‘repletion in WVL.  The results indicate
that a relafionship similar to tpe 'one observed for RVL may

exist in SOL. However, the regyits of this study indicate

that if such a relationship between NEFA and glycogen reple-

, - 79 -4
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tion does exist. in SOL it is not as strong a relationship as

the one observed between NEFA and glycogen repletion-in RVL.
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. Chapter Vv

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION ’//}

The purpose of this study was| to investigate the effect of

varying levels of NEFA, via eparin and nicotinic acid ad-
L2 .

ministration, on the rate and extent of glycogen repletion

in the first three hours following exhaustive exercise in

three skeletal muscles of adult male Wistar rats., The re-
sults indicate ;hat modefaﬁely high levels of~NEFA are asdo-
ciated with an increased‘éate of post—exer;ise glycecgen re-
pletion in rad vastus léteﬁaliﬁ'mugg;g in the first hour
following exhaustive exercise relati;e to the reple?ion rate
obsefved in RVL from animafs which had had medium” or low

levels of NEFA in the first hour followihg exhaustive exer-

_cise. Conversely, NEFA concentration iS\nQr associated Qith

glycogen repletion in white vastus laterallis muscle 1in the

fir;f hour following exxhaus?ibe exercise.

The drug z;eatments used in this study created signifi-
cant differences in NEFa levgls at the oﬁe hour meésuremeni
period.  These significané differe%tgs had disappeared by
the three hour measurement period. Thus, it is not possible

to drdw g§nclusions—codcetning &fhe possiblé association be-

- h —
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tween NEFA and three hour post-exhaustive exercise glycogen
repletion values in aﬁy of the muscles, In conclusion, the
results of this study indicate that NEFA are associated ﬁith
post-exhaustive exercise glycogen repletibn in red vastus

lateralis. These results support the contention thlat NEFA

¥ -

promote glycoaen repletion by sparing glucose from oxidation

within highly oxidative muscles possibly by freeing fhe glu-

cose for glycogenesig, - . ‘j//’

5.2 RECOMMENDATIONS
3

If this protocol is duplicated two recommendations should

be considered. Firstly, tHe number of rats in each cell

should be increased. Secondl%(/a larger volume of corn oil
. ;? o

should be wused to ensure sign?ﬁiéant-elevation of NEFA at
! L

,

the” three hour measurement period. Three milliliters of//

corn ¢il should be sufficient to achieve this effect.
L N

An improvement in the design ' of this experiment would be

to use specific inhibitors and promoters of fatty acid oxi-

dation to investigate the role of NEFA in post-exercise gly-

cogen repletion.

y o4
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Appendix A

Al APPENDIX A: PLASMA NEFA ASSAY

Reagents

CHM solution: chloroform heptane 4:3 (v/v) containing
2% methanol, reagent grades.

Copper-TEA solution: 10 ml of 1 M triethanolamine (TEA),
10 ml of 0.5 M Cu(NO3)2 and 3.5 ml of 1 N NaOH are
diluted with distilled water to 100 ml.

33 g of NaCl is dissolved in this

solution and the pH is adjusted to 8.1.

To be prepared daily.

DPC solution: 0.4% diphenylcarbazide, reagent grade in
ethanol. To be prepared daily.

Immediately before use 0. 1l ml of 1 M TEA is added to 10
ml of 0.4% DPC.

Stock standard solution:Dissolve 512 mg palmitic ac1d
in 1000 ml chloroform (2000 umoles/l).
Working standard solutions: Dilute 5 ml stock standard

o 100 ml.with CHM and dilute further 5, 10, 15, and 20
C7éaomls of this solution to 100 mls to obtain 5, .10,
15, 20 umoles/l standards.

-

Procedure

1) To stoppered”test tubes 250 +/~ 50 mg of 5111c1c acid is
added with a suitable spoon followed by 6 ml of CHM
solution:

2) 50 ul of plasma is transferred to each tube, which is im-
medlately stoppered and shaken 30 times. 6 ml of CHM solu-
tion (blank), 10 umoles/1 and 20 umoles/l palmitic acid
standards are treated in the same way.

3) The tubes are centrifuged at 4000X g for }U“miputes.
®

4}5 ml of the supernatant is transferred to another
stoppered test tube containing 2 ml of Cu-TEA solution.

5) These tubes are shaken horizontally in a mechanlcal
shaker for 5 min.

6)These tubes are then centrifuged at 4000X g for 20
minutes.
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7)3 ml of the upper phase is transferred with a
volumetric pipette to another test tube containing 0.5
ml of DPC solution,

The pipette must not touch the inner wall of either test
tube. . .

8)After careful mixing the colour is developed for 15 min
and read in a spectrophotometer set at 550 nanometers.

All glassware was purified with a dichromic-sulphuric
acid mixture.

A standard curve was calculated‘%ach time the assay
was conducted, using the mean absorbance of three
samples at each concentration. ~.

LA

e

The equation used to calculate the fatty acid content of
the plasma is presented below:

> : (A 550 - A)
umol - fatty acids/l plasma =  --—-=--------- X 120
. B
- where .A”550= Absorbance of sample at 558 nanometers,
. ' A = Y intercept
e B = slope of standard curve.
$

A.2 APPENDIX B: MUSCLE GLYCOGEN ASSAY

Reagents:
-

30% KOH solution saturated with sodium sulfate.
300 g potassium hydroxide pellets were dissolved

in distilled water to one liter and saturated with
sodium sulfate,

95% ethanol

5% phenol ' . ,
50 g phenol crystals were dissolved in distilled water

- 98 - - S -



wr

to one liter.
96-98% sulfuric acid

50 mg glycogen powder was dissolved in distilled water
to 10 ml.

working standard solutions: .5,°1.0, 2.0, 3.0, and 5.0
mls of stock solution was dlluted to 10 ml in a
volumetric flask to obtain working standard solutions &
of 10, 20, 40, 80, 100 ug glycogen/ml.

sodium sulfate saturated aqueous solution.

Procedure:
1)after removal from frozen storage, the muscle samples’

were kept on solid CO2 until they were weighed on a
Mettler H balance.

2)Samples were transferred individually to
stoppered tubes containing 0,5 ml of 30% potassium
hydroxide saturated with sodium sulfate.

Special care was taken to ensure that the samples
were completely 1mmersed in the solution.

The tubes were capped and plaged in a boiling water
bath for 30 minutes until a homogenous solution was
obtained.

3)The tubes were removed from the water bath and cooled
in ice for ten.minutés.

4)1;1 to 1.2 volumes of 95% alcohol was added to
precipitate the glycogen from the alkaline'digestate.

6)The samples were vortexed and then cocled in 1ce
for 60 minutes.~

7)The samples were then centrlfuged at four degrees/ -

Celsius and 3000X g for 60 minutes.

8)The supernatants were carefully asplrated Using
disposable Pasteur pipettes.

9)The tubes were then inverted and drained by gravity for
fifteen minutes. »

10)The ptecipitated glycogen was then redissoved in 3 mls
of distilled water.

11)A one ml é}jquot of the above glycogen solution was
pipetted into’'a clean test tube.

&
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action. ~

¥ !/

12)0ne ml of five percent phenol solution was added to
this aliquot. . .
Five ml of 96-98% sulfuric acid were raﬁidly'added

the stream of acid being directed against the liquid
surface to ensure thorough mixing.

The tubes were allowed to cool for ten &inutes after

which they were mixed in a vortex. :

15)The tubes were then placed in a water bath at

55-30 degrees Celsius before readings were taken.

16)Blanks were prepared by using one ml of -

distilled water instead of glycogen solution. -
{

17)The absorbance was read on a Bgusch and Lomb

Spectropic 20 Spectrophotometer at 490, mitlkimicrons.

18)A)l1 tests were carried out in duplicate.

~

* Whenever samples were analyzed, two samples of standard

glycogen solution were subjected to the same procedure;
to evaluate recovery and accuracy.

»~

o

The equation used to calculate the glycogen conﬁeng
of the tissue is presented below: )

mg glycogen/g (A 490 - &) v 1.- 1
wet tissue weight = --—--=—=-———- X --- X -—— X -=-
' B v W R
where: ,A 490= Absorbance of sample at 490 nanometers.
A = Y intercept.
B = slope of standard curve. '
v = total volume of glycogen solution.
v = volume of aliquot wused in the colour re-

weight of muscle samﬁle in mg.
recovery

ol Y
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A.3 APPENDIX C: RAW DATA'

NEFA

GROUP ANIMAL\N

PRE-EX.

POST-EX

HE 1

NAE 1

SNE 1

204
231
237
243

11
18

24 -

36
44
241
247

« RVL

6.65

3.66
5.02
2.39
8.53
4.50
5.95
5,44
0.43
1.04
0.33
0.46
0.39
1.21
0.54
0.59

3.87°

4,57
6.16
8.83

- 7.57

3.83
4,83
5.05
5.54
2.68
3.47
2.73
6.69
4.86
3.27
2.77
3.49
3.64
2.53
2,44
~4.69
3.43
651
~3.29
6.34
3.93
8.66
7.95
5.94

4,98 -

6.11
3.96

. MUSCLE ~

4 8 3 ) 4

7.88 :

5.35

3.92

7.02
5.94

5.71

5.22

2.91

0.70,

3.04
2.36
0.91
0.61
1.76

3.40
3.96
2.82
1.76
3.49
2.95
3.08
3.31
1.38
3.42
4,13
- 2.55
2.85
3.23
3.07
3.13
3.71
5.14
2.71
3.07
2.86
3.02
4,14
7.04
7.17
6.95
6.23
4.14
6.03
4.98
5.11

- 101 -

4,38

8.36
5.78
9.03
7.10
6.59
5.10

l 14

0.90
4.49
3.21

~7.04

4,95
4,02
5.03

4.07

5.39
6.54

-1.91

2.68
3.044
4.68
4.56
3,56
3.42
4.63
5.98
3.84
2.54
9,53
3.01
2.52
2.33

©12.73

6.53

.9.22

5.80
57 80
6.19
7.93
6.05

]

SOL -

© 193

280

- 257

257
194
266
244
181
542

423

543
597

1152

B36
408

461"

750
650

~ 336
538

418

481
496
444
563

. 631,
298
346.

340
267
342
140
288
333
237
210

1229
287

188
225
253
-280

304

365
244
247
2089
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HE 3

SE 3

NAE 3

SNE 3

5.91
5.07
4.44
6.53
7.44
3.81
4,14
5.02
5,99
5.72
5.83

6.59
5.48
2.63
3.22

3.69 -

5.72
5.78
4.12
6.53
5.85
4,79
3.15
2,03
5.81
5.75
10.12
6.29

+10.70

5.58
7.24

3.65
3.95
3.71
. 4.30
4,01
2,90

3.18.

3.54
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8.28
8.13
8.24
6.33
6.79
6.62
6.55
6.21
9.88
5.91
6.17
6.66

5.78
4.66
5.23
7.81
5.91
13.03
6.95
5.63

6 59
5.81
6.03
8.71
9.06

10.41

7.46
12.14
B.64
8.58

449
356
188
276
126
280
341
292
341
399
301
297
258
192
238
232
377.
399
131
370
280
225
267

377

267
302
117
233
234
173
206
222



A.d

APPENDIX D: RESULTS OF POST-HOC ANALYSES

Tukey Post-hoc Analyses

SNE1
SNE1
HE1
SNE3
HE1
SNE3
SNE3
HE3
SE3
SE1
SNE1
HE3

V5
VS
VS
vS
vSs
vs
vs
vS
vs
vs
vs
vS

RVL

NAEl 2,23%
SEl 1.98%
NAE1l 1.84%*
NAE3 _1,74*
SEl 1.59*
SE3 1.44
HE3 1.39
NAE3 <1
NAE3 <1
NAEl <1
HEl <1l
SE3 . <1

SNE1
SNE1
SNE3
SNE1
SNE3
SNE3
NAE1
SEl
HE3
SE3
HE3
SEl

vSs
vs
Vs

Vs’

vSs
vs
vs

WVL
HE1l
SEl
NAE3
NAE1
SE3
HE3
SEl

vs NAEl

Vs
vs
V5
vSs

NAE3
NAE3
SE3
HE1l

Signifiicance based on .05 level.

“r
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SNE1
SNE1
SNE1
SNE3
SNE3
SNE3
HE1
NAEL
NAE3
HE3
NAE3
HE1

SOL

Vs
vs
VS
VS
vS
VS
Vs
vs
vs
vs
vs
VS

SEl
NAE1l
HE1l
SE3
HE3
NAE3
SEl
SEl
SE3
SE3
HE3
NAELl

3.74%*
3.23*
2.75%

2.33%
"1.74%

1.56
<1l
<l
<l
<1
<1
<]l
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