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_ ABSTRACT -

The possible role of sex steroids if intermediary metabo-
lism has been the subject of nume;:;é studies for the past
twenty years ( Beck, 1969; Sutter—Dub et al., 1981; Mendez,

1 1985). Attention concégsing these effects of sex steroids on
carbeohydrate metabolism has centered around the roie played
by progesteroné in pregnancy-induced diabetes, the effe?fg of
synthetic hormones found in contraceptive preparations-. on
carbohydrate and lipid metabolism ana finally the effects of
the naturally occuring hormones of qhe mgnstrual cycle, pro-
gesterone and estrogen, on metabdlism. However , the results
of these studies are not in agreement and focused .more on
., the effects'of estrogens rather than thoseé of progesterone
éﬂ metabolism.

Therefore, a study was undertaken to Adetérminé the
effects of progesterone on carboh&drate metabelism at rest - .
and.during exercise in the rat. The animals used 1n this
study were female rats of the Wistar strain and weighea
between 175 and 200 grams when the study began. In order to
better isolate-the effects of progesterone, the animals were
ovariectomized and divided ipto'three goups. Two groups of

. animals received a hormone replacement therapy consisting of

surgical implantation of Silastic tubing filled with crys-



talline progestérone (P4). One gréup of rats receivéd tubes
measuring 1.5 ;m whereas the other group received: 4.0 cm’
long Silastic implants. It was thought that this difference
in the length of the Silastic tubing would produce signifi-
cantly different plasma levels of _progesterone since it was
shown that the c¢irculating levels of homone produced by
eimplantation of Silastic tubes Qary according to the length
and diameter of the Silastic tubing (Weick, 1977, 1984). The
third groups of rats fgceived no progesferone but were fit-
ted with én empty implant measuring 4.0 cm. The treatment
lasted for either 7, 14 or 21 days:

The exerfise protoceol consisted of the rats running on a
rodent motorized treadmill five days a week. for the duration
of the treatment. Blocd c¢ollection was done three days
after ovariectomy to verify the: success of the surgery
(determined by low levels of progestercne), three days after
impl;ntation of the Silastic tubing and again at sacrifice
in order to determine the progestercne levels achieved
through this method.

On the last day of the treatment the animals were either
sacrificed at rest or after a run to exhaustion on the
treadmill. Muscle samples from the soleus, plantaris and
white vastus lateralis muscles and tissue sample from the
liver were taken at the time of sacrifice in order to deter-

mine the resting and depleted levels of glycogen oE\these

tissues. Plasma levels of glucose were alsoc measured. The

- yi -



running times and weight gains of the animals were also
recorded.

The results of the present study show that ?mplantation
of Silastic tubing fillea with progesterone results in high-
ly variable levels of the hormone among rats of the same
groups and in the sa rats over a period ¢f time. I£ was
also found that the levels of P4 achieved through implanta-
tion of Silastic tubing were consistently Llower after 21
days than after 7 or 14 days. Finally, analyses of progest-
erone_levels'alio show that P4 levels are higher in animals
receiving a 1.5 cm long Silastic implant than in rats
receiving a>4.0 cm implant. ’

It was found that long term progesterone treatment
results in elevated plasma glucose levels at rest. These
results are in agreemgnt with those of Sutter-Dub et al.
(1981, 1382). Furthermore, iF was found that this P4 induced
hyperglycemic state was more important in animals which
received a 1.5 cm implant. |

It was also found that P4 treatment results in lower gly-
cogen levels in both scleus and liver at rest when compared
to glycogen levels in ovariectomized non-treated rats. Gly-
cogen ;evels of white vastus lateralis and plantaris muscle
were also found to be lower in progesterone treated rats
than in rats which were ovariectomized but did not receive
the progesterone treaﬁment. However, these differences were

not found to be significant.

. = vii -



Finally results concerning running performances show that
|rats which received the progesterone treatment ran signifi-
cantly longer fhan the untreated animals therefore suggest-
ing that proge;terone. treatment may result in a sparing of
the cérbohydrate reserves during work and/or in a greater
utilization éf fats as a source of fuel during exercise,
since Sutter-Dub et-al. (1981, 1982) have consistently
sh6Wed that progesterone resulted in an accelerated rate of
lipolysis. )

Lasty it was found that P4 treatment results in a greater

welght gain in rats. These results confirm those of Mendes

pl\
et al, (1985) and those of Ashby et al, (1978). R
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Chapter 1

INTRODUCTION

1.1 Introduction:

The feméle menstrual cycle and its chgracteristic hormen-
al fluctuations have concerned researchers for a century
now. :he posgible relationship between ovarian hormones and
physical.exercise.has been observed as early as 1890 by Van
ott whén his findings demonstrated an influence of the men-
trual cycle phase on energy balance in women.

Because of women's incréasingl participation in sports,

) .

there h#s been renewed interest in the 1link between female
performance and menstrual function. Research stemming from
this interest has, over recent years, addressed three main
guestions. The first area oﬁninterest concerns the effect of
agute exercise and/or training on menstrual function and the
ovarlian-pituatary axis hormenes. A survey has suggested that
exercise and training affect - menstrual function. Zaharieva
(1965) -surveyed a number of female athletes at the Tokyo
Olympics and found that 27 out of 65 competitors experienced
disturbaqces in their-menstrual cycle, all of which were
relatéd to training.

A second important question resu{;ing from the interest

-
in performance and the menstrual cycle is the effect of the



- . ’ ’ 2
latter on exercise. Jurkowski et al. (1978) in a study on
the hormonal‘responses te eXxercise found tﬁat time to
exhaustion at maximum power output was increased in the
luteal phase i.e. when levels ?f progesterone are high. ?his
discovéry and other findirgs én the effects of natural gnd’{
synthetic estrogens on carbohyd>ate and lipid metabolism at
rest led researchers (Matute, 1973, Beck, 1973) te study the
effects of the menstrual cycle on blood metabolites and
substrate utilization. Lastly, in a sfudy'done by Gofski et
al. (1976). in which the effects of another stéroid, estra-
diel, on carbohydrate utiiizatioﬁ during exercise 1in rats
were studied, it Qas found through muscle samples and blood

metabolite analyses that the steroid had a sparing effect on

carbohydrate reserves during exercise in rats. °

1.2 Rationale:

The discovery and subsequent widespread use of many prep-
aratiens of oral contraceptives have prompted researchers to
study the physioclogical effeéts of female sex steroids, both
natural and synthetic. -A great deal of research on the sub-
ject is still being done toddy. Furthermore, the increasing
use of anabolic steroids as a training tool for endurance
.and strepgth training has generated a great deal of research
on the effects og both natu;al and synthefic anabolic ster:
olds at rest, but especially durind—acute or chronic exer-

cise. However, little information is available on the



3
effects of either mnatural or synthetic female sex steroids
on both carbohydrate énd lipid metabolism during acute and/

\
or chronic exercise. Therefore the rationale for this study

was to fulfill the need to gaih‘{urther information on the .

e T /———-_

. . r — et
effects of progesterone administration on carbohydrate
metabolism using a rat model. Furthermore the avéilable

infeormation en the subject contains several discrepancies
between studies concerning method of administration, levels
of Thormone administereda and/or achieved and duration of

treatment.

1.3 Statement of the problem:

»

The existence of major differences.beyﬁeen studies con-
cerning the method of administration, the widely varying
levels of circulating hormﬁne achieved with these different
metﬁods_and the duration of ‘treatment necessary in order. to
obtain results made it virtually impossible to draw any con--
clusions regarding the effects of progesterone administra-
tion on carbohydrate metabolism at rest and'duringlexercise.

The problem, therefore, was to verify the effects of pro-
gesterone administration on carbohydrate metabolism at rest
and during exercise using the 1implantation of Silastic cap-
sules measuring either 1.5 cm or 4.0 cm in length for either
7, 14 or 21 days. The exercise regiment that the animals

will be submitted to consists o¢f a run on a motorized rodent

treadmill 5 days/week at a speed of 35 m/min and an incline’

\‘\\

FAAN
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of 15 7%. The effects of progesteronebon carbohydrate metabo-
lism during rest and exercise will be verified by;heasuring
blood glucose levels as well as muscle glycogen levels in
soleus, plantaris and white wvastus lateralis muscles and

liver glycogen lﬁzels.'

1.4 Hypothesis:

It is hypothesized that chronic administration of pro-

gesterone (7 to 21 déys) results in changes in carbohydrate

metabolism:

1) It will result in lower glycogen concentrations in both
muscle and liver due to a progesterone induced insulin

resistance in tissue

2) Higher resting glucose levels (creating a state of hyper-

glycemia). .

3) Rats treated with progesterone will exhibit greater run-
ning times than the animals which did not receive the pro-

gesterone treatment.

4) Rats treated with progestercne will gain more weight over

thé course of the study than the,ndn treated rats.



1.5 Scope of the study: -

This study was an analysis of the effects of progesterone

-

on carbohydrate metabolism at rest and during. exercise. The
subjects were rats to which were administered either empty
implants or implants of varying lengths, filled with pro-

~

gesterone and for different durations of treatment.

1.6 Limitations of the study:

Tissue analyses were limited to the soleus,‘thg plantaris
and the white vastus lateralis muscles and the \L}ver. A
major limitation in studies in which Silastic implaﬁfé\are
used as the method of hormone administration is that circai
lating levels of hormone produced by the implants, are depen-
dent upon the weight of th; animal (especially the propor-
tion of tissue that is fdt tissue). In additien, thé length
and diameter of tubing filled with progesterone, will some-
what vary among an¥mals of the same group. Another limita-
tion of the study, 1is thatx even though surgical removal of
the ovaries (ovariectomies) results in an almost complete
decrease in circulating levels of sex steroids (progesterone
and_estrogens) there 1is still a minor contribution to the
ci;;Qlating pool by the adrenal production of steroids and
conversion of androgens to estrogens. The exercise regiment
was limited te an aerobic type of exercise of moderate

intensity.

/\/
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1.7 " Definition of térms:.
Progesterone: .
- ' . e ‘
A steroid ’hormone produced by the corpus luteum, the
adrenall: glands and the placenta. The circulating levels of

this hormone are measured by way of radioimmunocassay (RIA)

and the units are ng/ ml plasma.

élucose: - _ :L o

A Fimple carbohydrate fgund in cireulatioh in the blood .
which’constitutes an important source of fuel for metabo-
ll?ﬁ/ Its circulating levels are measured by a enzyme (colo-

jfmetric) assay and its units are mg/ dL.

élzcogen:

A polymer of glucose whicb_constitutes the storage form
for carbohydrates in muscle and in liver. The glycogen is
évailable for metabolism to glucose whenever there 'is need
for reserve energy. Its concentration in tissue is measured

through an assay technique and its units are mg/ g tissue.

Exhaustion:

’

/
- Exhaustion 1is defined as the time during the run to

exhaustion at which the rats were unable to keep pace with

the treadmill and avoeid the shock grid



Chapter II

REVIEW OF THE LITERATURE

/

2.1 - Introduction:
The purpose of this chapter was to review current con-

 cepts in carbohydrate metabolism, general research on

P

exercise in the rat and the effect of verified menstrual
phases as determined by progesterone levels on substrate
" utilization during exercise.

Y

2.2 Carbohydrate Metabolism:

Carbohydrates represent a major source of caloric intake
and fuel in humans and ‘for most animals. Carbohydrates can
either circulate freely in the blood in the form of hexose
phosphates or be stored in tissue as glycoéen. . Many factors
affect carbohydrate. metabolism and its regulation. Such fac-

tors include hormones, diet and exercise.

2.2.1 Endocrine control:

Endocrine control of carbohydrate metabolism is mainly
regulated by hormenes of the pancreatic islets, insulin and
glucagon. Insulin stimulaées glucose utilization and storage
and inhibits its production. The result is a decrease in

o

circulating levels of glucose. Insulin also affects carbo-
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- . 8
hydrate metabolism.in tissue, mainly in liver, muscle and
fat. The liver is the site for many carbohydrate transforma-

tions (pathways) F

which are mediated by insulin: "Insulin
increases glucose uptake by the liver 'and its storage in the
form of glycogen by inducing .the hepatic¢ enzyme glucokinase
and promoting the glycogen synthase enzyme complex. Insulin
lowers blodd glucose by inhibiting glycog;nolysi; and gluco-
neogenesis by decreasing glycogen phosphorylase activity and
decreasing uptake of amino acids by the liver. Promotion of
glycogen-storage by insulin is accomplished by stimulation
of glycogenesis. |

In muscle, .insulig/fg;jlation of CJ?BSE;drate metabolism
is accomplished through carrier mediated transport located
in the membfane: The process 16 called facilitated diffu-
sion (Berne & Levy, 1883). The exact effect of insulin on
the transport mechanism and/or the membrane receptors 1is
unclear, but it is known that insulin promotes carbohydrate
storage in muscle in the form of glycogen. The effects of
insulin on adipose tissue is similar to that of muscle. Glu-
cose in adipose tissue is metabolized into glycerophosphate
used in the esterification of fatty acids and storeg as tri-
glyceiides.

Glucagon, which 1is alsoksecreted by- the pancreatic

r

islets, but from a different cell type, acts as an antago-

e—
nist te insulin in the regulation of carbohydrate: metabo-

lism. Its secretion 1s stimulated by low levels of plasma
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glucose. This effect appears to be modulaéed by insulin.
Since ,glucegon is a hormone antagonist to insulin, its
actions are directly oggpéite to those of ;nsulin. Glucagon
acts to mobilize carb;hydrates rather than promete their
storage. This effect of glucagon 1is mainly directed at the
liver. GlJcagoﬁ promotes hepatic glucose output by stimulat-
ing glycogenclysis and gluconeogenesis through various
enzymes. Finally glucagon promotes B—oxygation of free fatty

od

acids in the liver rather than their synthésis into trigly-
cerides.

Endocrine control of carbohydrate metabolism is dominated
by insulin actiohs but also includes effects of catechola-
mines and growth hormone (GH). The B-adrenergic effects of
epinephrine and the A-adrenergic effects of norepiﬁéphrine
on glucosg metabolism are directed at the liver and at the
muscle. _In the liver, epinephrine increases glucose produc-
tion by stimulating glycogenclysis through activation of the
enzyée phosphorylase. Epinephrine also stimulates gluconeo-
genesis. In muscle, epinephrine stimulates glycogenqusis
resulting in the production of lactate which c¢an be reuti-
lized by the livér as substrate (Santiago, 1980).

.Growth hormeone (GH) 1s secreted by the cells of the ante-
rior pituatary and is reéponsible "for somatic growth. GH
also affects carbohydrate and fat metabolism in tissue. In

liver, GH acts to stimulate gluconeogenesis. In muscle and

in adipose tissue, GH action consists in decreasing glucose

T e,
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uptake. " In the presence of a prolonged GH excess, plasma

glucose levels rise. Thus GH is a diabetogenic horﬁéﬁeﬁ*”

~

Ay

Considerable attention has been focused in reéent Yéars
on.the hormones of the ovarian-pituatary axis and their role
in metabolism. OGer thg pést decade, research has been
pointing towards a possible link between naturally occurring

'

and éynthetic ovarian steroids con both carbohydrate and lip-

~

id metabolism.

Resear;hfwas first directéd towards the s%ﬁdy of - the pos-
sible metabolic effects of contraceptive ste;oids. In a
review of the effects of contraceptive steroids on carbo-
hydrate and 1lipid metabolism, Beck (1973) reported that
changes in glucose&tolerance with contraceptive therapy are
usually small and related to tﬁe age of the patienf. " He
also-reported that neither estrogens nor progesterone deriv-
ativés haveﬁgqy effect on glucose telerance of normal‘young

/
womén:then ‘taken individually. However, ©Spellacy et al.
(1970) found that when women receive a single large injec--
tion of medrquprogesterone, deterioraticn in glucose—toler-

ance occurs 6 months after the injection. On the other hand,

Beck (1973) reported that Goldman et al (1969) found _no

4 L

deterioration in glucose tolerance when normal women were

administered a combination Af progesterone and testostercone
derivatives for three mont .. .whereas it was reported by
Spellacy et al. ( 1970) that administrdtion of a nortestos-

terone derivative in the birth control pill (in replacement

X
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of a progesterone derivative)' resulted in a greater inci-
dence in deterioration in glucose tolerance. .

When glucose tolerance tests were performed in subclini-
cal diabetic women using contraceptive steroids, it wgs‘
found that these women had a higher incidence of abnormal
glucose tolerance tests (Szabo et al., 1970; Beck et al.,
1969). It would appear though, - that administration of large
doses of insulin may neutralize the hyperglycemic effect of
the various contraceptives. This ability of insulin has beef -
confirmed by animal studies (Lewis et al. 1950). These ani-
mal studies have also demonstrated the ability of sex ster-
oids to stimulate insulin production. Finally, it was found
that estrogens potentiate the hyperglycemic effect of nor-
testosterone, but fhe mechanism by which this is accom-
plished remains obscure. It was postulated that estrogens
may possibly inhibit the biliary excretion of nortestoster-
one derivatives or sloy their catabolism (Beck, 1973).
Finally it can be said that when contraceptive stefoid
administration results in alteratfons in carbohydrate toler-
ance, the magnitude of the change is small and is age relat-
ed {Beck, 1973). It should alsc be noted that when contra-
ceptive steroid treatment is discontinued; cha;;es in
glucose tclerance are reversed.

Cohtraceptive steroids have been shown to have an effect
on lipid as well as on carbohydrate metabolism. Beck's

review revealed that synthetic estrogen administration
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resulted in elevated plasma triglycerides in postmenopausal
women, whereas testosterone derivatives lowered them. Fur-
thermore,. other studies have demonstrated an increase in
very low density lipoprotein (VLDL) .as well as an increase
in triglycerides {( Gustafson et al., 1972). It was also
reported that when Qrogesterone depivatives were used as the,
sole contraceptive agent no changes in triglycerides were
observed (Beck, 1973). Furthermore, it has been shown that
administration of a combination of synthetic estrogens and
progestins results in a twofeld increase in serum triglycer-
ides and that the hypertriglyceridemia was related to the
estradiol dose. Also Beck's study revealed that tgg larger
the concentration of sfnthetic testosterone in the contra-
ceptive preparation , the lower the serum triglyceride con-
centration.

— The mechanism by which contraceptive steroid administra-

tion’ results in elevated plasma triglycerides remains some-

e
. ]
what unclear. It was reported in Beck's review that contra-
ceptive steroid wuse may impair the clearing rate of
triglycerides. It was also found that triglyceride turnover

and removal rate are accelerated in woemen using contracep-
tive steroids and that the increase in triglyceride concen-
trations are due to the rate of triglyceride synthesis
exceeding Ehe rate of triglyceride removal. Furthermore,
the increase in triglyceride concentration is seen predomi-

nantly in the low density lipoprotein fraction ({LDL). It
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would appear that the effects of contraceptive steroids on
both carbohydrate and lipid metabolism are not distinct but
related. The same contraceptive agents {namely nortestoster-
one derivatives) that impair glucose tolerance are also
agents which counteract the hypertriglyceridimic effects of
s?nthetic estrogens.

Concerning cholesterol metabolism, Beck reports that
while a combination of estrogen-progestin modestly incfeases
levels of serum cholesterol, administration of estradiol
alone either lowered or did not affect plasma cholesterol
concentrations. However, large and constant doses of estro-
gen (50 ug/day) have been shown to increase fasting serum
cholesterol levels.

In his review of contraceptives and carbohydrate metabo-
lism, Kalkhoff (1975) feqund that the contraceptive steroids
(particularly estrogens) are capable of diverging effects.
First they may create a state of hyperinsulemia (thereby
lowering blood glucose levels and improving glucose toler-
ance), or they may act as insulin antagonists, in a gluco-
corticoid liké fashion, either alone or in concert with
endogenous adrenal glucocorticoids. Estrogen and progester-
one also affect other hﬁrmones with the combination result--
ing in changes in carbohydrate metabgiism. Estrogens are
Known to increase plasma growth hormone levels and GH has
been demonstrated to have contraifisulin effects in women

taking contraceptives containing estrogens. Progestins, on
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the other hand, have been found to significantly suppress
plésma GH, and <can also alter glucose homeostasis when
administered in doses conéidefably above that found in con-
traceptive steroids. These carm” induce hyperinsulemia and
decrease gluccse tolerance.

Matute et al.' (1873) studied sex stercid influence on
hepatic gluconeogenééis and .glycogen formation%n female
rats. The animals were divided into for 4 groups and
received subcuéaneous injectioné twice daily for 21 days.
Control rats_received sesame o0il alone. Réts from the other
three groups received either estradiol benzoate in sesame
6il in total daily dosages of 2.5 ug for 14 days and 5 ug
for the final 7 days, progesterone in o0il in a total daily
dose of 2.5 mg for 14 days and 5 mg during the final 7 days,
or a combination of estradiol benzoate,and progesterone for
21 days in daily dosages equivalent to those given to the
animals receiving either hormeone alone. Results showed that
when estradiol and progesterone are administered in combina-
tien, 1in wvivo incorporation of alanine and ‘pyruvate into
glucose 1is suppreésed. It was shown that gats receiving pro-
gesterone alone or in combination with estradiol showed a
significantly greater welght than control rats, although
rats receiving estradiol alone gained slightly less weight
than control animals, the difference was not significant.
All hormone treatments resulted in greater liver weights

than those of contrel rats. with the greatest values being
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seen in the rats either receiving progesterone alone or in

combination with estradicl. Each hormone treatment resulted

in an increased liver glycogen deposition, with the increase
being significant in rats receiving either progesterone
alore or in combination with estradiol. It was also found
that hormone -treatment did not result in changes in plasma
glucose, but significantly higher levels of insulin were
found in rats receiving sex steroids. Hyperingﬂféﬁfg.;gﬁult—
ing from sex steroid administratien was asso£¥%éed-;ié£ pan-
creatic islet bypertrophy in the rat. 1In thilleiperiment,
progesterone administration by itself did not resqlt in glu-
cose intolerance even though the steroid had an inhibitory
effect on liver gluconeogenesis.- v

1

Finally Matute et al. conclude: These observations sug-

gest that natural estrogens improve carbohydrate tolerance

on the basis of three primary effects: 1) hyperinsulemia, 2)

depressed hepatic glucose release, 3) increased peripheral
utilization of substrate. Progesterone shares the firstptwo
Ly
actions with estrogens, but its ameliorative effects on
carbohydrate tolerance from these standpoints may be count-

erbalanced by opposing contrainsulin actions in extrahepatic

tissue."

Mandour et al. (1977) studied the mechanism of estrogen %

and progesterone effects on carbohydrate and lipid metabo-
lism in ovariectomized rats receiving either 17-B estradiol

or progesterone daily. They found that 17-B estradiel admin-

{

//ﬁ\\\;]A
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istration resulted in elevated -plasma triglyceriées and
reduced plasma glucose levels. Progesterone administration
however did not produce any significant results. Further-
more, estrogen treatment resulted in decreased ciréulating
levels of insulin with doses of 10 and 100 ug but had no
significant e{Eectdén insulin in doses of 1 ug/kg/day. The

two larger doses also produced a reduction in plasma gluca-

gon levels whereas the smaller dose did not produce a sig-
nificant effect. Progesterone administration in doses of 0.5
and 5 mg/kg/day resulted in a significant increase in circu-
lating insulin levels. The plasma*ylucagon levels were pro-
portionally increased. . -

Estrogen treatment was also reported to have increased
the limiting enzymes of f;pogenesis in liver while gluconeo-
genetic activity was inhibited. O©On the other hand, progest-
erone administration did not produce any changes in piasma
glucose or triglyceride levels. It should be noted, however,
that in order to obtain significant results Mandour et al.
used considerably larger ddses§h£ the steroids and did not

define the duration of the treatment.

In 2 study in which giucose tolerance and plasma "insulin

of the rat were investigated in“relation to the estrous
cycle, Bailey et al. {1972) reported that at estus, plasma
. Py

insulin levels were highest and glucose tolerance greatgst.\
At diestrus, plasma insulin levels were decreased and glu- .
cose teolerance was reduced. At both proestrus and metestrus,

no changes were observed.
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In order to verify the possible contribution of sex ster- -
oids in the manifestation of these effects, adminstration of
both estradiol and progesterone was undertaken. Gonadectom-
ized rats of both sexes were given daily injections of 17-B
estradiol-3-benzoate in doses of 5 ug or progesterone in
doses of 5 'ug. The injections were given intramuscularly
for 14 days. It was found that in the female rat, both
estradiocl and progestercne administration resulted 1in
improved glucose teolerance and increased plasma insulin lev-
els. In the male rats, progesterone tended to lower plasma
insulin levels and impair glucose tolerance while estrogen
did not produce any significant effect.

Sladek (1974) in a study on gluconeogenesis and liver
glycogen in the rat in relation to the oéstrus cycle found
that gluconeogenesis was highest at diestrus as demonstrated
by elevated blood glucose levels and lowef serum insulin

“levels. Liver glycogen content was founé,to be highest dur-
ing proe;trus, lowest at estrus and slighly increased during
metestrus and diestrus. Sladek's results concerniﬁg gluco-
neogenesis are in accordance with those of Bailey et al.

The revieQ on the effects of sex steroids on carbohydrate
hetabolism has provided evidence suggesting that sex ster-
0id's influence on carbohydrate metabolism is most probably
mediated by insulin and glucocorticoids such as cortisol.
“Studies in human subjects suggest a possible role of sex

steroids in the contreol of insulin receptors. This control
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appears to exist at the level of receptor concentration

rather than receptor affinity.

2.2.2 Effect of diet:

The second major factor affecting carbohydrate metabolism
is diet. Studies have shown that diet content and frequency
of feeding play an important role in glycogen metabolism.
Carbohydrates are a major source of fuel béth at rest ag&
during work. Therefore, they form the larger part of the
diet consumed in humans. Also, wuntil recently, it was.
believed that carbohydrate storage in the form of glycoagen
in the liver‘ and muscle remained unaffected by_nutriﬁional
conditions. However, recent studies have demonstrated an
effect of frequency of feeding'on carbohydrate metabolism.
Cohn et al. (1969) studied ‘the relationship between frequen-
cy of feeﬁing and the quant;ty of food and its efngt on
carbohydrate metabelism. It was found that when animals have
free access to food rather than being meal fed at specific
times, the average amount of food consumed each day is
greater in the rats fed ad libitum than in the meal fed ani-
mals. The effect of a greatei foed 1ntake as well as differ-
ences 1in feeding freguency was that in animals fed ad libi-
tum there waé greater removal of glucose and a greater
deposition of tissue glycogen. Furthermore,y the underfed
meal fed rats exhibited a greater sensitivity” to tﬁe‘hypo-

glycemic effect of insulin and removed glucose ap a greater -

rate than the animals fed ad libitum. However, when the meal
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fed rats were force fed to increase their caloric intake to

that of tﬁe rats fed ad libitum, the results obtained were
opposite: the force fed animals were less sensitive to insu-
lin and showed a delay in the clearance of glucose. In a
study whereAthe effects of glucose ingestion on food intake
were studied, it was found that when glucose is administered
orally or intravenously, there results an inhibition of food
intake for some time ; even after complete absorption of the
stomach load. Food intake suppression could therefore not be
attriguted to stomach distention and a feeling of satiety.
It was concluded from the study -that when animals are fed a
100% carbohydrate meal, the metabolic effects are to
increase the intensity and duration (subsequent meals are
smaller and usually delayed) of satiety and result in a sup-
pression of appetite (Booth, 1978).

Other studies have demonstrated similar alterations in
metabolic pathways due to feeding pattern. Léveille (1967)
studied the effects of meal feeding in rats versus ad libi-
tum feeding on tissue glycogen and iiver welght. Contrary
to other findings (Cohn 1969), Leveille found that the meal
fed animals consumed about 30% more food than the animals
fed ad libitum. Furthermore, it was found that the meal fed
rats had higher fasting liver glycogen levels than the rats
fed ad libitum. These results are in accordance with earli;
er results'reported by Tepperman & Tepperman (1958). Lev-

eille also reported a greater rate of glycogen depositioh in

1
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the diaphragm muscle . -and in adipose tissue +han in tissues

of the'animals having free access to food. .In contrast to
the findings in diaphragm and adiposg/tissue, the rate 6f
glycogen accumulaticen in liver was? found to be similar in
both groups. Liver weight increas? after feeding was also
found to be similar in both groups tah glycogen showing the
greatest percentége increase. Finélly, intraperitoneal
administration of glucose resulted .in a 128Y% ia;rease in
glycogen content of adipose tissue in meal fed rats whereas_
glycogen content of adipose tissue of rats fed ad libitum
was not altered. ’These results tend to demonstrate a defi-
nite metabolic adaptation to feeding frequency with adipose
tissue showing the greatest adaptability to meal feeding
with respect to glycogen accumulation and with meal fed rats
showing the greatest‘ability to dispose of glucose and a
more rapid lipogenic capacity.

| Conlee et al. (1976) studied the effects of food consump-
tion on skeletal muscle glycogen in different types of mus-
cle. It was found *that when rats are fasted for a 24 hour
period, a marked decline in glycogen concentration of all
muscle samples followed. However there wer; marked differ-
ences between glycogen concentrations in different muscle
types in relation to fasting. The difference in glycogen
content between the fed -and the fasted stateé was twice as
great in the soleus and red‘vastus as Eompared wifh the gas-

tronemius muscle, with the fed animals exhibiting the high-

ist glycogen levels,

|
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2.2.3 Effects of diurinél variations:

Another factor which has been found to affect carbo-
hydrate metabolism consists in a circadian cycle or a diuri-
nai variation. Sollberger (1964) found that glycogen content
in livefoof rats was not stable over a 24 hour period,' but
fluctuated widely and that these variations were related to
feeding. It was also believed at the time that liver was the
only tissue in which fhese wide fluctuations could be seen
~and that skeletal muscle giycogen content ’was stable
(Androvny, 1969, Russel, 1956). However, more. recent studies
(Conlee, 1976 and Conlee, 1979) have demonétrated that skel-
etal muscle glycogen as well as liver glycogen fluctuates
over a.24 hour period and is affected by food consumption. '

Conlee (1976) found in a study where rats were kept on a
ligﬁt schedule from 7:00-19;00 (dark period 19:00-7:00) that
food consumption was greater during the dark period. It was
also found that liver glycogen concentration fluctuated
greatly over a 24 hour period, from a peak value at 12:00 h
(light period) to a nadir at 20:00 h (dark period). Skeletal
muscle glycogen content exhibited a similar diurinal wvaria-
tion. It was determined that in the 'red vastus lateralis,
glycogen values ranged from alpéak of 8.3 mé}g at 8:00 h to
a nadir of(L.7- mg/g at 20:00 H. The most rapid decline in
glycogen values was seen between 8:00 h and 12:00 h wherears

values between 12:00 h and 24:00 h were found to be rela-

tively stable. In soleus muscle the diurinal fluctuations in
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gl;:ogen content proved to be similar to those of red vastus
lateralis. Glycogen values rose from a nadir of 3.2 mg/g at
20:00 h to a peak of 6.6 mg/g at 8:00 h, with the sharpest
declinelobservéd between 8:00 h and 12:06 h;' Finally, the
white portion of the vastus lateralis muscle did not exhibit
‘sharp fluctuations iﬁ glycogen concentration, showing a peak
value of 7.3 mg/g at 8:00 h and declining gﬂ%&ually te a low
level of 5.7 mg/g at 24:00 h. Clark (1979) c;Lso locked at
the effects of diurinal variations on glycogen content of
liver and ékeletal muscle in rats. The study established
that fed animals had considerably more glycogen stored 1
skeletal muscle in the morning than in the afternoon whe
the light cycle was established from 7:00 h to 19:00 h. Dif-
ferent muscle types exhibited different variations in glyco-
gen levels. The decline in gly&ogen level due to diurina
variations was found to be 16% in the fast twitch'whitéf“ %
in fast twitch red and 55% in slow twitch red muscle. Liver

glycogen content also exhibited a diurinal fluctuation and

showed a decrease of 46% from morning to evening.

N

2.2.4 Effect of exercise:

Finally, exercise has been found to signif%céntly affect
carbohydrate metabolism. Carbohydrate metabolis% provides
the major source of fuel for the skeletal muscles during
~work. fhe stimulatory effect of exercise on glucose uptake
by skeletal muscle was first noted by Chevreau & Kauffman in

1886. Since then, studies have shown that during physical

L//
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exercise, bqth liver and skeletal muscle glycogen content
decreases significantly, in both human and animal subjects
(Bergstrom, 1967, Blacwacka, 1978, Clark, 1979). It was dem-
onsE{EEgd-that the steepest fall in glycogen content occurs--
in the initial period of exerciée (Bergstrom, 1967, Blacwac-
ka, 1978,'Hermansen, 1967). Liver and skeletal muscle carbo-
hydrate metabolism'during work is dependent upon two compo-
nents of exercise: intensity and Auratiog. It has been shown-
that during heavy éxercise in man blood glucose may supply
30-40% of the toﬁéi enefgy required by the exercising mus-
cles to sustain work (Felig, 1975). During prolonged moder-
ate exercise, liver and skeletal muscle glycogen storeé pro-
vide between 40 and 50% of the enérgy reqguired for . work
{Bergstrom, 1967). It has been.demonstrated in rats.ﬁhat the
rate at which muscle glycogen depletion occurs depends on
the.relative intensity‘of exercise (Armstrong et al., 1974,
Gollnick, 1974). Therefore when glycogen stores are depleted
during prolonged severe e#ercise in rats (60—70-% V02 max.),
the intensity of exercise had to be reduced in o;der for
work to be continqed (Bagby et al., 1975). Furthermore,
Baldwin et al. (1975), found that during severe prolonged’
exercise in the rat, the rate of glycogen deplétion in:skel-
etal muscle differs among the muscles involved in the actiy—
ity and among different muscle fiber "types.

Studies on the development of physical exhaustion during

prolonged strenuous  exercise have indicated that depletion
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cf liver and skeletal muscle glycogenagtoggé plays an impor-
tant rﬁle in the development of fgéigue and the cessation of
work (Ah;borg et al.,1967, Bergsé;m et al., 1967, Hermansen
et al., 1967). Other investigations have revealed that hypo-
glycemia secondary to hepatic: glycdgen depletion develops

before complete exhaustion of skeletal dﬁhcle glycogen

stores during prolonged exercise in rats and may be rES%?n—
‘sible for the development of fatigue. (Hermansen et al.,
1967, Bergstom, 1967). If exercise plays an important role
in the depletion of carbohydrate stores, thié role is great-
ly influenced by a factor that has already been discussed:
diurinal fluctuations. In a study on diurinal variations and
_endurance, Clark et al (1979) reported that in experimental
rats, endurance exercise is influenced by diuginal varia-
tions in liver and skeletal muscle glycogen content. It was
found that there was a 39% difference 1in exercise time
between animals exercised at night (at the end of the light
cycle)}) and the animals exercised in' the morning (at the
beginning of the light cycle),- with the rats killed in the

evening showing the lowest glycogen values. These differenc-

es in glycogen content after exercise between the two groups

carfonly be attgibuted to diuringl variations. Furthermore,
Y

the study revedled that exercise caused an almost complete

. / . _

depletion (96-?7%) of liver glycogen in animals exercised at

both time peﬁééds. It was also found that while exercise

S

—

caused a significant decrease in skeletal muscle glycogen
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stores, there was still considerable glycogen remaining in
the muscle, with the animals exerc;sed in the morning show-
ing the greatest residue. These effects of diurinal varia-
tien in muscle glycogen storg; on exercise were particularly
evident for fast twitch white muscle. Since skeletal muscle
. glycogen content was not completely depleted at -the end of
‘exeréisé.and thus severe hepatic glycogen depletion rendered
the animals hypoglycemic, the authors postulated that
fatigque resglts_from hypoglytemia secondary to liver glyco;.
gen depletion.

The liver and muscle glycogen stores deplgted as a result
of severe prolonged exefcise are later replenished in the
hours following the cessation of ‘work. In a study in rats
(Terjung, 1974) where carbohydrate repletidn after exhaustive
‘exercise was studied, it was found that blood glugose levels
returned to resting levels two hours after exerci;p. It was
also found that the‘rate of skeletal muscle glycqéen reple-
tion varies with the type of muscle fiber studieﬁ? ‘the fast
twitch red muscle showed the most rapid repletion cof glyco-
gen, with the dépleted levels returhing to pre exercise con-
trol values betwee;‘ 1l to 2 hours after exercise. Glycogen
repletion was slowest in white muscle fibers with values
equal only to 74% of the preexercise control levels 4 hours
after exercise. The rate of glycogen repletion in slow

twitch red muscle was determined to be intermediate between

that of faét twitch red and fast twitch white. The rate of
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liver glycogen repletion was very slow, reaching only 47% of
the initial control levels four hours post exercise, .and is
probably due to the greater capability of the liver to store,
glycogen as compared to skeletal muscle (Terjung, 1974).

Considerable evidence has been gathered suggesting that
muscle and liver glycogen repletion is dependent upon subs-
trates from exogenous sources. Fell et al., (1980) compared
glycogen repletion in fasted and fed rats. The author found
that when animals were fasted for 24 hours after exercise,
muscle glycogen wvalues returned to bétween 66 and iOO% of

Vthe resting contrdl values whereas liver glycogen was still
essentially completely depleted; in both the fasted and-the
fed animals, 24 HZurs after exercise. In the fed animals,
muscle glycogen values reached 169% and 353% of the pre
exercise control levels in the white vastus and the plantar-
is muscle respectively. The authors concluded by postulating
that muscle giycogen resynthesis was heavily favoured over
liver glycogen 'repletion when. exogenous sources of carbo-
hydrates were not available and that Earbohydrate starvation
did not preveni rapid glycogen repletion. However, 1in Ter-
jung's stuay, the rats that were fasted for 24 hours prior
to exercise were administered 0.5 g of glucose by stomach
tube immediately after exercise and again one hour later and
were allowed to eat ad libitum. Furthermore none of the

resting control rats were fasted. In a similar study, Gaes-

ser et al, (1980) studied the glycogen repletion rate in
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muscle and liver after continuous (CE) .and intermittent
exercise (IE). The rats in the experiment were fasted for

twelve hours before the exercise and were not administered

= B

.
exogenous substrates nor were allowed food post exetrcise. It -

was found _Fhat an a%most complete glycogen depletion
{94-98%) occurred in skeletal musCcle and liver. Cardiac mus-
cle glycogen depletion was alsbjdemonstrated. The exerciseﬂ
to'exhauspion combined with the resulting depletion in tis-
sue élycogen rendered the anim;ls severely hypoglycemic,
with a decrease of 63% in blood glucose. The study also
revealed that intermittent exercise appears to be more
streszful than conﬁinudus exercise. Time to exhaustion was
significantly longer for éE than for IE. Since liver and
muscle glycogen levels at exhéustion Qere similar for both
types of exercise, it would appear that glycogen utilization
took place at a faster rate duriﬁg IE. The high intensity
sprints characteristic of IE c;ll upon a substantial

recruitment of fast twitch glycogenolitic muscle fibers.

The study also revealed that a substantial cardiac muscle

glycogen depletion took place (49-61%). Cardiac muscle also
4

demons%rated the ability to replenish its stores of glycogen
within 4 hours after exercise while relying solely on
endogenocus substrate sources. Bowever in skeletal muscle,
g;ycogen stores were restored to ‘only half of their pre
exercise control levels.~at 4 hours post exercise when exoge-

nous sources of substrate were not available. It would then

—t
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appear that while skeletal muscle requires exocgenous sources
of substrate in order to replenish its stores of glycogen,
cardiac muscle has the ability to do so by rélying exclu-

sively on endogencus sources of substrate.

2.2:5 The menstrual cycle; progesterone and exercise:

The menstrual cycle in humans and its cgaracteristic hor-
monal fluctuations have concerﬁed researchers for over a
centufy now. The hormones of the ovarian-pituatary axis are
regqulated by a system of feedback control. These hormones
are luteinizing hormone {(LH) follicle stimulating heormone
(FSﬁ)% estradiol (E2) and progesterone (P). These hormoneé"
are - responsible for the regulation of the events  taking
place during the menstrual cycle.

Briefly, one of the follicles produced by the ovary
starts te grow until the fourteenth day of the menstrual
cycle when the follicle is ruptured and the ovum expelled in
the fallopian tube. This event is referred to as ovulation.

From the time of ovulation through the occurrence of menses,

.concentrations of P and EZ are markedly increased. I1f the

ovum 1s not fertilized, the corpus lﬁteum degenerates and
levels of P decrease. Menstruation follows‘and the layers of
the endometrium are shed. Concentrations in LH are quite
stable throughouﬁ the first portion of the menstrual cycle
but surge on one day where the increase is in. the order of

300-400%. FSH concentrations are increased at' about the same

time. It remains unclear why a surge in LH concentration is
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observed on the day prior to ovulation, but it is thought to
play a fdle in the occurrence of ovulation. The portion of
the cycle prior to ovulation is dominated by the development
pf the follicle and so is called the follicﬁlar phase where-
as the portion of the cycle thaé is dominated by the activi-
ty of the corpus luteum is called the luteal phase (Bonen et
al., 1978).

LE and FSH are glycoprotein hormones that are secreted by
the pituitary gland énd whose function consists of regulat-
ing gonadal growth, matgration, reproduétive cycles and
steroid secretion in both sexes. The regulation of LH and
FSH secfetioﬁ is highly complex, since it is done in a pul-
satile, cyclic, periodic and diurinal fashion.Thg;r secre-
tion by the pituitary gland is stimulated by a hypothalamic
releasing factor-luteinizing hormone (LHRH) which creates a
greater secretion in LH than in FSH. LH and FSH secretion 1is
also regulated by a.fee&back system from the ‘gonads. The
major estrogen, estradiol,_inhibits the release of LH. Neg-
ative feedback control of FSH release is accomplished by a
specific substance produced by the gonads and is calied
inhibin. Progesterone also participates in the regulation of
gonadotropin release. Progesterone administration results in
a rise in plasma LH levels 24 to 48 hours later.

The sex steroids found 1in both sexes originate from a
common pathway. Testosterone, estrogens and progestefone

are all synthesized from a common precursor, cholesterol.
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Cholesterol can.either be synthesized from acefyl-COA or
taken up from the circulating pool.

Estrogens and progesterone have extraovarian actions.
During puberty estradiol stimulates growth of thé_internal
organs and breasts but also accelerates linear growth.
Estrog;gg\ire also responsible for the greater adipose mass
found in women. Futhermore, estrogens inhibit bone resorb-
tion. Estradiol also stimulat?s sodium reabsorbtion frgm the
renal tubules and increases thé synthesis of a number of
proteins by the liver.  These include thyroid, cortisol and
sex steroid binding globulins, anglotensinogen and finally
very low density lipoprotein (VLDL). Actions of ﬁrogesterone
are not very well understood, but it is known that progest-
erone increases body temperature by 0.5 degree C at the:time
of ovulation.. Actions of prbgesterone ére mainly centered
around the central nervous system and consist of an increase
in appetité and an increase in sensitivity of the respirato-
ry center to stimulation by COZ. Progesterone 1is also a

aldosterone antagonist. .

The mechanism of action cf the sex steroids consists
involves the molecule freely entering the cell and binding
to 'Eytoplasmic receptors. Following a conformational.
‘change, the regeptor—hormone complex erfters the nucleus
where it induces transcriptional changes"x$sulting in an

increase or a decrease in protein synthesis. Estrogens and

progestercone also have actions on the receptors themselves.
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Estrogens, on one hand, increase the number of progesterocne
receptérs thus priming the tissues fé@’progesterbne acti%ns;'
On the other hand, ; Progesterone decreases the nﬁmber of

estrogen receptors{/' possibly explaining the anti-estrogen

0

effects of progestéqone.

The ﬁetabolism af ovarian steroids can be described as
such: estrogens circulate largely bound to albumin, since
their affinity~ for sex steroid binding globulins is much
lower than that of testosterone. Their metabolic clearance

rates (MCR) are very high. Most of the‘circulating estfadiol

is derived from ovarian secretion while the remaining frac-
) L]
A

tion is metabolized from testosterone origiﬁatihg in the
liver and 'adipose tissue. Estradiol c¢can also be further
metabolized into estrone, which if still metabolized- turns
to estriol. Estrone is the major estrogen compound found in

-

ﬁgst menopausal women. )

. Progesterone also circulates loosely bound to albumin
even though it can bind to cortisol binding globulin but it
is prevénted from doing so because of the much higher levels
of cortisol. During the luteal phase of the menstrual cycle
when progesterone levels are at their highest, progesterone
secretion originates almost exclusively from the. oééries.
During the follicular phase, 50% of the circulating progest-

erone 1is produced by the ovaries while the other half origi-

nates from the adrenal cortex.
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A
With women's increasing participz*tiszn in sports and exer-

~

Ccise, considerable attention has been given to the relation-

ship between the menstrual cycle and exercise. Résearch on

——

the subject started in thé form of suxyé}gi One investigge
tion revealed that 30%;bf‘€ﬁé’ women surveyed at the Toklo
Olympics experienced menstrual éycle disturbances due to
training. * Erdelyi (lé?S) in a study of endurance aEhletes
found them to be more inclined to develop menstrual disor-
ders such as oligomenorrhea and amenorrhea. Shangold (1979)
in a case study inveolving a long dist;nce female runner,
studied the relationship bétﬁeen long distance funninq plas-
ma progesterone and luteal phase length. The study revealed
that luteal phase length varies inversely with the average
weekly mileage run, i.e. the longer the distances run, the
shorter the‘luteal Phase. It was also found that progester-
one levels were decreased during the training cycles.

Bonen & Belcastro {1978) in a s£udy on the effects of
exercise on the menstrual &ycle in teenage swimmers found
that the athletes expe?ienced a much shorter luteal phase

length as compared with control subjects. Furthermore, LH

concentrations were found to be higher and FSH concentra-

tions lower in the follicular phase than that of the_control
subjects. The authors found no differences in the levels of
progesterone and estradiol between the two groups during the
fellicular phase. However, significantly lower levels of

both progesterone and estradiol were found during the luteal
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phase of the swimmers as compared with the control subjecté.
However, it should be noted that the gontrol subjects used

in Bonen's study were women of adult age and it has been
demonstrated that 17.8% of teénage.subjects expériencershoré
luteal phase length without training. Therefore it is possi-
ble that the shorter luteal phase length experienced by the
teenage swimmers may not bé due to training but more so. to
their age. Finally, Bonen's study revealed that when train-
ing is stopped, menstrual disturbances disappear.

In a second study, Bonen et al. (1981) studied the influ-
ence of training on menstrual cycle hormones in 4 ‘teenage
swimmers. It was found that the menstrual cycles of the ath-
letes were shorter than those of the aée matched controls or
of the adult controls. The shorter menstrual cycles of the
athletes were attributed to an abbreviated luteal phase. LH
levels were shown to be higher in the follicular phase of
the swimmers as compared with the control groups, whereas -
the FSH values were lower during both phases of the menstru-
al cycle of the swimmers as compared to both contrel groups.
Furthermore, the characteristic FSH peak was not observed in
any of the swimmers. Concentrations of estradiol were found
to be significantly lower during the luteal phase 1n the
swimmers as compared to the controls. Furthermore, progest-
erone values were significantly depressed during the luteal
phase of the menstrual cycle in the swimmers. rThe authers

concluded that the cycles of the swimmers must have been
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anovulatory and that the corpus . luteum failed to work prop-
er;yu Finally, it shduld.be ndted that the numbef of experi-
‘mental subjects used in the study was small.

Other investigations studied the acute effécts o% exer-
cise on the menstrual cycle hbrmones. Bonen ét al.. (1979)
studied the effects ¢f 30 minutes of exercise at.75% of VO2
max. on the response of FSH, LH, estradiol (E2), and pro-
gesterone (P) 1in 10 women. It was found that exercise of
such intensity was a powerful stimulus for increasing the
plasma ievels of preogesterone and estradiol. P concentra-
tions were raised by 37.6% above the resting levels and
estradiol cencentrations increased by 13.5% above resting
levels. The exercise bout did not exert ahy effect on the
concentration of either FSH or LH. Furthermore, hormone
measureménts were taken when the subjects exercised at dif-
ferent times in the menstrual cycle. The results showed that
increases (of the same order of magnitude) in progesterone
occurred during both menses and the luteal phase. However,
the exercise bout did not result in an increase in estradiol
levels during menses. At the end of the experiment, the sub-
jects were trained for a 8-11 week period and were subse-
quently retested. It was found that concentraticns‘of P and
EZ2 wefe no longer increased as a result of the exercise
period. However, it should be noted that as a result of
training, the workload imposed no longer represented 75% of

V02 max. but only 68%. Therefore it cannot be determined
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. wﬁethef the differences in P4 and E2 levglé before and after
training are dué to £f¥raining' effect or.té a decrease in
intensity of work. Furthermore, even thouéh all of the. sub-
jects exhibited normal menstrual c¢ycles prior to training,
the cycles becamé‘iéregular during the training perioa. It
was thgrefore impossible'for the investigators to determine
‘inAwhich‘phase of.the menstrual cycle the subjects were in
when retesting took place. |
Juriowski et al. (1978) examined thé,effects of exercise
on the ovarian and gonadotropic hormones as well as the
effect of exercise inténsity and menstiual cycle phase on
hormonal, cardiovascular and respiratory responses.v The
testing protocel consisted of the subjects exercising on a
bicycle ergometer for 20 ﬁinutes at 30-35% of maximum power
output, 20 minutes at 60-65% and finally to exhaustion at
80-95% of max. power output. The exercise intensities were
considered to be light, heavy and exhaustive. It Qgs found
that progressive exercise was associated with low levels of
progestercne and e;;radiol in the follicular phase and with
high levels of}the steroids during the luteal phase and did
not result in  any differences in heart réte or ventilation
between the two phases. Thgi result is in contradiction wfth
the results found at rest where it was found that during the
luteal phase, where progesterone levels are highest, arteri-
al partial pressure of carbon dioxide (PaCO2) is lowered due
to an alteration in sensitivity of the respiratory control

center.
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In the follicular phase, progesterone levels were low and

changes were detected with exercise, whereas changes in E2

concentraé;ons were 51gn1£1cant only at exhaustion. During

the luteaf)phase progesterone levels were increased signif-

icantly at all exercise:intensities. Increases in E2 levels

were observed for all intensities of work, but the results

were significant only during heavy and exhaustive exeréise:
ESH'concenéfatiops did not change with exercise during the
luteal phase but changed significantly at the end of heavy
exercise or at exhau;tion. LH levels did not change with
exercise in ﬁze follicular phase or the luteal phase. Final-
ly, the study revealed that time to expaustion was_increased
in all subjects during the luteal phase (at 90% of maximum
power output;. The physiological reason for this is not
apparent. Howevef, as previously mentioned, it would‘Eppear
that ovarian steroids, particularly estrogens, affect carbo-
hydifate metabolism in- such a wey as to ingrease peripheral
glucose uptake by insulin sensitive tissue such as muscle,
mest likely by - increasing the number of insulin receptors.
Furthermore, some studies ﬁave shown that high levels of
circulating ovarian.steroids, particularly progesterone,
stimulate, hepatic glycogen deposition which can be used as
fuel during exercise.

A questlion can be raised concerning the increase 1in ova-

rian steroid levels with exercise observed in several of the

studies reviewed thus far. The increases in circulating lev-
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els of ovariaq steroids with exercise can either result from
an increase in secretion by the ovaries and/or adrenal cor-
tex, or from a decrease in metabolic cleﬁéance.'Most of the
studies in which an -increase in the circulating -levels of
the hormones was found did not attempt to investigaté& the
origin or cause of these increases, mostly because of the
limitaticens in the téchniques used. Fh:;héf;ore, it has been
deﬁoné&raped that exercise produces a 30% decréase in hepat-
ic bloed fldw (ﬁowell, 1974). Therefore, many ha;e posfulat-
ed that the increases in plasma levels of ovarian stéroids
observed during exercise must result from a decrease in -
metabolic'clearénce since the steroid hormones are degraded
in the liver.

Keiser et al. (1980) studied thé'effect of pﬁfsical_éﬁar-
cise on the metabolic ¢learance rate.of estradiol (E2). Six
'subjecté were exercised on a bicycle ergometer for a period
of 10 minutes at 70% of V02 max.. Their results showed an
average .of 36% decrease in the métabolic clearance rafe
{MCR) of E2. The variation between the subjects fér MCR was
considerable, the range falling between 18-67 %. The authors
postulated that their results explain the findings of Bonen
et al. and Jgrkowski et al. However, Keiser et al. found
in their studyﬁ that trained éubjects experienced a sharper
decrease in M?B)than did untrained subjects. From this, it

would appear safe to speculate that trained subjects should

exhibit higher circulating ' levels of the sex steroids than
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untrained subjecﬁs‘during exercise. However, the literature
is unanimous in d;monstrating the lower leééls of- P.and E2
during exerciée after training (éonen et al., 1978, Shan-
gold, 1979). -

Since changes in hepatic and extrahepatic clearance can-
not solei& account for the changes observed in MCR of the
sex steroids during exe;cise, Keiser ét al. (1982) reviewed
. the relationship between exercise, MCR and biological activ-
ity pf the sex se?oids. Blood production rate of steroids

(the rate at which the substance appears in the blood) is

derived mostly from the ovaries with a/small fraction being_ .

secreted by the adrenal cortex. Metabolic clearance 1is

accomplished through hepatic and extrahepatic metabolism.

Biological activity on the other hand is determined by the
ovarian steroids association to plasma proteins. The ovarian
hormone dynamics have been reviewed in a  previous se;tion.
It was revealed that the sex steroids circulate loosely
bound to albumin. The hormone fractions that are responsible
for biological activity of the hormone are the free fraction
and the fraction which is associated to low affinity binding
protein such as albumin. . Hormene-protein binding dynamics
are affected by physiological factors such as temperature.
An increase 1in blood temperature will result in a higher
percentage of unbound hormone. Exercise of hoderate inten-

sity has been shown to result in an increase in blood temp-

erature and therefore result in a higher percentage of

e

——
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unbound and biologicaily active steroids. Since the hormone
measurement techniques used in most studies only measure the
free fraction, it appears possible that the increases iﬁ

‘ovarian steroids observed during exercise may be partly due

n to a higher free fraction of the hormone brought about by an
CN ‘

!

v

. ses to exercise during the menstrual éycle, Stephenson et

\Kincrease in blood temperature. -
‘ .

f’ In a study on the metabolic and thermofegulatory respon-

~
al’ T(1982) found, contrary to results reported elsewhere

(Jurkowski et al., 1978, 1982), that time to exhaustion dur-
ing exercise was not affected by menstrual cycle phase. Fur-
thermore, all of the cardiovascular and respiratory parame-

ters measured 1in Stephenson's \study remained unchanged

during the menstrual cycle. Variables such as oXygen pulse,
oxXxygen consumption (V02), carbon dioxide preduction (VC02),
tidal volume (Vt), respiratory rate (Fr) and respiratory

exchagge ratio (R) were unaltered by menstrual cycle phase
both :at rest and durig exercise. However, thermoregulatory
data revealed a significant increase in core temperature at
rest and at all intensities of work during the follicular
phase.

Jurkowski et al. (1981l) studied the effects of menstrual
cycle phase on blood lactate, 02 delivery and performance
during exercise. The authors.found no differences in maximum
power output, heart rate (HR), stroke volumé (SV), cardiac

output (Q), oxygen consumption {(V02) and carbon dioxide pro-
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duction (VCO2), between the follicular and the luteal phase
for all exercise inténsities. '"There were no‘ differences
ébserved in partial pressure of carbon dioxide (PCO2),  pH'
and bicarbonaﬁe ({HCO3=-) between the follicular phase and the
lufeal phase at resﬁ. At exhaustion, a decrease"in pH was
ébserved in both the folliculatY and the iuteal phase but the
decrease was significant only in- the follicular phase. A
decrease in plasma bicarbonate &as also observed with exer-
cise in both phases this decrease was significantly greater
in the follicular phase than in the luteal ph;se. Lactate
lévels were found to be slightly but significantly elevated
both at rest and during exercise 1in the follicular phase aé
compared with the luteal phase. The magnitude of the rise in
lactate 1levels was found to parallel the fall in plasma
bicarbonate dbserved in both phases. Consistent with their
previous findings (Jurkowski et ai., 1¢78), the authors
foﬁnd that time to exhaustion was doubled in the luteal
phase at maximum power output. It was postulated that the
lower plasmé'léctate levels observed during the luteal phase
are a result of a decrease in efflux of lactate from the
muscle. This has only been demonstratea though in the pres-
ence of much greater changes in bicarbonate than the changes
observed in the 1luteal phase at rest. It is unlikely then
that decrease in lactate efflux from the musclé is responsi-

ble for thé’.lower lactate levels observed both at rest and

duriné exercise during the luteal phase. The role of pro-
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gesterone and estradiol in carbohydrate metabolism may pro-
-. vide a mechanism by which lower lactate levels in the ;ute;l.
phase can bse explained. i£ has been demonstrated that plasma
catecholamine levels;g}ncrease in a greater proportion when
"exercise is performed in the follicular phase as compared
with the luteal phase (Sutton, 1978). It is known that the
catecholamiggs, particularly epinephrine, incréase the rate
of glycolysis during exercise resulting in highef plasma
levels of lactate. It is therefore possible that the differ-
enles in plasma catecholamines observed between the follicu-
lar and the luteal pﬂase may mediate the effects of sex
steroias on carbohydrate metabolism and blood metabolites
during exercise.

Dalsky (1982) studied the effects of progesterone levels
" on substrate utilization during exercise in untrained, mod-
erately trained and highly trained female subjects. When
progesterone measurements were taken at rest to determine
the phase of the menstrual cycle in each subject, the
expected elevated progesterone levels in the luteal phase
were ﬂot obtained. Consenquently, the author divided the
data into four subphases: follicular low-P4, luteal low-P4,
luteal medium-P4 and luteal high-P4 instead of by menstrual
cycle phase. The ~tesults obtained show that serum glucose
levels were unaffected by subphase or group {untrained, mod-

erately trained and highly trained). . Blood lactate analysis

revealed-an effect of subphase and group, with‘fhe trained
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subjects and the subjects in the high-P4 subphase showing
the lowest lactate levels, but the results did not reach
statistical significance. Contrary to results obtained at
rest by other investigators (Reinke et al., 1972)), EFFA lev-
els were found to be higher in the luteal medium-P4 subphase
than in the luteal high-P4 subphase, Respirétory data col-
lection revealed that no differences between groups or sub-
phases occured in minute ventilation, oxygen consumption and
respirator? exchange ratio. The similarities in R wvalues
indicate that there were no differences in the percent éf
calories derived from fat between subphases. The author con-
cludes that there are no apparent effects of progesterone
levels on substrate utilization and blood metabolites during
exercise. .

A study on the effects of menstrual cycle on the metabol-
ic responses to exercise (Bonen et ai.,l983) verified the
relationship between nutritional state and menstrual cycle
phase and its effect on certain metabolic parameters. The
exercise protocol consisted of a B0 minute walk on a tread-
mill (30 minutes at '40% V02 max. and 30 minutes at 80% V02
max.). The subjects were divided into three groups: fasted,
glucose loaded and control. Results concerning the endocrine
response revealed that there were no differences between the
nutritional groups for FSH, LH and cortisol in the fwo phas-
es of the menstrual cycle. Metabolic responses such as glu-

cose, lactate and glycerol were similar for all nutritional



- f . 43
groups in the two phases. However, in’ the glucose loaded
group, FFA response\was found to be 1lower in the luteal
phase. The authors also observed an increase in insulin and
GH response in the fasted subjects during the luteal phase.
-Furthermore,f plasma pregesterone 'leQels rose significantly
in the contreol and glucose loaded groups during the luteal
phase whereas no alterations in P 4 cohcentratioﬁs were
found in the fasted group in either»phase. It 1s not known
whefher the fasting was responsible for the lack of progest-
erone résponse.- Finally the authors advise that the nutri-
tional status of the subjects should be taken into account
when_ studying metabolic responses to exercise during the
menstrual cycle, since FFA response in the luteal phase was
different between the nutritional groups.

Gorski et al. (1976), in a study of the effect of estra-
diol on CHO metabolism during exercise in the rat, found
that in the estradiol tréated females, liver glycogen was
iower than in o0il injected females. However, at the end of
one hour of swimming, it-was found fhat liver glycogen lev-
éls in the estradiol treated rats were highér than in the
.oil injected rats. Muscle glycogen levels in the biceps fem-
oris muscle were found to be significantly lower in the oil
injécted rats than in the hormone treated rats after one
hour of exercise Qhereas in the masseter muscle,. the resting

glycogen concentrations were higher in the estradiol treated

rats than in the o0il injected rats. Similar results were
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found after oﬁe hour of exercise. In the myocardium, it Qas
cbserved that estradioi induces a supercompensatory glycogen
increase after 5 hours of swimming. Biood glucose levels
were shown to be significantly decreased in both groups du;—
ing exercise, the decrease‘being of the order of 51.8% in
the oil treated rats and only 25.5% in the estradiol treated
rats."Therefore,‘ it would‘ appear that estradiél treatment
results in a protective effect againsf hypoglycemia dufing
prolonged exercise. Estradiol has been shown to increase
glucccorticoid and éH secrefion, which in turn decreases
glucose  uptake and increases free fatty acia mobilization.

A series of expefiments were unaertaken b§ Sutter-Dub et
al. (1981) . on the effect of pregnancy and/or progesterone
administration on insulin, CHO and lipid metabolism in both
adipose tissue and skeletal muscle. . 1

In a study on the effects of progesterone on insulin
action during pregnancy, it was found that circulating lev-
els of progesterone and insulin varf‘in a parallel fashion.
It was established that levels of insuiin increase during
pregnancy in the rat from day 11 to 19 and then decrease
from day 19 til parturition to levels usually found in non
pregnant rats. Changes in insulin levels during ﬁregnancy
afe accompanied by morphological changes in pancreatic B
cells such as an increase amount of light granulegj swollen

-mitochondria and distented rough endoplasmic reticulum (RER)

- cisternea. Sutter-Dub et al. (1977) obser&ed that treat-
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ment with estradiocl and/or progesterone fesulted in morphoj
logical B'c;lls changés similar to those' seen during preg-
nancy in the. rat. The hyperactivity of the B cells resulted
in an increased insulin secretion. It would appear .that the
increase in insulin secretion observed followihg ﬁrogester-
one treatment 1s necessary to counterbalance’the inhibitory
effect of progesterone on insulin action i.e. to maintain
egg&ggemia.

-‘Acéo%panied by the insulin resistance that results from
prggnapcy and érogesterone treatment 1is the inhibition of
Iglucoge uptake and the oxidation to CO02 in fat cells and in
mustle and also glu;ose incorporation into glycogen of the
muscle. Time-course studies of progesterone action on dif-
ferentially labelled 14C-glucose utilization by adipose tis-
sue suggest that steroid action on <¢arbohydrate metabolism
may be‘located at the penéose phosphate pathway since it was
shown that progesterone specifically decreases 1-14C glucose
{Sutter-Dub et al. 1981)2 In adipose tissue, glucose can be
metabolized by two major pathways: the pentose phosphate
cycle and the Embden-Meyerhof pathway connected with the
Krebs cycle. The pentose phosphate pathway is the cycle in
which C1 is decarboxylated whereas C2 and C6 are decarboxy-
lated when glucose is metabolized by the glycolytic pathway.
and citric acid cycle. The orde? of appearance of labelied

carbon atoms as CO2 will determine whether the pentose phos-

phate shunt or the Krebs cycle will be taken. As stated pre-

-]
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viously, progesterone inhibited the metabolism of 1-14C glu-
cose but had no effect on either 2-14C or 6-14C suggesting
an—-inhibitory effect of the steroid on the pentose phosphate
pathway but no action onwthe Krebs‘cycle.. Furthermore, the
C6/Cl1l ratio which can be taken as an index of pentose phos-

phate cycle activity was increased by progesteronéi This

increase in the C6/Clil ratio translates into a decrease of

the participation of the pentose phosphate pathway in the

metabolism of glucose. Winegrad & Renold (195é) have shown

"that insulin increases the glucose metabolism in the adipose

tissue by étimulating the pentose phosphate pathway. In this
regard, progeste;one has an antagonistic effect on insulin
action. The antiinsulin action of progesterone results ;n a
general decrease in glucose metabolism.

The step of tﬁé glucose metabolism at which this general
decrease 6ccurs in the presence of progesterone has been
studied by Sutter-Dub et al. {1982) wusing glucose ana-
logues, 2-deoxyglucose and 3-C-methylglucose. It was deter-
mined that progesterone impairs the normal rate of
2-deoxyglucose utilization by the fat cell, but has no
effect on the entry of 3-O-methylglucose into the celi. The
studies revealed that progesterone decreases glucosg megabo-

lism within a few minutes of administration. Traditionally,

it was thogght that the physioclogical actions of steroid

\bormones took several hours to develop since they were

dependent on synthesis of new protein. It was also estab-
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lished that progesterone acts at the early steps of glucose
metabolism. Sutter-Dub:s study revealed that progesterone
acts as an inhibitor of hexokinase activity. The inhibition
was of the non-competi;ive type (i.e. 1t is not overcome by-
an excess of substate). This hexokinase enzyme system is
composed of two isocenzymes: hexokinase-I and hexokinase-II.
The study determined that the change in hexokinase activity
due to progesterone was due to a decrease in hexokinase-IT
activity with hexokinase-1I activity being unaffected. Other
studies have also shown decreased activity in hexokinase-1I1I
in insulin resistant states (Katzen, 1967; Bgrnstein & Kip-
nis, 1973). Decreases in hexokinase-II activity have been
shown to be correlated with d&ecreased glucose oxidation and
lipogenesis. It therefore appears that hexokinase-II activi-
ty may be responsible for the .mediation in the insulin
antagénism on glucose metabolism. It would appear though
that the inhibitory effect of progesterone on hexokinas§
activity is not direct but rather exists through an indirect
#eedback mechanism, resulting from an increase in the con-
centration of the reaction product glucose-6;phosphate.

\nally the study also revealed that progesterone's inhib-
itién of hexokinase activity does not act through its cofac-
tor Mg+2 s;nce inhibifion of glucose ‘oxidation by progester-
one is the same whatever the Mg+2 concentration.

It was shown that progesterone action on élucose metabo-

-

lism is rapid, soliciting a physiological response within 15
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minutes. The early steps of such rapid hormona; action are
usually mediated by cAMP and Ca++. Therefore, studies weYe
undertaken Fo determine whether ‘progesterone affects cAMP
levels and Ca++. Hhen levels of cAMP are varied in the pres-
ence of progesterone, there results no differences in t;e
progesterdne induced changes in carbohydrate metabolism.
However, when levels of Ca++ are varied in the présence of
progesterone, variatidhi\in the same way of glucose oxida-
tien and lipogenesis follow. However, it was also found
that in the complete absence of Ca++, the iﬁhibitory effect
of progesterone remains but is decreased in the presence of
strong Ca++ fluxes blocking agents. Therefore, it would
appear that progesterone effects  on carbohydrate metabolism____
are related to <transmembrane Car+ fluxes but not to intra-
cellular cAMP levels (Sutter-Dub et al.,,. '1981). However,
more recent studies by the same group (Sutter-Dub et al.,
1984) tend to demonstrate an effect of progesterone on the
cell me%brane. When levels of ¢AMP were varied through
manipulations of either adenyl cyciase activgtors ., such as

cholera toxin or 1inhibitors cf pheosphodiesterase such as
caffeine and theophyllin, i1t was found that ;hoie%a toxln
increases glucose-~1-Cl4 oxidation and decreases progester-
ong's inhibitory action on this substrate's oxidation. There
exists two types of phosphodiesterase inhibitors: the ones

~. mentioned above, caffeine and theophyilin; which act also to

increase lipolysis and others such as dipyridameol, papaverin
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and imipramin which do not affect lipolysis. However, they
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all act to decrease progesterone actior. Furthermore, it was
shown that all substances that act to increase intracellular
cAMP levels tend to decrease the steroid's action.

The disruptions observed in the glucose metabolism during
pregnancy and/or progesterone treatﬁent such as a decrease
in glucose utilization, an increase ip glucose oxidatioﬂ
through the pentose phosphate pathway and a decrease in the
glucose gependent lipogenesis may be due té a defect in
insulin binding and action in both muscle and adipdse tissue
{Sutter-Dub et al. 1984). The insulin resistance observed
during pregnancy ana progesterone treatment may be a result
of diéruptions at the level of the receptors or at_}he post-
receptor level. It was shown that this 1nsulin resistance
during pregnancy was accompanied by a progressive increase
in insulin binding to its rgceptofs, suggesting a disruption
of insulin metabolism at the post-receptor level (Sutter-Dub
‘et al. 19843, It was also demonstrated that progesterone
treatment decreases adipocyte sensitivity to insulin and
carbohydrate metabolism in the absence of insulin. ‘Furthér—
more, progeéterone only slightly decreases the insulin
receptor number, further suggesting that the change in
carbohydrate metabolism during pregnancy originate at the
post—recéptor level.

The biochemical, mechanisms by which the peripheral tis-

sues become  insulin resistant during pregnancy and/or pro-



50
gesterone tfeatment‘remaiﬁé to be elucidated. Theoretiéally,
insulin resistance may originate from three different sourc-
es: abnormal B-cell secretion, elevated levels of hormones
which are antagonistic to insulin in their.action and final-
ly, target'ﬁissue defect. Also, insulin resistance as a syn-
drome can be divided into tﬁree subclasses, as deséribed-bx\
Kahn (1978): insulin resistance can represent firstly a
state or states of decreased resﬁonsiveness, in which maxi-
mal response té insulin is decreased bﬁf the dose respon%e
relationship between no hormonal effect and “maximal effect
fs normal; secondly, states of gecreased sensitivitv, in
which maximal response is unchangéd, but gréater than normal
levels. of hormone are requirgd/ to .elicit a quantitatively
normal response and thirdly,/states of decreased sensitivity

s

and responsiveness. .

In a study on ;néulin resistance during pregnancy,
Sutter-Dub et al. ,{1984) have shown that insulin binding
increases with the’ duratioﬁ of pregnancy and that high and
low affinity recéptors were increased by pregnancy. Furthgr-
more, insu;f; action® on peripheral tissue was shown to be
decreaseq'/by the fact that 1-14-C glucdse oxidation was
decreaSéd by 28% and that CO02 production was also decreased
at afi insulin concentratgons\tested: Howéver, the relation-
ship between insulin- binding and ihsulin action did - not

appear to be altered during pregnancy as compared to the non

pregnant state, since the maximal insulin effect on glucose
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oxidation was achieved bf occupancy of approxiﬁately the
e .
same proporticn qf inéuifh\;eceptors 'in both states. The
study élearly'demonstrates a ghift to the right of the insu-~
lin dose-response curve for oxidation of 1-14C glucose indi-
cating ari impairment of sensitivity té insulin. Furthermore
it was sheﬁh that thé maximal response of the tissue over
the basal level\is debressed which represgnts a decreased
responsiveness of the tissue to insulin and is genefally
considered as beipg a post-receptor defect. It\éan therefS%e‘-
be concluded that during pregnancy the insuliﬁ resistant
state is cﬂaracterized.by an increage in receptor ﬁumber,
that the affinity constants of both high and low affinity
receptors remain unchanged and that the peripheral tissue's
maximal responsiveness to insulin is decreased.

Finally, 'in a study on lipid synthesis from glucose dur-
ing pregnancy and progesterone treatment Sutter-Dub et al.
(1983) found that in adipocytes of ovariectomized rats the
ovariectomies resulted in a slight but not significant
decrease in the glucose induced synthesis of triacylglycer-
ols and . fatty acids. It was alsc foqndu that progesterone
treatment in the absence or presence of ;ﬁsulin resulted in
a decrease in fatty acid and triacylglycerol synthesisy

In summary, it <c¢an be said that many factors affect
carbohydrate metabolism. These factors can be diviqed into

two categories: hormonal and non-hormonal factors. Hormonal

factors include the predominant effects of the hormones
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secreted by the pancrea£ic islets, 1insulin and glucacon.
Insulin promotes .gluéose uptake By periﬁﬁefal ﬁissues such
as muscle and _adipose tissue and its storage' in these tis—
sues as glycogen. On the'ogker-hand, giuéagon acts as a
catabolic hormone, promoting glucose production by the liver
through the gluconeocgenic pathway. jhe catecholamiﬁ%s
secreted by the adrenal medulla and groﬁth hormone are also
hormones which affect carbohydrate metabolism. These hor-
mones tend to rise the ciréulat&ng levels of glucose.

Possible effects of the steroid hormones secreted by the
gonads have been the subject of recent studies. It-has been
found ﬁhat the female hormones, ﬁrogesterone and estradiol
affect, carbohydrate metabolism. The studies reviewed in
this chapter tend to demonstrate a deterioration in the tol-
erance to a glucose lcocad. In vitro studies on the effects of
progesterone én glucose metabolism .in isolated adipocytes
have shown that progesterone treatment c¢reates a state of
insulin resistance in muscle and in adipose tissue resulting
in elevated circulating levels of glucose, in dé&reased gly-
cogen storage'in muscle tissue and a decrease in the glucose,SX_
oxidation’'via the pentose phosphate pathway in adipose tis-
sue. ' “ LY

Non-hormonal factors which significaﬁtly affect carbo-
hydrate metabolism include nutritional factors i food con- -
sumption, ﬁrequency' of keeding;?k‘diurinal variations and

exercisel Briefly, studies on the effects of fregquency of
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féeding on glycogen ;accumulation in muscle and  in liver oé
rodents, tend to demonstrate that rats fed ad libitum exhib-
it higher levels of glycogen in both muscle and-liver. Stud-
ieé done on the effects of diurinal , variations on glycogen
levels in muscle and in liver of rats show that glycogen
levels in these tissues is not_held constant throughout the
day but is submitted to daily variations. It was.found that
glytogen levels in these tissue afe highest at the beginning
of the dark period;aﬁd are lowest at the beginning of the
light period. Finally, studies on the effects of exercise
on glycogen levels in skeletal muscle and in liver clearly
Agmongtnate that strenuous exercise results in a severe

depletion in bofh muscle and liver glycogen levels as well

as a severe decrease in blood glucose levels.

-



Chapter I1II

METHODOLOGY

3.1 Introduction:

This chapter describes the methodology used ih this
study. The methodology is divided into four sections. These
are: description of subjects, exp;rimental procedure, analy-
sis of blood and tissue and the s‘atistical procedures used
in the analysis of the results.

3.2 Description of subjects:

The subjects wused in this study consisted of 72 female
rats of the Wistar é;rain. The animals were approximately 6
weeks old )ﬁq@ welghed betweenAl75 and 200 gggms when the
study bégéb. This study received the approval of the Animal

Care Committee before it was undertaken.

3.3 Animal acclimatization procedure:

Upon arrival, the animals were housea in individual
cages. Their diet consisted of standard laboratory raf chow
and water ad ®libitum. The animals were maintained on a
reverse light/dark cycle so that the time 6:00 pm to 6:00.am
was light and the period 6:00 am to 6:00 pm was dark. The

animals were allowed to adapt to their new environment for
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five‘days. After thé)initial acclimatization period, ovar-
iectomies were performed on ali animals under anesthesia
using Halothane.. The success of the surgery was assessed by
measuring cifculating levélé of progesterone. If‘plasma ley-
els of prbgesteroné were determined to be in the low physio-
logical range (7.0-7.5 ng/ml) the surgery was takeﬂ as being
successful. After at least four days ¢f recovery from sur-
gery, the rats were fitted with subcutaneouF implants of
Silastic tubing ~filled with brogesterone {4
p: egnene-3,20,dione acquired from Gigma chemicals). The
tules were of .062 in. inside diameter and .095 in. outside
diameter end measured either 1.5 cm or 410 cm in length. A
detailed,description of the surgical procedures used when
performing the ovariectomies and the implants is given in
section 3.9.4,

Approximately one week after implantation of the Silastic
tubing, the rats were introduced to a program designed to
condition them to run on a calibrated motorized rodent
treadmill (Quint9n model 42-15). The rats ran five days a
week for thé duratiop 6f the treatment. The rats ran during
the dark period of the cycle. The spéed of the treadmill was
set at 35 m/min-and the incline remained constant at 15%.
At the end of the treatment, the ekperimental protocol was

begun.



' ) ) 56

3.4 Selection and description of experimental groups:

At the beginning of the treatment, the animals’ wéfe
assigned to oﬁe of nine groups. All of the animals received
an implant of Silastic tubing. One group feceived an empty
implant measuring 4.0 cm, a second group received an implant
filled with progesterope and measuring 1.5 c¢m and a third
group received,a 4.0 cm long_implant also filled with pro-
gesterone.

These three greups were further subdivided inté\‘ﬁhpee
groups each consisting in three different durations of
treatment i.e. the rats réceived the treatment for either 7,
14 or 21 days. Finally, on the day of the Sacr;fice the rats
were either sacrificed at rest or after a run to exhaustion.

Blood samples were collected at é different times during
the course of the study. The first blood sample was done

o
while the animal was anesthetized for the implantation of
the Silastié tubes. This sample was taken to verify the suc-
cess of the ovariectomy. The second sample was taken three
days after implantation of the capsules in order to verify
the P4 levels achieved with the implants. The final byood
sample was taken on experimental day when the énimalsAwere
sacrificed. This blood sample was wused to determiné plasma
. : v

progestercne and plasma glucose levels.

The first and second blood samples were taken from the

heart in a volume of about 2 ml with a heparinized syringe

and transferred to a heparinized tube. Feor the second and
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third samples, the animals were anesthetized using Innovar
(0.2 mg/kg). and Atropine (0.02 mg/kg). The Atropine which is
an anticholinergic drug was used to maintain a high blood
pressure and heart rate. The effect of Atropine was reversed

after the blood collection with Naloxone (0.1 ml).

Table 1 -

Number of animals in;éach cell
-

.

Fe

Length - Duration of treatment

of tube 7 days 14 days 21 days .
rest post rest post rest post

empty 4 4 4 4 4 4

1.5 cm 4 4 4 4 4 4

4.0 cm 4 4’ 4 4 4 4

3.5 Sacrifice day:

The sacrifice days always began at 8:00 a.m. and were set
to take place at the end of each treatment period with pro-
geyterone.(i.e. 7, 14 or 21 days }. Animals from the rest-
ing éroups were sacrificed at the begining of each experi-
mental 'day.? On experimental day, the animals from the
exercise groups were submitted to a run to exhaustion on the
rodent treadmill. The speed of the - treadmill was set at 35
m/min and the grade was kept constant at 15%. Exhaustion

was defined as the time at which the animals were unable to
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keep the pace and to avoid the shock grid at the end of the

treadmill.

3.6 Sacrifice methodelogy:

All animals received a 0.4 ml injection of sodium pentobar-
bital 165 mg/ml) at the time of sacrifice. Once the anesth-

- =

etic had taken effect, blood and muscle sampling was begun.

3.7 Bleood and muscle sampling:

-Once the anesthetic had taken effect, the abdominal cavity
of the animal was opened and the heart was exposed. Blood
was collected directly from the heart. The blood-samples
were Xept on ice until they could be transferred to a
refrigerated centrifuge. Centrifugation was done in order to
separate plasma from red blood cells. Plasma samples were
kept frozen at -50 C until they could be assayed for glﬁcose
and brogesterong levels. The assdy techniques useé for pro-
Qest;gone and glucose determination are given in section
3.8.1 and 3.8.3.

- After t?e blood collection, the muscles of the hindlimb
were rapidly exposed. The white vastus lateralis (WVL) the
plantaris (P) and the soleus (S) muscles were dissected'ouf.
MJscles samples *weighing between 35-75 mg  were t%ken anq
frezen on dry ice immediately. The muscles samples_wére
kept frozen in a freezer at -50 C until they coﬁTH‘mbng

assayed for glycogen levels. The methodology for the giyco~

"gen assay.of Lo & Russel {1970) is given in appendix C.
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3.8 Surgical procedures:

3.8.1 Ovariectomy:

The animals were anesthesized using Halothane (Fluothane)
gas. The animal was laid on its ventral surface. Two small
dorsal skin incisions were made approximately half way
between the middle of the back and the base of the tail and
one half to two thirds of the way down the side of the body.
The skin incisions were méde on a clean shaven back using a
scalpel. The muscle incisioﬁs were m?de diréctly underneath
the ékin incisions using a pair of Allison forceps, making a
blunt hole in the muscle. The ovaries were surrounded by an
appreciable amount of fat'and were founé underneath fhe mus=-
cle incisions. The oQaries were pulled out through the mus-
cle incisions by grasping the periovarian fat and not by the
ovary itself since touching it with the surgical instruments
may have caused small pieces of ovéry to gecome detached and

may reimplant themselves and carry on normal function. Two

ties .using 3.0 Vicryl absorbable suture material were tied

! X

around the uterine horn, distally.to the ovary. A third tie
was put in proximally to the ovary. The uterine horn and the
surrcunding fat and blood vessels were severed with a scéi—
pel between the proximal tie and the first distal tie. The
muscle incisions were closed by putting in one stitch. The

skin'iggisions_were closed by putting in one or two stitches

using 3.0 silk suture matefial.
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3.8.2 Silastic implants:

All implants were sterilized using gamma radiatioﬁébefore
being iilled with hormone. The filling of the Silastic.tubes
with progesterone ;as done in a sterile field. Thé tube;
were sealed with silicone.typ%FA medical adhesive.

Subcutaneous implantation of the Silastic tﬁbes was
accomplished through a small dorsal skin incision. The tubes
were placed between the skin and the muscle sheath. ~The
small skin incision was closed Using a staple. The staple
was removed a few days later.

3.9 - Statistical énalysis:

Statistical analysis of the data consisted of two and
three way analyses of variance followed by post-hoc analysis
using Tukey's technigue. The anglyseé of vafianqgs were per-
formed on computer using SPSS ( Statistical Package for the
Social Sciences) 'software. The graphs of the results were

done using SAS GRAPH software.



Chapter IV

RESULTS AND DISCUSSION '

4.1 ‘Introduction:

The purpose of this study wds to determine the effects of

progesterone administration on carbohydrate metabolism at

rest and)during exercise in the rat.
This clapter is divided in two sections: 1) the results
and 2) the|l discussion.

—

4.2 Results:

This section is further divided into three subsections:
a) results concerning the progesterone levels, b) results
concerning plasma glucose levels and c) results concerning
muscle and liver glycogen levels as well .as results concern-

ing the run times to exhaustion.

4.2.1 Progesterone implants:

In orders to determine and isolate the effects of progest{

: ( A

erone (P4) on glucose and glycogen levels in the rat, ovar-
iectomies alone or in concert ~with implantation of Silastic
tubing filled with progesferone were undertaken. Subsequent

analysis of P4 levels achieved by this method was performed

using radioimmunoassay.



As previously stated in the methodology, the rats either
received a 4.0 c¢m long empty implant or imﬁiénts of 1.5 cm‘
or 4.0 cm filled with progésterone. The P4 levels were meas-
ured at-three different times during the course of the
study: first, blood samplipg yas done three days after ovar-
iectomy to verify the success of the surgery, the second
blood sample was taken three days after implantation of the
Silastic tubing and finally the last blood collection was

done when the animals were sacrificed. The results are pre-

sented in tables 2 to 6. J// 1

Table 2
Means and standard deviations for progesterone
i

levels at ovariectomy, in ng/ ml plasma

Length
of tube 7 days 14 days 21 days - MEAN
empty - 10.41 + 6.20 10.42 +18.05 @ ------ 6.94

1.5 em 12.46 +13.74 12.73 + 6.90 12.56 +7.30 12.54

4-0-—cm ,08.42 + 2.61 9.42 + 6.96 12.29 +4.47 12.71

n=4 for each cell

The results of the analysis of variance for levels of

progesterone at ovariectomy showed that there were no dif-



63
ferencesrbetween means of groups' i.e. the F ratio was not
significant at-a confidence level of 95Y% for. both the main
effects and the interaction effects.

Table 3 represents results obtained when levels of P4 are

verified after implantation of the Silastic tubing. Statis-

tical analysis of the results shows that there is a signifi-,

cant difference between the progesterone levels of the rats

which received an empty implant and the rats which received
* L}

implants of 1.5 cm filled with progesterone. There is also a

~

siqnificant difference between the rats which received an

empty implant and the rats which received 4.0 cm long imp-

v

lant when P4 levels were measured. HoweVer; no significant
difference was found between the levels of. progesterone of
"the animals which recei&ed 1.5 cm imﬁlants and those which
received 4.0 c¢m implants. Furthermore, no difference was
found betweén levels of P4 achieved with.the implantation of
Silastic tubing when rats are grouped according to the dura-
tion of the progesterone treatment, i.e. 7, 14, 21 days.
Finally, it can be seen from the results.appearing in tables
3 and 4 that contrary to expeétations, leﬁels of progester-
one achieved with implantation of 1.5 cm of Silastic tubing
are consistently higher than the levels of prééesterone

achieved when rats are fitted with a 4.0 cm implant.
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Table 3

' Means and standard deviations for progesterone

levels at implants, in ng/ ml plasma ™

of tube

empty 12.83 + 2.44 11.61 +4.90  13.23 +13.52 12.56
1.5 cm 42.51 +13.90 ' 32.76 +25.63 18.41 + 5.36 31.23

4.0 cm 32.69 +28.44 ©18.86 +11.60 35.02 +16.45 28.86

n=4 for each cell ' A

The results of the éhalysis of varianfe/;or levels of
progestercone at implants showed that there are significant
differences beﬁween means for the effects of length of tﬁb-
ing. It was found that the ?/;;%iq\for the variable time

L

was not significant whereas the F ratio'for the variable
length was significant for a 95j confidence interval. The
interaction effect between the factors time and length was

not found to be significant.
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Table 4
Results of Tukey's test following

the ANOVA on P4 levels at implant

A L e e e Em e R R e e S i e e e M R ey v = v R e e e e e ——

Length . empty 1.5 ¢m 4.0 cm_
of tube )
MEAN 12.56 31.23 28.86 ‘D
empty 12.56 - 18.67* 16.30%*
1.5 cm 31.23 —-——— eee-- 2.37
. - -.x , k
4.0 cm 28.86 ———— ———— Sqe--

n=4 for each cell .
{*) significant at 0.05 level ' !

The results presented in table 6 showé that there is a v
significant difference between levels of proéesterone' in
réts receiving empty implants and rats receiving 1.5 cm of
Silastic tubing as well as a significgnt differéﬁce between
those receiving.no progesteroné and the rats fitted with 4.0
cm implants at the time of sacrifice. ResultsAfurther show
that there is a significant difference for levels of pro-
gesteroﬁe between. rats implanted with 1:5 <¢m ;f Silastic
tubing and rats implanted with 4.0 cm. Furthermore, it was
shown that the dﬁration bf the treatment, i.e. 7, 14, 21
days did not result in signifigantly différent,levels of
'progesterone over time among groups which.feceivéd the same

‘length of tubing.
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Table 5

Means and standard deviations for progesterone

levels ‘at sacrifice, in ng/ ml plasma

ST MR M A e el e e e e e v R R R R e S SR e e S ER AR T e e = R e e =8 A e = -

Length 7 days ~14 days 21 days s MEAN

of tube '

empty 8.10 + 2.64 9.90 + 7.02 8.91 + 2.44 8.97 z
1Y . .

,

1.5 cm 24.78 +17.21 32.39 +20.00 25.33 +17.92 27.50

4.0 cm 17.92 +11.06 23.40 +16.97 23.21 +12.40 21.51

n=4 for each cell

« \

The results of the ANOVA for levels of progesterone at

sacrifice demonstrated that there were no 'sggnificant dif-

fgrences between means for the variable time i.e. the F
ratio was not significant at the 0.0S'level, but was found
to be significant for the variable length. Fur?hermor&,‘the

F ratio was not found to be significant when the interaction

-

effect between length and time were studied.

L
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Table 6
Results of fukey's technique following
ANOVA on progesterone levels at sacrifice
Length empty 1.5 cm 4.0 cm
of tube N .
-------------------------------------- ;‘T-—“—---------_- -
™ , -
MEAN 8.97 27.50 ! 21.51
empty 8.97 ——- 18.53% 12.54%
1.5 cm  27.50 ———— T meme- o 5.99%
/
4.0 cm 21.51 ——— ---,// -----
n=4 for each cell
{*) =significant at 0.05 level

-

4.2.2 Plasma glucose:

4

Results concerning the plasma glucose levels are present-

ed in tables 7 and B.
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Table 7

. Means and standard deviations for glucose

levels,

in mg/ dL plasma

11

58

09

56

112.81+ 4.07 137.99+22.60 122.07

61.75+30.18 B89.44+36.25 81.00

175.83+25.26 228.62*80.55 181.32

79.90+26.26 53.12+15.9%94 58.51

169.24+26.81 115.68+22.25 i45.89

47.81+10.57 78.46+36.20 66.80

152.63

160.76 149 .76

- ——— . S A e e e e e e . R e e AR e e e S L e e e e e e Y e M R M e e e e

empty  (1)115.41 +12,
(2) 91.82 +28.
1.5 cm (1)139.50 +11.
= Y2) 42.52 +12.
4.0 em (1)152.76 +15.
(2) 74.14 +11.
MEAN 71) 135.89
(2) 69.49
o

n=4 for each cell

(1) resting (2) post exercise

LRI - -

The fésults from the three

way analysis of variance per-

formed on the glucose data show that among the F ratio for

the three main effects exercise, time and length, only the F

ratio for the variable exercise

+

was significant at 95% con-,

fidence interval. Furthermore, the F ratios for the two way

interaction between

exercise and time and time and length

were not found to be significant but the F ratio for the two

way interaction between

- the two variables exercise and was

found to bé significant at the 0.05 level.  Finally, the F
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ratio far the three way interaction effect between the vari-

ables exercise time and length was not found to be signifi-

cant. ‘ )
Table 8 : \
I
Results from Tukey's technique following °
' ANOVA .for glucose levels 2
]
Length empty - 1.5 cm 4.0 cm
of tube
EAN (1) 122.07 181.32 145.89
eqéi;/"ﬂf22.07 ----- 59 25* 23.82*
1.5 cm 181.32  ----- === 35.43~*
~

for each cell
significant at 0.05 level

—
*

— b

Results show that exercise to exhaustion had a signifi-
cant effect on plasma glucose levels, resulting in a severe
decrease in plasma glucose levels in all groups studied. It
can also be seen from-the result§ that rats which received
i.S cm implants exhibited the highest resting plasma g}ucose
levels, averaging 181.32' mg/dL. Rats which received 4.0 cm
implants exhibitgd reéting levels of glucose averaging

145.89 mé/dL which are significantly lerr than those found

in the group receiving 1.5.cm implants but remained Signifi-
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- : '
cantly higher than the levels found in the animals which
received empty implants.

As previously stated, exercise to exhausfion caused a

severe fall in plasma glucose concentrations in all groups

studied. Finally, no sigﬁificant differences were found

\

between post exercise glucose levels of progesterone treateq
rats and untreated'rafs.

A graph of the results cbtained for glucose levels fol-
loﬁing a treatmént‘with progesterong can be foﬁnd in appen-

dix K.

..

4.2.3 Glycogen stora?e and ?gpletion:

The effect qf progesterone on glycogen\levels were inves-
tigated using the soleus, the plantaris and the white vastus
lateralié (WVL) muscles. Hepatic glycodgen levels were also
measuréd. Results concerning levels of glycogen found in
suvieus muscle are presented in tables 9 an 10 .whereas

results concerninq plantaris, WVL and liver glycogen are

presented in tables 11, 12, 13 and 14.

4

£

Results in table 10 show that giycogen levels of soleus
muscle were significantly affected by exe;cise, with all
groups showing lower glycogen levels after exercise as ;om—
pared to resting levéls. Furthermoré, statistical analysis

of the results show that -administration of progesterone

: . . .
resulted in significantly different glycogen levels between

7 n

treatment groubs, with‘%he lowest levels being found in the

o

groups which rgcéived 4.0 cmlimplants and the highest glyco-

n “,



gen levels being found in groups

cm implants.

received empty implants-were

~ lower than

Silastic tubing.

those found

The duration of

the

The glycogen levels

71

of rats which received 1.5

in soleus of ‘rats which

slightly but not significantly

in rats

implanted with

treatment did-not

1.5 cm of

significantly

affect the glycogen levels in soleus muscle of thé’différqnt

treatment

lasting 7 days is sufficient

groups,

therefore

‘suggesting that a

in order for

treatment

progesterone to

significantly affect glycogen levels in soleus muscle.

Table 9

Means and standard deviations for levels of

glycogen in soleus muscle; in mg /g tissue

of tube

1.5 em (1)

(2) 1.

4.0 cm (1)

(2)

. MEAN (1)

2.13

6.22

1.00

2.54

0.32

+1.85

+1.33

+1.29

+0.61

+0.92

n=4 for each cell .
(1) resting (2) post exercise

.04

.33

.85

.21

.62

+1.

+0,

+1

+0.,

.65

.56

88

58

.30

i8

0.80

6.71

1.16

4.13

.55

.20

.92

.38

.66

.36

6.09

1.00

3.62

0.61
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The results of the three way ANOVA for glfcogen levels in
soleus muscle revealed that there‘ were significant main
effects for a confidence interval of 95%; It was found that
the differences between means for the vari%ble; exercise and

length were significant whereas the F ratio for the vartable
“~

time was not significant. It was also found that the F ratio

for the two way interaction between the variables and the F

ratiec for the three way interaction were not significént.

Table 10

Results from Tukey's technique following

ANOVA-on‘glycogen levels in socleus muscle

Length 0 cm 1.5 cm 4.0 cm
of tube

v MEAN (1) 5.288 6.09 3.62
empty 5.26 -——- 0.83 1.64*
1.5 cm 6.09 0.83 - 2.47*
4.0 cm 3.62 1.64%* 2.47* -—-

—— A e B A B e ek e At Gl dm e e A Al N T M R M AR b e e e e = e o = = = A — =

nzd for eacn cell
(*) significant at 0.05 level

-

A graphic representation of the resul/s concerning glyco-

q.

H

gen levels found in soleus muscle after treatment with pro-
‘ —_ -

gesteronelis presented in appéndix G. 4 :

-t
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The results concerning the glycogen levelé found in plan-
taris muscle folkowing progesterone treatment are preéénted
in table 11.

It can be seen from the results that there is a signifi-
cant différence bgtween levelé of glycogen qE_rest and after
a run tec exhaustion, i.e. ‘ the glycogen levels in the exer-
cised animals of ali groups being significantly lower than
the resting animals of the same group. As fof solgus‘muséle,
resting glycogen levels in plantaris were found to be lowest
in the rats which received 4.6 cm imblants and' highest in
rats which received 1.5 cm im;lants. However, the diffevencs

es observed in glycogen levels of the different treatments

did not prove to be sStatistically significant. |

R .J‘\' . : e
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Table 11

(o Means and standard deviations for levels of

glycogen in plantaris muscle, in mg/ g tissue .

Length 7 days 14 days 21 days MEAN
of tube . )
.empty (1) 6.04 +0.97 5.31 +0.57 6.04 +0.86 5.80 A

(2) 2.99 +1.46 0.99 +0.77 2.99 +1.34 2.32

l1.5cm (1) 6.65 +1.47 4.48 +1.04- 9.05.+8.64 6.73

(2) 0.85 +0.47 1.46 +0.54 ~1.83 +2.19 1.38

4.0 cm (1) 3.48 +0.90 4.78 .+1.62 5.60 +0.80 4.62
A

(2) 0.21 +0.08 1.48 +1.01 1.17 +0.91 0.95

MEAN (1) 5.39 " 4.86\\\\\ 6.90 5.72

(2) 1.35 1.31 2.00 1.55

n=4 for each cell
(1) resting (2) pest-exercise

The re the three way analysi of variance.for
- . . ™~

4

levels of "glycog in blantaris muscle shoved that the F
ratic for the variable exercise” was found to be significant
at 0.05 level but that the F ratios for the variables time
andrlength were not found\tq“be' significaht. Furthermofe
the F rativs for the two way and the threé way interactions
were not found {; be significant. However, it is interesting
to see that the results follow the same trend as in soleus

ﬁ‘ﬁagatéaifef/;rogesterone admistration resulted in a decrease

in glycogen content of the muscle.



: Results concerning glycogén levels in w
&\Eiifn(WVL) are presented in table 12- As
wag shown to have a significant effect on
éll roups studied. However, treatment
4.0 J% of - Silastic tubing did not result

changes in resting glygogen levels when

ovariectomized untreated animals.

" Table 12

Means and standard deviations fo

of glycogen in WVL muscle. in myg/

Length 7 days 14 days 21 d
of tube

R A e e e o e e L A e e e T e = = - e o = e

empty (1) 4.84 +2.10 5.10 +0.51 5.10

{2) 1.44 +0.43 0.39 +1.16 1.35

1.5 cm (1) 6.09 +0.89  4.22 +1.52 4.24

(2) 0.75 +0.23 1.85 +1.48 1.53

4.0 cm (1) 4.69 +1.20 5.61 +1.69 486

(2) 0.18 +0.15 0.61 +0.11 1.09

( MEAN (1) 5.21 4.98 4.73
o
ﬂ (2) 0.79 0.95 1.32

n=4 for each cell
(1) resting (2) post exercise

/ 75

hite vastus later-
expected, exercise
glycogen levels in
with either 1.5 or
in any significant

compared with the

r levels

g tissue

+1.59 5.02

+1.02  1.06
+1.19  1.38

+0.80 5.05

+1.22 0.63

=



The results of the three way ANOVA performed on the gly-
cogen data in WVL muscle revealed that there were 51gn1f1-
cant main effects for a confidence irnterval of 95%. The F
ratio for the variable exercise was found to be significant
but the F ratios for the variables length and time wefe not
found to be significant. Furthermore, the F ratios for the
two way énd fhreelwéy interactions were mot found to be sig-
nificant. | |

The effgcts of progesterone treatment on liver glycogen
were also investigatea and results are presented in tabies

13 and 14.
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Table 13
Means'and standard deviations' for lévels of
- glycogen in liver, in' mg/ g tissye

of tube
. e
empty {l1) 50.52+28.40 6.39 +6.95 12.95 + 8.63 23.28

(2) 11.88+ 7.82 1.05 +0.32 3.18 + 2.31 5.37

1.5em (1) 6.94 +13.74 5.87 +2.07 15.00 +12.67 9.93

(2) 0.82 +0.19 0.96 +0.26 1.13.$§?16 0.97

4.0 em (1) 9)9?’+8.18 8.41 +3.55 8.14 +3.60 8.52

(2) 0.75 +0.23 f?gz +0.70 1.56 +0.29 1.24

MEAN ~ (1) 22.82 6.89 12.03 13.91

T R e e e S R G e e s B e e e o ey o e e . Sk v EE S e = S R W AR e = v Am W = m e mm =

n=4.for each cell .
{l) resting (2) post exXercise

Results from the three way ANCVA of livef glycogenldata
reveal that the F ratios for the main effects are all sig-
nificant in the 95% confidence ipterval i.e. theré wefe sig-
nificant diffgfences betweeﬁ méans for the ﬁariablesntiﬁé,
lengﬁh and exercise. Fyrthermore, -the"F ratic for the two.

way interaction between time and length was found to be sig-

fos

nificant at a confidentesinterval of 95%, whereas the F rat-

ios for the two way interaction between cxercise and-time

-

1
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and exercise and length were not found to bhe Eignfficant,
Finally,.. the F ratio for the three way interaction b&tween "

fhe_variables was fouhd to be significant fbf a confidence
-~ '
interval of 95%. '

Table 14

Results of Tuﬁey's technique following

ANOVA on liver glycogen results

Length - empfy 1.5 em 4.0 cm

of tube MEAN (1) 23.28 9.%93 B8.52

] \\"
empty 23.28  ----- 13.35* 14.76%
l"'_., »

r 1.5 cm 9.93 ee-== ———e-a 1:41

’ 4.0 cm 8.52 = —m==e oo ——
n=4 for each cell )

’ (*) significant at 0.05 level
y ' g .
As in thé’"casl for glycogen levelsz in muscie, exercise

resulted in a severe d%bletion in ‘JAver glycogen in all

groups studied. Furthe?ﬁo e; the reéults show that progest-

: b -, " . .
erone treatment affects liver glycogen in the ‘same fashion
N . as it does 1in soléus muscle.causing hepatic glycogen léﬁgls
to be significantly lower in the progesteyone treated grQups

than in the untreated groups. Also, contrary to what was

shown for muscle glycogen,’_the duration of the progesterone
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treatment resulted in changesAin the hepatic glycogen levels
with time. Levels gf glycoéen. in the untreatéa rats were
shown to decrease s%énificantly over time, jwher;as the rats
which &kEEEzgd 1.5 cm implants exhibited significantly high-
er resting glycogen levels after_Zl days of treatmeq}‘as
compared'with treatments lasting 7 and 14 days. Glycogen
levels %ound in livers of rats treated with 4.0 cm implaht%
were not found to vary significantly over a 21 day‘pefiodJ

Results'presented in tables 15 and -16 illustrate the dif-
ferences in runﬁing times between groﬁps. Results show tha£
both level of proéesterdn e administered and duration A&f
treatment were found to signifjicantly dffect performance. It
was found that performgnssawas impaired as the duration of
the treatment was increased from 7 to 21 dgys\gor the groups
{?ceiving no progesterone or 1.5 cm i%elants. However, there
was . no significant difference between the running times of
the 7 days 14 days and 21 days groups receiﬁing 4.0 cm imp-

lants. Furthermore, the resulté show that the rats whigh

\~ . « - v N
received either 1.5 cm or 4.0 cm implants ran significantly

1

-

longer than the rats which received empty implants. Final-
ly, even .though the rats which received 1.5 cm implants
exhibited greater running tim®s than the rats which received
4.0 cm implants, tﬁe diffef@hce was not fbﬁﬁd to be statis=

ticadly significant.

‘r."a . N “l

- . . -« : , ﬁgﬁj



1-5 ¢cm
4.0 "cm

MEAN

JTable 15

a

Means and standard deviations for running )

. times, in minutes

'53.78+18.24 130.

70.74+13.68 53

49.25+11.72 45,

57.83 a2,

24+19.24 27,
.24+14.86 43

40+11.5C 42.

95 38

92+13.32

.86+11.12

25+20.61

.01

e Ak

TR R A e e Em L e e T e A e e A e e e e r o e .

n=4 for each cell

& The two way analysis

. Y
of waxiance

results concerning .the rum’ing times

that was done on. the

of the

exercised. ani-

mdls revealed that the F ratio for the main effects was sig-

\ .nificant
\_/"-/

~-. length variable and the Yime variable.

for a confidence interwval

also found that the F ratio for the

of - 95%

Furthe

Lwo wa

for both ~the
rmore, It was

.@\

Y itnteraction

between the variables length and: time was.notf31qnif1cant at

the 0.05

-
\ , . Ry . ]

—_

level .

¥ " ) F]

-

s
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‘Table 16
Results of Tukey's technidue following

ANOVA on runhing times'

N . ___________

Length : empty 1.5 cm ' 4 cm

of tube =cec-ceca-- R el it T T SRR U U P
ME&E_ 37.31 55.85 45.63\5\

empty 37.31  ----- 18.54% 8.32% ‘

1.5 cm 55.85  cr;eea | aeoao 10.22

4.0 ¢m 45.63  —m=em= dccae cdame

n=4 for each cell .
(*) significant at 0,05 level

/
/

F;nally, when differences in weightlgaié between groups
are studied, it can be seen that rats which received either
1.5 cm or 4.0 cm implants gained significantly more weight
over the course of the treatment than the untreated animals.—

Also, it was found that , as expected, the duration of the

treatment had a significant effect on weight gain.

—



Table 17

Means and standard deviations for weight gains

in grams
Length 7 days 14 days 21 days MEAN
of tube :

empty 6.63+ 5.10 - 25.63+ 9.44 24.50+ 7.38 18.92
1.5 cm 28.00+12.56 17.63+11.10 29.50+10.73 25.04

4.0 em 34.38+ 9.24 29.88+ 6.92 30.13+ 9.73 31.46

n=4 for‘each cell :
J

The results from the two way analysis of variance of the
- weight gains show that the F rafiq for main effects is sig-
nificant for a confidence interval of "95% but only for the
variable length. 1In additign, it was found that the F ratio
for the two way interaction between th://fariables time angj
length was also found to be significant”at a 95% confidence

interval.



Table 18 i T
Results of Tukey's technique following
ANOVA on weighﬁ gain results

L D e e S G D SR D S e S D T G W WD OGS S em G G e D P NN e e S R S Ay mm Em Y W W W A e

Length empty 1.5 cm 4.0 cm

of tube -—-recemccaa_—- it e L L L P P e P T
MEAN 18.92 25.04 31.46

-: """""" "-}'}‘\ -----------------------------------

0 cm ig.92 ———=- £ 6.12% 12.54%*

1.5 cit . 25.08  «=e-c —-eea- 6.42%

4.0 cm 31.46 & -==-=  esce-n ecmnaa

n=4 for each cell .
- (*) significant at 0.05 level

4.3 Discussion:

- L
- Fa

Long term ovariectomies were performed in the animals
uhsed in this study in order to better isolate the effects of
progesterohe~admihistration on glucose hpmeostasis, The sur-
gical procedure was expected t; yielle4 levels in the low
physicological range mostly accounted }or by the contribution
of the adrenal cortéx. It has proved difficult however to
compare the'average c;rculating P4 levels in ovariectomized
rats found in this study with rééglts obtained in other
studies since most of fhé studies that verified the effects

of ovariectomy and subsequent hormone replacement on carbo-

hydrate metabolism did not measure the levels of circulating
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progesterone after ovariectomy. However, when post ovariec-

tomy P4 levels ﬁéhieved in the present ‘experiments :are com-<

pared to those-found by Weick et él. (1977) (which averaged:

7.6 ng/ml) it can be seen that the 1levels found in the

present sfudy are high by compérision.

The.method of implanting Silastic capsules in arnlimals ‘in

which long term treatment with a stéroid hormone is desired

is considered far better than injéctfﬁg animals subcutane=-
. q

ously once or twice daily with a certain dose' of the stercid

hormone since it is thought to produce constant ciculating

levels of the steroid throughout the treatment period and’

that the ievels-achieyed by this method can be controlled to

a certain degree by manipu;ating the length and diameter of

the capsule. Another assumption that seems to be made in
most studies which employ the former method is that levels
of circulating hormones are not ‘only constant over time but

also are, fairly constant between” animals of the same gfoup.

However the results from the present study would appear to

refute this: énaiyses were performed to measure the levels
of P4 achiEved.through tﬁié method, and these show that the
piasm; levels are highly variable between animaié of the
same group. '

Furthermore it was reported by Legan et al. {1975) that

\ } .
subcutaneous Silastic implants could be left in for up to 76
days with successful reésults. However it.was found in the

present experiments that even though the capsules still con-
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tained crfstallized progeséeﬁpnef’ the circulating levels of
‘P4 were consistently {?wer aftér;21 days thatlaftef'T or 14

~days. ' | . . | (/
A pdssible ‘reason for 'fhe lower levels of P4 found in
animals treated-fér.14_a£d 21 days as- compared to‘7 déys may

be the weight gain that occurs duringlthg treatment period.
\

' Adipose tis%ue has been shoWn'tO'be a steroid sengitive tis-

sue and an inc¢reased fat mass may cause the ciréulating lev-
els of-proéesterone to fall when compared to the leaher rats
.which received the same size implants.

. In.addition, results from this study tend to suggest that
tﬁefe is also qonsidérable bariaﬁion in the plasma P4 lévelé
fornfhé saﬁe;subjecﬁs over tiﬁe. Results show, that in‘most
céses,l there is a decrease.in circulating levels of P4 from
.the timeé that’ the aniﬁalé were fitted with the implaﬁté to
the time of sac;ifice._A possibie'explaﬁation for this would
be thdt-evéﬁ though-the.rats ware fitted with the implants 3-
days after the ovariéctomy waé pérfdrméd, therg as sfill
some endoéenous P4 contributing télihe cirCulating pool i.e.
not all of' the progesﬁgrone that originated.from the_ovafies
had been cleared from the blood at';he timeuqf implantation
but was complétely c@earéd at the_timé of sacrifice.

" Previous studies:conﬁpcﬁ{;g the effects of R4 administra-
tion on glucose homeostasis have produced conflicting
results which may be due in paft to the differences in the

experimental protocol or to undetected difference .in P4 lev-~

els between animals of the same group.

p )
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Sutter-Dub et al. (1981, 19823 in a series of 2xperiments-
have consistengly .shown that P4 administration in rats
results in 51gn1f1cantly higher levels of circulating glu-
cose than in castrated-non treated animals On the other
hano studies by Ashby et al. (1978) and Matty (1978) found
that progesterone treatment resulted 'in either no change in
glucose homeosta51s or in a decrease 1n plasma glucose lev=-
els with a concomittant rise in 1nsu11n levels. -However it )
should be noted that these authors dld not attempt to meas—
ure the levels of P4 administered and also, in Ashby;s
study, thehaniﬁals used in the experiments were not ovariec-
tomized‘and‘therefore were suhjected to influences of estro-
gens as Qell—as progesterone. . -

The results from this study appear to confirm those
reported hy Sutter- Dub et al. (1981, -19§g): progesterone
administration by implatation of either 1.5 cm or 4.0 cm
resulted in.elevated plasma glucose levels when compared to
ovariectomized non treated animals,_ Therefore, it would
appear that the underlying mechanism for .detecting_glucose
is affected by progesterone. Numerous studies have reported

that progesterone may act as a diabetogenic hormone, i.e.
13

creating a state of insulin resitance in such tissue as liv-

. er, skeletal muscle and adipose tissue (Ashby et al. 1978

Sutter- Dub et Dazey, '1981) and therefore resulting in higher
than normal circulating levels of 1nsulin during the P4

treatnient. Even thongh the present study did not investi-

-
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ggte levels ofiinéulin,in response to a glucose chéllenge in
':the,P4 treated rats, progesterone ‘induced iﬁsulin.resistancg
appears to be the most likely mechanism.by which hyperquce—
mia was achieved in the animals récéiving P4, AnotHer fact
to support this is that_ratgﬁwhicﬁ are administered progest-
erone consistently gaiP mo:é“ weight thén the non :ﬁreated

2 .

N

animals and increaSedﬁggt mass has been shown to be associ-
. .

ated with a state of insulin resistance (Mendes et al. |,
-

1985, Ashby egégig; 1978). The resulE§ of the present inves-
tigaticon alsg;%ﬁsw that length of tfeatme?t does‘not conéii-
tute an iméqftant factor in the development of the proge-
stone induceéf hypérglycémia since plasma giucsse levels in
the-P4Atreated - rats were elevated‘a{ter 7 days and 'did not

———

vgry significantly after 14 or 21 days.
Matty (1978) invesfiéated the effects bf ovariectomy and
P4  replacement therapy on glycogen accumulationlin mice.
Their results show that long term ovariectomy .results in a
substantial dec¢rease in glycogen levels in skeletal muscles
and liver. Eurthérmore they showed that P4 administf;tion in
ovariectomized mice resulted in a return of the glycogen
levels to pre ovariectomy levels. ' \
Matute and Kalkhoff (1973)-found that P4 treatment in non'
ovariectomized raEs-reéults_in a de;reased hepatic gluconeo-
genesis accompanied by a net liver_glycbgen stofage. Fur-
thermoré they showed that while bdth estrogen and progester-

one treatments resulted in hyperinsulinemia and depressed
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liver glucose release, estrogens increased peripheral subs-
trate utilization and therefore _glycogen storage while pro-
gesteroné treatment reéulted in impaired substrate utiliza-
tion in extra he;atic tissue such skele£;l muscle, probably
due to its contra-insulin effect. -

" The results of the present study are in disagreemenﬁ with
those of Matute and Kalkhoff (1973) and Matty (1978). It was
foﬁhd that ovarigctoﬁy followed by a P4  treatment resulfed
in g decrease in glycogen storage in\both skeletal muscle
and liver. However, these diffefences were.found to be sig-
nificant only in séleus muscle and liver, thereforg éuggest-'
ing that progesterone may have a specifiﬁ mﬁscle fiber type
effect, i.e. progesterone treatment may resﬁlt in a greater
insulin resistance in red muscle fibers than in white or in
muscles composed of different émounts of red or white"
- fibers. furthermore, these results lend support to the find-
lings of Sutter Dub et al. (1980, 1981) which show that pro-
gesterone by creating a state of insulin resistance decreas-
es the ﬁ%;moﬁé's ability to 1lower plasma glucose and
\‘bthefefére causing muscle’and fat cells to use and store
lless glucose - which in turn results in lower muscle glycogen
lévels.

Their results furtﬁer show that P4 treatment results in a
decrease in ;ipégenesis and fatty acid synthesis and stimu-

lated lipolysis. These findings may provide an explanation

for the results obtained in the present study. It is a well



- known fact tiat pre-exeréise glycogen levels hage a signifi-
‘cant effect on endurance per£ormance. Subjects (both human
‘ -~

end animal) that show the highest pre-exercise muscle'and
liver glycogen levels exhibit better performances. However,
the present study ‘clearly indicates that while progesterone
treated rats had’ 51gn1f1cantly lower resting glycogen lefvels
"in both liver and,muscle, they also‘ran significantly longer
than the ovariectomized non treated rats when exercised to
exhaustion. Furthermore, even though the rats that were
treated with the progesterone ran 51gn1f1cantly longer than
the non- treated rats, they did not exhibit significantly
lower post exercise glycogen levels when compared to the non
E;eated rats. It would therefore appear that progesterocne
treatment induces a greater use of non-carbohydrate sources,
probably lipids and results in a sparing of carbohydrate
reserves. ' - | |

- However, the results found in the present'experiments
concerning the effects of P4 on carbohydrate metabolism can-
- not be interpreted as a direct cause and effect relationship
between progesterone administration and changes in carbo-
hydrate metabolism because of the questions that heve been
raised following the verification of the progesterone levels
achieved through iTPlantation of éilastio tubing.

.Therefore,f{urther studies are needed to explore the pos-.
sible reasons for obtaining fluctuating levels of progester-
one before any additional study of the effects of progesfer-

one on carbohydrate metabolism is undertaken.



Chapter V

SUMMARY, CONCLUSIONS AND RECCOMMENDATIONS
r

5.1 Summary:

This séudy was_designed té ‘determine thé effects of pro-
gesterone treatment on carpohydrate metabolism ﬁt rest and
during exercise. The subjectﬁ used ihfthis study were female
. Wistar rats.-All animals were ova;iectomized and fitted with
an implant of Silasticotubing which was either gmpty or
filled with progesterone and measured either 1.5 jor 4.0 cm
in leﬁgth. The progesterone treatment iasted fog either 7,
14 or 21 days. The animal; were run on a motorized treadmilil -
S-Aays a week in order for the rats to get acclimatized Fo
the rﬁnning prétoco}. Blood sampling was done after ovariec-
tomy, in order to verify the success of the surgery and
again after impléntatibn bf the Silastic tubing and at saco
rifice in order to verify the levels of progesterone.

On the last day_qf the treatment,.(i.e. day 7, day 14 or
day 21), the animals were either sacrificed at rest or after
a run to exhaustion. Muscle samples from the soleus, plan-
taris, white vastus lateralis and samples from liver were
taken at the time of sacrifice in order to determine the
resting and'post exercise glycogeﬁ content of these tissues. .
Running times ang weight gains weré‘also recorded in order

to determine any effect of P4 on these parameters.

- 90 -
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The results of the.study show that progesterone treatment

-results in elevated plasma glucose. levels whén compared to

ovariectomized unfreated ‘animals. This P4 indu&ed hyper-
glycemia was pfesent in all‘treatméht groups Lut waé found
to be highest in rats recei&ing Silastic impiants of 1.5 cm.
It Qas also found that progesterone treatment results in
lower reéting glycogen levels in both solgus.muscie and liv-
er. The glycogen levels in WVL and pf;htaris mﬁscles of the
P4 treated animals were also found to be lower than those of
the ovariectomized untreated rats but the.difference was not

statistically significant.

Even tﬁéugh the progesterone treated animals exhibited

lower resting muscle and liver glycogen concentrations, it

. was found that these animals ran significantly longer than

the ovariectomized untreated animals. Furthermore, it was
found that despife 'these differences in runhing time there
was no significant difference in post exercise glycogen lev-
els between the P4 tféatéd and the ﬁnt}eated animals.
"Finally, it was'determingd that animals which received
either a 1.5 cm or a 4.0 cm implant filléd with progesterone
gained: significantly more weight than the animals which

: -
received an empty implant.
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5.2 Conclusions:

92
Within the scope

. ;ﬁ'
of this study ,
sions may be drawn

the following conclu-
1.

]

Progesterone treatment by way offsilastlc tubing implan-
tation produces 01rculat1ng levels Q}%?Q that are highly

r‘-ii'-'
variable between anlmals of the same group as well as within
the same animals over time

Therefore, w;khln the llmltatlons imposed by the conc1u51ons
k

drawn in 1 it can be saxd ‘that:
2.

Long term progesterone treatment
plasma glucose

results in a rise in -
levels when compared to ovariectomized
untreated animals
3. Progesterone treatment also results in a decrease in
resting glycogen levels in soleus muscle and in liver
4. Finally,

rats which received the progesterone treatment
run significantly longer than the

ovariectomized untreated
animals during a run to exhaustion on a motorized treadmill

as well as exhibit greater weight gains during the treatment
than the ovariectomized untreated animals
/o
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5.3 Reccommendations: - -t

: o et o, ‘ W !
. at The pré§§n§ structure of this . study allowed for the dem-

onstration'of tﬁé éffectS-*éf‘progesterone édminiStfation on
.carbohydrate metabolism..E Ho*ever, after the compietioq,of
‘such a study, a féw chanégé as well as additions are recom-
mended- if such a'stuéy wer; to be .conducted again. These
changes and additions concern the methodglogy.

First, it would be preferable to allowtlonger than three
days between performié; ovariectomies and "~ implantation of
the Silastic tubing in order for endogenous progesterone to
be cqmﬁletely cleared from the blood.

b Second, : g greater difference between lengths .0f tube
should be allowed in order to obtain two or " more distincé
groups with signifi&antly different P4 levels. For example,
Silastié-tubes measuring 2 cm and 8 cm could be used. wa- “bf
ever in the light of the 'resulés found in this study, it
would appear that both 2 cm and 8 cm of Silastic tubing
would "vyield suprapharmacological levels of P4 ﬁherefor§
eliminating the possibility of studying ’the effectg of a

pHysiological dose of P4 on carbohydrate metabolism.

Finally, 1in order to test thé hypothesis that the
induced hyperglycemia resﬁlts from' a resistance- muscle
and liver tissue to jnsulin therefore would pfo ably be seen
in higher circulatisg levels of insulin, monitefing of insu-

lin levels throughout the treatment period should be under-

taken. - - - - o ;
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_Alro, festiné and especialiy post exercise free.fatty
acids levels should be measured in order to det mine if the
glycogéntggéring effect of P4 during exercise resul%ts in a
greater utilization of free fatty acids as as source of fuel

-

during exhaustive exercise.

-

-
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Appendix A '

ASSAY PRCCEDURES:

Al Plasma progesterone radioimmunoassay (RIA)

Reagents:

Phosphate buffered saline (PBS)

gelatin

tracer: 3-H-progesterone
- A

ether

Preparation of solutions:

a) Phosphate bufferd saline~gelatin (PBS=G):
To 90 ml of PBS is added 10 ml of gelatin

b) Tracer preparation:
I8

0.30 ul of tracer is needed per aliquot, to which is added

100 ul of PBS-G The tracer is dried with air before the

PBS G is added,ﬁ and the tracer _Preparation has to stand for

10 minutes béfore it can be used -

/
f
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_ 111
c) Antibody preparation:

To 0.2 ml of antibody is added 7.3ml of PBS-G to make a
S final volume of 7.5ml. .

d) Charcoal preparation:

-

N\

A stock solution of Dextran coated chgrcoal comprised of
V.25% Dexttan T-70 and 2.5% activated Nofit A (charcoal) . in
A
C.1 M PBS (pH 7.4) is diluted 1:10 with 0.01 PBS-G before
. .

use. The charcoal preparation is_(sti red. ‘'on a magnetic

stirrer and kept on ice for at leas hour before use. The

charcoal solution is prepared 24 hours before use.
"Procedure: )
1) Label tubes

2) To tubes 10 to 30 100 ul are added in triplicate of 10

P9, 20 pg, 40 pg, 80 pg, 160 pg, 320 apg and 640 bg for the

standard curve determination.

a

3) To tubes 31-36 are added 100 ul of low pool

4) To tubes 37-42 are added 50 ul of high pool

>
°

5) To tubes 43 and on are added either 20, 30 or 50 ul of

v

sample

6) Tubes 10 and on are placed in a water bath at 37 C and.

dried wifh air



ftsz o112

| '

©7) To tubes 1-6 are added 200 ul of ,PBS=-G and 100 wul of
‘ , y |

tracer : J

f -
; .
8) To tubes 7-42 are added 100 ul of PBS-G, 100 ul of tracer

and ;00 ul of antibggy

9) Tube% are vor?exed

10) Tubes are stored at 4 o overnightn
11) To tubes 1-3 are added 0.7 ml of PBS

12) To tubes 4-42 0.7 ml of the cHarcoal preparation is add-

ed
13) Tubes are left standing for 15 minutes
14)'Tubes are centrifuged at. 2000 rpm and 4 C for 15 minutes

15) The upper part of each tube is transferred to scintilla-

tion vials.
’ [

16) 3.5 ml of RIA cocktail is added to each vial

8

17) Vials are shaken and left standing in the dark for 3-2

hours

18) The vials are then counted for ten minutes or until 10

000 cpm have accumulated

A computer program which uses logit.and log transformations
and linear regression analysis is used for automated calcu-

_laﬁion of the progesterone in each unknown.
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' Correction for procedural losses .is.accomplished by cai4
'culatiqn'of the percentage Arecovery of fritiated progester- .
' one added to each plasma sample. _ ' . o

-
R

o
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Appendix B _\;

B.1 Plasma glucosé assay:

-

Reagents:
PGO enzymes:

contains 500 units of glucose oxidase and 100 Purpurogallin

units of peroxidase and buffer salts.
Distilled water

o-Dianisidine dihydroch}oride
Glucose” standard solution

B-glucose, 100 mg/dl (5.56 mmol/l) in benzoic.acid.solﬁtion
0.1%

Preparation of solutions:

-

Enzyme solution is prepared by adding contents of-one dap-
sule (PGO enzyme capsule) to 100 ml diltilled water. Color
reagent solution is prepared by reconstituting 50 mé
o-dianisidine dihydrochloride with 20 ml distilled water.

Combined enzyme-color reagent solution is prepared by com-
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115
bining 100 ml of enzyme solution and 1.6 ml of color reagent

solution. The solution is mixed by inverting several times.

Procedures;

l) Label tubes

-

2) To blank is added 475 ul distilled water To standard is
. R

added 25 ul of standard glucose solution and 475 ul dis-

tilled water. To each test is added 25 ul of sample plus

475 ul of distilled water.

3) To each tube is added 5.0 ml of combined'enzyme-color
reagent solution and mix each tube thoroughly. i
" 4) All tubeés are incubated at 37 C for 30 minutes or at room

temperature (18-26 C ) for 45 minutes. 5) At the end of the

incubation period the tubes are removed from the water bath.

The absorbance (A) of the standard and the test is read at

440-450 hm using the blank as.a reference.

[\ i

N.B.' Readings should be completed within 30 minutes.

All. readings were done on a LKB Biochrom Ultraspec 4050

spectrophotometer

The equation used for the calculation of the plasma glucose

levels is:

plasma gluceose (mg/dl)= A test x 100 .
\

A standard



Appéﬁdix cC

C.1 Glycogen assay:
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Reagents;
30% KOH solution saturated with sodium sulfate ( 300 gm KOH

pellets are. dissolved in distilled water to one 1liter and

saturated with sodium sulfate).
95% ethanol

98Y, ﬁzso4

5% phenol

50 mg glycogen powder is dissolved” in distilled water to 10

ml ( stock solution)
sodium sulfate saturated aquecus solution

Standard solutions: 0.5, 1.5, 3.0, 4.0, 5.0 and 6.0 mls of
the stock solution were diluted to 10 ml in volumetric
flasks, to obtain standard solutions of 10, 30, 60, 80, ° 100

and 120 ug/ml glycegen.
Proceduftre-

1) After removal from frozen storage, the muscle samples are
kept on solid CO2 until they are weighed on a Metler H bal-

ance.

2) Samples are transfered to stoppered -tubes containing 0.5
ml of 30% KOH saturated with sodium ~sulfate to 1 ml of gly-

cogen recovery- solution is added 0.5 ml NA2SQ4 saturated 30% -

Vo .
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3) Tubes are capped and placed in a boiling water bath for

30 minutes. - ‘ . -

4) After removal from the boiling water bath, tubes’ are
.

cooled on ice for 10 minutes.

5) 2-3 é?opé*of aqueous NA2S04 (sat'd) solution to muscle
samples 3-4 drops of of the same solution is added -to the

glycogen recovery solutions

&) To the tubes containing the muscle samples is added 0.8
ml of 95% ethanol and to recovery solutions is added 1.8 ml

of 95% ethanol. Samples are mixed thoroughly (vortex).

7) Tubes are cooled on ice for 60 minutes ( or are refrigi=-

- rated overnight after cooling on ice)

8) Tubes are centrifuged at 4 C and 3000 ¢ for 60 minutes

(tubes are balanced u51ng an equal amount of ethanol)

9) The supernatant is aspirated using a disposable Pasteur

pPipette ' .
10) The ' tubes are 1nverted and dralned by grav1ty for 15

!

minutes the excess fluid at Ehe mouth of the tube is drained
using a Pasteur pipette

11) The glycogen is redlssolved in 3 mls of dlstllled water

and mixed thoroughly

%

_12) To the following aliquots is added 1 ml of 5/ phenol

resting liver: 0.1 ml

v
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resting muscle: 0.5 ml =
glycoden standard:_l.o ml .
depletéd muscle: 1.0 ml '

depleted liver: 0.1 ml

7 13)-Tg.the aliquots are quickly added 5 ml H2S04

AT
L) i

14) Solutions are cooled and then mixed

'15) Tubes are placed in a water bath at 25-30 C for 30 min-

utes

16) Tubes are left standing at room temperature for'10 min- 

utes

17) Blanks are prepared by mixing ‘1 ml H20 (distilled) 1 ml

5% phenol and 5 ml H2504 -

[
.

18) The absorbance is read in a LKB Biochrom Ultrospec 4050

spectrophotometer at 490 nm

The equation used for the calculation of the glycogen con-

tent of the tissue is: !

mg glycogen/g wet tissue weight= (A490-A) x V

~ kxvxwxr

where A490= ypean absorbance of 2 aliguots .

~
[

slope of standard curve; units= 1 per ug glycogeh

<
Il

total volume of glycogen sclution

v= aliquot volume pf solution'used for golor reaction .

£
n

weight in grams of tissue sample

fx\’“{_



Y intercept

recovery

o
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Appendix D s
- D.1 Figure 1.Glycogen levels in soleus muscle
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Appendix E

Fiéure 2.Glycogen levels in plantaris muscle
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Appendix F

1

- E.1  Figure 3.Glycogen levels in white vastus lateralis
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Appendix G

G.1 Figure'4.Glycogen levels in ljiver -
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. Appendix H

Figure é.Glucoée levels
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