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ABSTRACT

The effects of 17-B-oestradiol, progesterone.and
cortieosterone on liver lipogenic and gluconeogeénic
enzymes have been examined in femaie ovariectomised
rats. The activities of these enzymes were correlated
with alterations in portal vein insulin and glueagon
levels and with changes in responsiveness of the liver

to pancreatic hormones.

Long term-treatment of rats with l71B—oeetradiol
induced the activity of liver lipogenic enzymes, acetyl -
CoA carboxylase and fatty acid synthetase. This effect
.was dose dependent and correlated with the rise in
plasma t;iglyceride concentration caused by the adminis-

tration of oestrogen.

Oestradiol'inhibited liver gluconeogenic enzyme,
phosphoenolpyruvate carboxykinase and reduced the flow
of gluconeogenic intermediates through this step. vThese
changes were associated with en increase in insulin E'
‘glncagon molar concentration ratio (I/G) in portal vein
blood secondary to marked reductions in glucagon
secretion. Oestradiol also iﬁpaired the sensitivity
of liver cells to glucagon. The altefed secretion and
action of the pancreatic hormones, therefore, could be
held responsible for the inhibited activity of
phosphoenolpyruvate carboxykinase and the reduction in

fasting plasma glucose concentration observed in oestrogen



treated rats.

Progesterone increased the secretion of both
insulin and glucagon equally and hence the ratio between
these two hormones remained constant. No significant
changes were observed in the sensitivity of liver cells
to these: hormones, nor was there any alteration in the
activity of lipogenic and gluconeogenic enzymes.
Progesterbne, therefo;e, did not affect the fasting

plasma glucose or triglyceride concentrations.

Bilateral adrenalectomy in rats reduced the activity
of liver lipogenic enzymes, while pharmacological doses
of éorticosterone induced their activity. These changes
were not related to alterations either in the secretion -

<‘

?

of insulin and glucagon or in the sensitivity of liver
cells to these hormones. The results suggest that the
effects of glucocorticoids on plasma triglvceride con-
centration might be dﬁe‘to the direct actions of the

steroid on liver lipogenic enzymes.

‘Though bilateral adrenalectomy lowered the insulin :
glucagon molar concentration ratio in éortalAvein blood,
the liver of these animals was resistant to the action 2.
of glucagon. Consequently, hepatic phosphoenolpyruvatexw
carboxykinase activity was inhibited‘resulting in a fall

in fasting plasma glucose level.

Moderate doses of corticosterone administered to

rats increased the insulin : glucagon molar concentration



ratio, wveduced phosphoenclpvruvate carboxyvkinase and
inhibited gluconeogenesis. The fasting plasma glucose

in these animals was lower than that of pair-fed control
rats. Large doses of corticosterone, on the other hand,
impaired the hepatic response to insulin and consequently
enhanced phosphoenolpyruvate carboxykinase activity
despite £he marked hyperinsulinaemia. Fasting plasma
glucose concentration was, therefore, increased in thesg

animals.

In conclusion, tﬁe results indicate that part of
the effects of steroids on lipid metabolism is due to
their direct action stimulating the activity of liver
lipogenic enzymes. The changes in gluconeogenic
enzymes and hepatic carbohydrate metabolism, on the
other hand, are in part mediated via alterations in
pancreatic alpha and beta cell function with changes
in portal veinbinsulin and glucagon levels. Moreover,
some of the steroids appear to modify the hepatocyte
response and hence modulate the biological éffectiveness

of the pancreatic hormones.
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INTRODUCTION AND REVIEW OF LITERATURE



INTRODUCTION

The use of steroid hormones and their synthetic
analogues as pharmacological agents ﬁas profoundly |
influenced medical practice during the past thirty years.
Female gonadal steroids have provided a convenient and
reversible means of contraception for many females during
- child bearing years and they are alleviating many of the
symptoms associated with the men0pauée. Glucocorticoids
have proved to be effective as immunosuppressive agents
and have been used successfully in ﬁhé management of
| many diseases previously refractory to medical treatmen£.
‘Unfortunately, the long term administration_of these
steroids induces several metabolic abnormalities which
might be responsible for.the increased cardiovascular
compliqations océurring in these patients (Stern et al 1973

and Mann et al 1975).

Changes in fasting plasma triglycérides associated
with an increase in the hepatic production of these
molecules have been reported‘to occur in women and in
experimental animals recéiVing the oestrogéneprogestogen
preparations (Doar & Wynn 1969; Larsson-Cohn et al 1970:
Stokes & Wynn 1971; Kissebah et al 1973; and Afolabi 1974).
Changes in hepaﬁic outpu£ of glucose sometimes leading
£o deterioration of glucose tolerance have also been
observed during the intake of these steroids (Doar & Wynn

- 1969; Larsson-Cohn et al 1970).



Similarly, an increase in plasma triglyceride synthesis
and in glucose output leading to hypertriglyceridaemia_
and hyperglycaemia are common findings in patients on

" long term glucocorticoid therapy (Perly & Kipnis 1966 and
Stern et al 1973). The conclusions from these studies
suggest that steroids greatly influence the liver and
that the altered metabolism of this organ could indeed be
the.major ﬁactor in genesis of the metabolic changes

- induced by these agents.

It is not certain whether the changes in liver
metabolism are the direct effécts of the steroids them-
selves or secondary to some othef hormeonal changes
associated with the intake of these agents. Of particular
importance in this respect are insulin and glucagon, since
thése hormones are known to pléy an important role in the -
control of hepatic metabolism and their concentration in
blood seem to be influenced by the administration of

steroids.

The aim of this study was to explore the role of
altered pancreatic beta and alpha cell functions in the
metabolic changes associated with the therapeutic intake
of steroids. For this purpose, we have examined the
effedts of 17-B ocestradiol, progesterone and COrticosterohe
on some of the liver enzymes active in the control of
lipogenesis and gluconecgenesis in the rat. Concurrently
we-have measured the portal vein blood levels of insulin

and glucagon and tested the biological effectiveﬁess of



these hormones in livers of steroid treated animals.

We were then able to correlate the changes in hepatic
activity induced by the steroids to alterations either
in the secretion and/or in the actioné of insulin and

glucagon.



A, REGULATION OF HEPATIC TRIGLYCERIDE

TRANSPORT; EFFECTS OF STEROIDS

I. General Outline

In the postabsorptive state when no exogenous fat is
ingested, almost all circulatory triglycerides are derived
from hepatic synthesis. Most of the endogenous triglycerides
are'transporfed in plasma as the major lipid component Qf
very low density lipoproteins (VLDL). About thirty per
cent of the total fasting plasma triglycerides are trans-

ported with other lipoprotein fractions (LDL & HDL).

Triglycerides are synthesised in the liver by a complek
process which leads to the esterification of giycerophosphate
with long chain fatty acids. Figure (1) shows a schematic
representation of the possible sources from which the fatty
acid portion could be derived. Thus, triglyceride fatty
acids could be synthesised de novo from acetyl CoA units
resulting from the catabolism of glucose and other carbo-
hydrate sources (lipogenesis). Alternatively, fatty apids
could be extracted by the liver from plasma free fatty
acids (FFA) derived from the breakdown of adipose tissue

triglycerides during the process of lipolysis. Finally,

the fatty acid portion could be derived from a hepatic
store of triglycerides which could be hydrolysed by the

activity of a hepatic lipase.

The relative contribution of each of the above sources

seems to vary both with the animal species and with the
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dietary condition. In man, after an overnight fast, a -
major source of plasma triglyceride fatty aclids is plasma
FFA (Havel 1961; Friedberg.et al 1961; Carlson & Ekelund
1963 and Eaton et al 1969). During carbohydrate feeding,
however, hepatic lipogenesis from glucose becomes the

main immediate precursor for the triglyceride fatty acids

(>3

(Barter et al 1972; Barter & Nestel 1973). In rats, a
minor fraction of triglyceride fatty acids is derived

from plasma FFA and hepatic lipogenesis from glucose
represents the major source (Baker and Schotz 1964?: The
fatty acids released during the hydrolysis of hepatic
triglyceride stores could be reassimilated into plasma PRTI

triglycerides only in special conditions such as chronic fV*”?N

N

el

alcoholism (Barter et al 1972), obese subjects (Barter &
Nestel 1973) and diabetic -dogs with fatty liver (Basso &

Havel 1970).

"Figure (2) is a schematic diagram showing the important
steps involved in the process of hepatic lipogenesis and
which can be summarised as follows: the pyruvate units (I)
resulting from the breakdown of glucose, fructose and othef
sources are first transported.to the cell mitochondria where
they are converted to acetyl CoA units (II). The latter
could also be derived from the partial degradation of fatty
acids in the liver. Acetyl CoA condenses witﬁ oxaloacetate
(ITI) to fofm citrate (IV). The latter is then transported
to the cytoplasm and acetyl CoA is subsequéntly released
by the action of the citrate cleavage enzyme. Acetyl CoA
is carboxylated in the presence of adenosine triphosphate (ATP)

~

and Mn++ or Mg++ to produce malonyl CoA;XV). This latter

~
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step is catalysed by the enzyme acetyl CoA carboxylase.
Malonyl CoA then condenses with other acetyl CoA units
to produce long chain fatty acyl CoAf(VIi via the

activity of the fatty acid synthetase:

It is currently believed that thé activities of
acetyl CoA carboxylase and fatty acid synthetase enzymes
represent £he key points or rate limiting steps in the
control of hepatic iipogenesis (Numa et al 1965; and
Vagelos et al 1966). There is also evidence to suggest
that the rate of hepatic triglyceride secretion is deter-
nined by the availability of fatty acyl CoA suggesting
that no rate limiting reactions are situated between the
synthesis of fatty acyl CoA and the release of triglycerides.
Indeed Windmuller & Spaeth (1967) have reported a close
correlation between the rate of fatty acid synthesis and
the rate of tiiglyceride secretion from rat livers. Under
special circumstances, however, the rate df.hepatic.fatty
acid esterification and the rate of synthesis of the
lipoprotéin peptides might play an important role. Thus,
in fasting and in diébetic animals the hepatic Supply of
fatty acids is high, while triglyceride secretion is low
(Basso & Havel 1970). On the other hand, the chrenic
ingestion of ethanol decreases plasma FFA concentration,
inhibits hepatic lipogenesis from glucose, and is associated [
with increased hepatic triglyceride production (Barter

et al 1972).

II. Effects of Insulin and Glucagon

There is no doubt that in the rat, insulin stimulates
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the hepatic release of triglyceride. Thus, Brady & Gurin
(1950) and Altman et al (1951) have observed an enhance-
ment in the synthesis of triglyceride from acetate in rat
liver preparations incubated with the hormone in vitro.
.Chernick and Chaikoff (1950) have also reported an
increase in the incorporation of giucoSe into triglycerides
in livers obtained from animals treated with insulin.
Furthermore, insulin added to liver slices in vitro
increased the synthesis of triglyceride frcm glucose

(Tulloch et al 1972).

Glucagon seems to exert opposite effects on hepatic
lipid synthesis. The administration of cobalt chloride
to destroy the glucagon secreting cells in rats caused an
elevation in pre-B-lipoproteins and serum triglyceride-'
concentration (Eaton; 1970). Also in dogs, surgical
removal of body and tail of pancreas containing mainly
the alpha cells resulted in marked hyperlipidaemia which
could be reversed by the administration of glucagon
(Paloyan & Harper 1961). The intravenous injection of
glucagon on the other hand caused Significant reduction
in plasma lipids in dogs and in patients with
hypertriglyceridaemia (Caren & Corbo 1960 & 1970).
Furthermore, in isolated liver in vitro glucagon inhibits

triglyceride synthesis (Vaughan et al 1964).

-In principle, insulin and glucagon may influence
hepatic lipogenesis and consequently triglyceride synthesis

in at least three different ways, viz:



(1) By direct action on the amount of enzvmes concerned
with the prodﬁction of acetyl CoA and its subsequent
incorporation into long chain fatty acids.

(2) Through changes in FFA and glycerol mobilisation from
adipose tissue resulting in a decrease of an increase
in fatty acyl CoA and O<—glycerophosphate concentration

.in Ehe liver cell, thus modifying the feedback
regulatory devices of hepatic lipogenesis.

(3) By altering hepatic glucose utiiisation and/or release
and consequently modifying the supply of building
materials and necessary cofactors for bptimal enzyme

activity.

Which of these mechanisms is in operation depends much
on whether one is dealing with short term or long term
effects of these hormones, and whether their actions are
observed in a diabetic or non-diabetic situation. Ffom
the point of view of ﬁhe present thesis, the main interest
is to learn to what extent insulin or glucagon plasma
concentration, and particularly their long term changes,
can influence hepatic lipogenesis in the nonédiabetic

state.

In pioneering studies, Bloch & Kramer (1948) showed
that insulin increased the incorporation of acetate into
fatty acids of rat liver slices incubated in vitro. This
effect was seen in the absence of glucose but only if the
liver was taken from a féd animal (Medes et al 1952).

The presence of glucose in the medium slightly stimulated



lipogenesis in the liver slices obtained from fasted

rets (Masri et al 1952). Haft (1967), in a more thorough
study, has shown that insulin increased the incorporation
of both 3H-acetate and 14C—glucose into total hepatic
fatty acids when rat liver was perfused with physiological
glucose concentrations whether the test animal was fasted
or fed. In these experiments glucose exidation was
slightly increased by insulin but definitely much less
than lipogenesis. These investigations seem to provide
sufficient evidence that insulin is able to increase
hepatic fatty acid synthesis even when this is basically
stimulated by the normal fed state and by endogenous
insulin. The results also indicate that the insulin effects
on li?ogenesis are independent ef its action on glucose

metabolism.

The mechanism of glucagon-induced hypolipidaemia is
still uncertain, though several lines of evidence'suggest
that the hormone influences hepatic lipogenesis. Thus,
glucagon has been found to inhibit the synthesis of.fatty
acids de novo by liver slices in vitro (Haugaard & Stadie
1953 and Berthet 1959). Similarly Heimberg et ai (1969),
using the isolated perfused rat liver, have demonstrated
that glucagon significantly decreased the triglyceride
fatty acid output, without any significant change in the
rate of hepatic free fatty acid uptake. They therefore
concluded that one important action of glucagon is to
inhibit the synthetic pathways which lead to the formation

and release of hepatic triglycerides.
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Inzulin and glucagon seem to influence the activity
of several lipogenic enzymes in rat liver. Thus the
state of insulin deficiency and glucagon abundance seen
in diabetic rat leads to a decrease in the activity of
acetyl CoA carboxylase (Wieland et al 1963 a) and fatty
acid synthetase (Gibson & Hubbard 1960). 1In these
animals acetyl CoA carboxylase activity was reduced
approximately to the same extent as the decrease in fatty
acids syntheEising capacity. Furthermore, the addition
of this enzyme to the supernatant of diabetic livers com-
pletely restored the lipogenic activity to normal (Wieland

et al 1963).

In contrast to the finding with the diabetic animals,
fhe hyperinsulinaemia and the hypoglucagonaemia seen in
obese mice are associated withvincreased activity of
acetyl CoA carboxylase and fatty acid synthetase (Chang
et al 1967). The incorporation of acetate into hepatic.
fatty acids is also much increased in these animals
(Winand et al 1968). The results, thus, Suggestvthat
insulin and glucagon modulate hepatic lipogenic ehzymes
to favour an increase or decrease in the rate of'lipo—

genesis respectively.

Insulin is also known to increase the availability
of NADPH necessary for the accelerated lipogenesis as a
result of stimulating the pentose shunt pathway (Haft 1967).
Insulin enhances the supply of substrate in the form of
acetate and cofactors such as ATP resulting from the

stimulation of glucose metabolism. Glucagon, on the other
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hand, favours the breakdown of hepatic triglycerides
and its release to the plasma (De Oya et al 1971,
Heimberg et'al 1269, and Penhos et al 1966) which
subsequently may lead to the accumulation of fatty

acyl CoA which could effectively inhibit lipogenesis.

- Another impoftant mechanism for the regulation of
hepatic lipogenesis which might be modified by insulin
and glucagon is related to the effects of these hormones
on fatty acid esterification and on thé synthesis of the
apolipoprotein carrier. Thus insulin has been shown to
enhance the esterification of hepatic fatty acids and to
stimulate the production of VLDL apoprotein peptides
(Nikkila, 1969). Consequently, the hewly synthetised 5 ;
fatty acids immediately incorporated into triglyceriaes
and released to the plasma and hence lipogenesis could
continue uninhibited. On the other hand, glucagon
decreases the fraction of fatty acids esterified by fhe
liver (Heimberg et al 1969) and reduces the synthesis of
the carrier apoprotein (Eaton 1970 & 1973). These effects
would result in the hepatic accumulation of fatty acyl CoA/
which could feedback and inhibit theﬂsynthesis of new

fatty acid molecules.

III. Effects of Steroids

1. Oestrogens

Several prospective and retrospective studies have

reported a rise in plasma triglycerides in young women
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receiving oestrogen containing oral ccﬁtraceptive
preparations. Doar & Wynn (1969) haQe examined the
effect of oral contraceptives on the fasting plasma

. triglyceride concentrations in 128 young females and
found a significant increasevduring therapy which was
independent of age, and degree of obesity. In another

52 women who were tested initially during therapy and
again after this had been discontinued, the mean plasma
triglyceride concentratioﬁ fell significantly after
withdrawal of the steroid. In this study it was
observed, however, that the magnitude of the plasma
triglyceride increase in response'to oestrogen containing
preparations varied and that some subjects were affected
more than others. Only 13% of all the patients feceiving
these preparations had serum triglygeride concentrations

above the normal range.

Further studies by Stokes & Wynn (1971) have indicated
that the increase in serum triglycerides seen during.aral
contraceptive therapy is proportionate to‘the dose of
oestrogen in the preparation, suggesting that this‘effect
could be due to the oestrogenic component. Indéed; several
other studies have confirmed that the administration of
oestrogen alone to éither postmenopausal women (Furman
et al 1967) or young females (Gustafson & Svanborg 1972)
produces a significant rise in plasma triglyceride

concentration.

Studies in experimental animals have also shown that



administrétion of ocestrogens to ovariectomised female

rats produces a significant elevation in plasma
triglyceride concentration (Hill & Dvornik 1969;
Schillinger & Gerhards 1973). Afolabi (1974), using the
same animal model, has also demonstrated that the

effects of oestrogens on plasma triglycerides concentration
were depehdent on the dose and duration of oestrogen

therapy.

Both in women and in experimental animals the increase
in serum triglyceride concentration was found to be
associated with an increase in the plasma concentration
of very low density lipoprotein VLDL (Wynn et al, 1966;
Aurell et al 1966; Wynn & Doar, 1969; Gershberg et al 1968
and Afolabi 1974). No significant changes were seen in
the triglyceride content of plasma low density or high
density (LDL or HDL) lipoproteins. These results'suggest
that hypertriglyceridaemia induced by oestrogen was of
endogenous origin and could result from a derangement in

the metabolism of plasma very low density lipoproteins (VLDL).

Ham & Rose (1969) and Adams et al (1970) suggested
that impaiied removal of serum triglycerides might be the
main determining factor in the oestrogen4induced hyper-
triglyceridaemia. In their studies they reported that
oestrogens impair the activity of the enzyme lipoprotein
lipaée, since the post-heparin plasma lipolytic activity
was decreased in oestrogen treated subjects. This

conclusion has been challenged, since in these patients
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the removal of triglvcerides was found to be within

normal limits (Kissebah et al, 1973).

Kekki and Nikkila (1971) labelled the plasma
triglycerides endogenously with 3H glycerol and
examined the turnover rate of these molecules in women
receiving the combined oestrogen-progestogen oral contra-
ceptive agents. They have reported that in these women
the turnover of pla§9§/tri§lycerides was much higher than
in controls. Since these studies were performed whiie
the subjects were iﬁ steady state situations the increase
in turnover in women receiving these preparations was
indicative of enhanced plasma triglyceride production.
In a similar study Kissebah et al (1973) have pointed out
that the increase in triglyceride production was due to
the oestrogenic component and that this effect was demon-
strable in women receiving oestrogens alone. They have
also indicated that the increase in plasma triglyceride
production during oestrogen theiapy was not simply the
result of enhanced supply of plasma FFA. It.was, therefore,
concluded that the excess fatty acids necessary for the
increased triglyceride secretion in oestrogen treated women
must have been derived from hepatic sources and that
oestrogens might have increased the de novo synthesis of

these molecules.

Afolabi (1974) has recently examined the effect of
gonadal steroids on hepatic triglyceride production in

ovariectomised female rats using two main approaches:



In the first technique, the clearance of plasma VLDL
triglycerides was suppressed by the administration of
Triton W.R.1339, which inhibits the lipoprotein lipase,
and measured the post~triton rise in plasma triglycerides
as an index of hepatic triglyceride secretion. From the
rate of post-triton accumulation of tfilecerides he was
able to conclude that, in the oestrogen treated rats, the
rate of entry of triglyceride into the plasma was three
to four times higher than in control animals. In the
second approach the hepatic release of triglyceride was
blocked by colchicine and the rate of accumulation of
newly synthesised hepatic triglycerides was assessed
during a continuoﬁs infusion of 14C-glucose. Aftef
colchicine administration hepatic triglyceride concen-
tration was significantly higher and the incorporation

of 14C—glucose into triglyceride much greater in the
oestrogen treated rats than in contfols. These obser-
vations provide evidence of the enhanced hepatic
triglyceride synthesis and secretion during the period of

oestradiol administration.

Using liver slices in vitrb Afolabi (1974) has also
demonstrated én increase in the éyﬁthesis of trig}yceride
fatty'acids from acetate and glucose together with an
enhancement in the release of plasma VLDL carrier
apoprdteins. These results suggest that oestrogens
stimulate the de novo synthesis of fatty acids (lipogenesis)
and at the same time enhance the synthesis of the apolipo-
protein carrier. These effects could be the main mechanism

in the increased production of éndogenous triglycerides



and hypertriglyceridaemia associated with oestrogen

therapy.

2. Progestogens

The effects of progestogens on plasma triglycerides
vary with the chemical structure of the analogue used, the
pretreatment plasma triglyceride concentration and the

concurrent administration of other steroids.

Beck (1969) and Beck (1970 & 1973) have reported that
when progesterone derivatives were used as the only means
of contraception the plasma triglyceride concentration was
reduced. Similarly progesterone or its analogue megestrdl
administered to healthy young females produced é small but
significant reduction in plasma triglyceride concentration
(Kissebah 1974). This hypotriglyceridaemic effegt was most
apparent in patients with pre-existing hyperlipoproteinaemia
(Glueck et al 1971 a), but was not discernable when used
in combination with oestrogen in the birth control pill

(Stokes & Wynn 1971).

Very few studies have been performed +to evaluate the
effects of progesterone on plasma triglyceride transport
in humans. Kissebah et al (1973) have suggested that the
presence of progesterone derivatives iﬁ combined pill
preparations lowers the Km of plasma triglyceride clearance.
Since the Km represents the triglyceride concentration at
which the clearing mechanism is operating at half maximal
capacity, the decrease seen with progesterone in@ibates

an improvement in plasma triglyceride removal. Moreover,



thé administration of progesterone or megestrol alone
to seven healthy women decreased Xm of plasma tri-
glyceride clearance suggesting that the improvement
seen with the combined preparation was primarily due to
the progesterone component. The improvement in plasma
triglyceride clearance was sufficient to explain the
magnitude of reduction in serum triglyceride 1evel and
hence it was suggested that progesterone derivatives

do not influence the hepatic productioh of these

molecules.

Glueck et al (1969) and Glueck & Fallat (1974) have
suggested that progesterone derivatives enhance the
activity of the enzyme lipoproteih lipase éince the plasma
post—hepafin lipolytic abtivity was increased in subjects'
treated with these agents. These results could provide
an explanation of the increased triglyceride removal seen

with these drugs.

Afolabi (1974) re-investigated this problem in female
ovariectomised rats. In these animals it was observed
that the administrafion of progesterone (5 mg/kg/day)
increased the activity of adipose tissue lipoprotein lipase
in fed rats and enhanced the skeletal muscle_lipase in
fasted rats. The hepatic production of fatty acids and
triglyceriaes was not significantly influenced by the
administration of progesterone to rats. Similarly the
incofporatibn of labelled acetate and glucose into

triglycerides of liver slices obtained from progesterone
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syeated rats was not significantly different from normal.

In contrast to the above findings Kim & Kalkhoff
(1975) have reported that the administration of large
doses of progesterone (25 mg/kg/day) to rats increased
the post-triton rise in plasma triglyceride concentration
suggesting that the steroid enhanced the hepatic release
of these components. The reason for this discrepancy is
uncertain'though the difference between the progesterone

doses used in the two studies might be a factor.

3. Glucocorticoids

During the past twenty years several groups have
studied the effects of adrenocortical hormones on plasma
lipid trahsport in several animal species; Adrenocortical
hormones were generally found to cause a significant rise
in plasma triglyceride concentration in rabbité (Moxran 1962
and Mahley et al 1968) and in rats (Hill & Droke 1963 and

Friedman et al 1965).

The effects of glucocorticoids on plasma triglycerides
in man were initially reported by Adlesberg et al (1950)
who indicated that treatment with cortisone actually
lowered the plasma concentration df neutral fat. Stern
et al (1973) have re-investigated this problem and |
reported that the administration of glucocorticoids led
to an increase in plasma triglycerides associated with
elevated plasma VLDL concentration. The anomalous results

of Adlesberg et al, could be simply attributed to the
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fact that in the majority of their patients the dose

of corticosteroids was substantially less than that
commonly used for therapeutic pur@oses. Indeed kissebah
et al (1974) have recently suggested that the plasma
t:iglyceride résponse to the administration of adreno—
cortical hormones is variable and is dependent on such
factors as the dose of the steroid, the duration of
treatment, the age and sex of pétients as well as the

presence Or absence of compensatory hyperinsulinaemia.

Stern et al (1973) estimated the turnover rate of

- plasma VLDL triglycerides in‘twelve patients befo:e and
after adrenocorticoid therapy. In ali patients the
turnovér of VLDL triglyceride was increased with a parallel
rise in plasma triglyceride conceﬁtfation. These findings
suggested that during adrenocorticoid therapy the
production rate of endogenously synthesised triglyceride
was increased tb account for the increase in plasma
triglyceride concentration. The plasma post;heéarin

lipolytic activity which indicates the efficiency of the

lipoprotein lipase clearance system was higher than normal, . .

suggesting that the steroid did not interfere with the
removal of triglycerides from the plasma. Similar con-
clusions have been reported recently by Kissebah (1974)
who also found aﬁ increase in the turnover of plasma

triglyceride in some patients with Cushing's Syndrome.

The mechanism of the glucocorticoid effects on hepatic
lipid metabolism and lipoprotein synthesis has been.

explored in several other animal species. Thus Friedman



et al (1965) observed that the administration of
corticosterone to fed rats and rabbits stimulated the
synthesis of hepatic triglycerides to induce a rise in
plasma triglyceride concentration. Hill et al (1965)
have also shown that the post-triton rise in plasma
triglycerides was higher in cortisone-treated rats than
in control animals. Similarly, Diluzio et al (1954) and
~Rudman & Di Girolman (1971) have shown an increase in
the release of hebatic triglyceride in chickens and dogs

given glucocorticoids.

In an electron microscopic study Mahley & co-workers
(1968) have described én increase in the number and size
of-VLDL particles in the hepatocyte Golgi'apparaﬁus of
" rabbits given cortisone for 4-6 days. Reaven et al (1974)
have studied hepatic lipoprotein‘metabolism in two otherx
species of animals (rats and mice) by the ultrastructural
and physiological approach. Their results'havevshown that
glucocorticoids induce an increase in the size'and number
of VLDL particles present in hepatocyte Golgi apparatﬁé
and enhance the post-triton rise in plasma triglyceridé
concentraticn. These observations wﬁen taken together,
strongly suggest that the indrease in hepatic ﬁriglycerides
and lipoprotein production is the mechanism responsible

for the corticostercid-induced hypertriglyceridaemia.

In contrast to the above finding, Bagdade et al (1970)
have described two patients with rheumatic disease in whom
severe hyperlipidaemia was associated with subnormal PHLA

during treatment with adrenocorticoids suggesting that.
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impaired plasma.lipoprotein clearance could be an
additional mechanism. This abnormality, howevér, is not
always demonstrable in patients treated with moderaté
doses of glucocorticosteroids and only when insulin
deficiency is also present, as in the two patients
studied by Bagdade, do the changes in the clearance

rate become important.



I

REGULATION OF HePATIC GLUCOSE TRANSDPORT;

EFFECTS OF STEROIDS

I. General Outline

The maintenance of a stable concentration of
glucose in blood is one of the most finely regulated
of all homeostatic mechanisms, and one in which the
liver plays an important role. In contrast to extra
hepatic tissue, the liver cells appear to be freely
permeable to glucose and as a result the activity of
certain key enzymes and their hormonal control appears

to direct either thebuptake or the output of glucose

from the liver (Cahill et al 1959).

In the fasting state with blood glucose concentration
between 80 & 100 mg/l00 ml the liver appears to be a net
producer of glucose. In the fed state; however, as the
glucose conéentration rises the output of glucose decreases
and at higher concentrations there is a net uptake. 1In
the rat, it has been estimated that the rates of uptake
and output of glucose are eqgual at a hepaﬁic portal vein
blood glucose concentration of 150 mg/100 ml. These con-
centrations, however, do not apply to other species, énd
in some the level varies with the type of diet. Infusion
of glucose into dogs maintained on a high protein diet
resulted in a rise of blood glucose with a cessation of
net hepatic glucose production only at hyperglycaemic

concentrations. 1In contrast, in carbohydrate fed dogs,



very little increase in blood glucose concentration
during a glucose infusion produced an immediate net

glucose uptake by the liver (Landau et al 1961).

Gluconeogenesis provides the body with a source of

glucose when carbohydratesare not available in sufficient

amount from the diet. In this process, glucose and glycogen

are syntheéised from lactate, pyruvate and glycerol. This
glucose sdurce is_heéessary for energy supply of the
nervous system and erythrocytes, and is élso required for
re—-esterification of fatty acids in the adipose tissué.
Glucose is also important for the anaerobic glycolysis in
skeletal muscles, synthesis of lactose in mammary gland
and in maintaining the concéntration of intermediates of
the citric acid cycle in many other tissues. It is not
surprising, therefore, to £ind éhat even under conditions
where fat might be supplying most of the caloric require-
ments of the organism there is alwafs a basal requirement

for glucose production via gluconeogenesis.

In most mammals the liver serves as the princiﬁle»\
organ responsible for glucose production while the kidney

becomes an important site during prolonged starvation and

acidosis. In these organs, the conversion of gluconeogenic

amino acids, lactate and glycerol to glucose occurs via:

a process which is essentially the reversal of glycolysis.

a/(

Figure (3) shows the sequence of reactions by which lactate,

pyruvate, glycerol and the major gluconeogenic amino acids

are converted to glucose in the rat liver cell. The amino
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acids and other substrates enter the cell by membrane
transport systems. Lactate,alanine, serine and glycerol
are converted to pyruvate in the cytosol. This substrate
enters the mitochondria and is converted to oxaloacetate
by pyruvate carboxylase enzyme. Oxéloacetate is then
converted to malate and aspartate, which leaves the

mitochondria.

In rat and mouse liver, malate and aspartate are
reconverted to oxaloacetate in the cytosol and the product
is converted to phosphoenol pyruvate by the phosphoenol-
pyruvate carboxykinase enzyme (PEPCK) which is located
almost exclusively in the cytosol. In pigeon, chicken ahd
rabbit liver, this latter enzyme is present in the mito~
chondria and phosphoenol pyruvate is synthetised in these
organelles. In humans, the enzyme is present both in the
mitochondrial and in ﬁhe qytoplasmic compartments, but the
'relative contribution of extra- and intra—mitéchondrial

phosphoenol pyruvate to glucose synthesis is not known.

Phosphoenol pyruvate is converted to fructose

‘1,6-diphosphate by the same. cytoplasmic enzymes. that areb £

R
involved in the-Embdden—Meyerhof glycolytic pathway. V{
Fructose 1,6-diphosphate is hydrolysed to fructose 6-phos— |
phate by fructose l,6—diphosphatase, an enzyme present in
large amounts only in tissues actively engaged in gluconeo-
genesis. Fructose-6~phosphate is converted to glucose-6-
phosphate which is dephosphorylated to produce glucose by

glucose-6-phosphatase, another enzyme specific for gluconeo-

genesis.
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The mechanism by which gluconeogenesis may be
regulated by hormones can be discussed under two main
headings: firstly, control by substrate supply, and

secondly, control by enzyme activity.

Regulation of the supply of substrates to the liver
ié undouptedly a major factor in the control of gluconeo-
genesis in vivo (Exton et al 1970). The blood concen-
trations of all the physiologic gluconeogenic substrates
are subject to elaborate control and vary greatiy in
response to hormone acfion, and to metabolic state. Thus,
the plasma concentrations of amino acids, lactate, pyruvate
and glycerol are certainly influenced by insulin, glucagon
and possibly directly by some steroid hormones. More
significantly, however, some hormones seem to influence
the hepatic extraction of some amino acids from the plasma.
As pointed out by Mallette et al (1969), changes in the
hepatic uptake of amino acids may.be caused by changes
either in their plasma concentration or their intracellular

utilisation.

As regards the enzyme contfol there appears to be a
number of energy barriers in the process of gluconeogenesis
which require key regulatdry enzymes to achieve glucose
synthesis. These barriers are located between pYruvate
and phosphoenol pyruvate, between fructose-1,6-diphosphate
and fructose-6-phosphate and between glucose-—6-phosphate
and-glucose. The enzymes which fegulaté these steps,
namely; phosphoenolpyruvate carboxykinase, fructose-1,6-

diphosphatase and glucose-6-phosphatase may be under



hormonal and dietary control.

IT. Effects of Glucagon and Insulin

The possibility that glucagon may serve as a

- physiologic glucose-regulator has been suspected since
the discovery of this hormone jin 1923. The classic
éross-circulation experiments of Foa and his co-workers
(1952) provided the first experiméntal evidence for this
supposition by demonstrafing the presence of a hyper-
glycaemic factor in the pancreatic venous effluent of

dogs made hypoglycaemic by insulin administration.

With the availability of radioimmunoassay techniques
for glucagon Unger et al (1962) introduced the conéept of
a feedback relationship between plasma glucosé concen—
tration and glucagon secretion by the pancreatic alpha
cells. Hypoglycaemia, whether induced actively by infusion
of glucagon-free insulin, or biochemically by the adminis-
tration of phlqridzin, is associated with a considerable
increase in the concentration of immunoreactive glucagon
in the pancreatico-duodenal venous effluent of dogs. Such
increases in glucagon were promptly re&ersed by raising
the plasma glucose concentration by means of intravenous

administration.

The quantitative aspects of such a complex feedback
relationship were subsequently explored by Ohneda et al
(1969). According to their findings, an increase in

glucagon secretion occurs whenever the plasma glucose



concentration is lowered to 50 mg per 100 ml or less.
Conversely, a decline in glucagon secretion was cbserved
when the plasma glucose concentration was maintained in
excess of 160 mg per 100 ml by intravenous glucose

infusion.

‘'The previous findings in vivo héve also been
validated by studies in vitro in which a reductioﬁ in
glucagon release from isolated Islets of Lanéerhans has
been observed at high concentrations of glucoée in the
incubation media, while increased glucagon release was
observed at low glucose concentration (Vance et al 1968;
Chesney & Schofield 1969; Edwards & Taylor 1970). The
same inverse relationship between glucose concentration
and glucagon secretion has been demonstrated in the

isolated perfused rat pancreas by Luyckx & Lefevre (1971).

In all the experiments cited above, the’réduction
of plasma glucose concentration has been achieved by
highly unphysiologic means. In nature, however, glucose
lack occurs ds a consequence of starvation, while
exogenous glucose enters the circulation only via thé‘
gastrointestinal tract. In order to assess the imp&rtance
of glucose-glucagon feedback relationship under physio-
logical extremes of glucose availability, studies have
also been performed on the effects of starvation and
carbohydrate feeding on this relationship. Thus
Aguilar-Parada (1969) have shown that, when normal

subjects were fasted for 72 h. or more, a highly



sighificant rise in glucagon concentration was observed
at the end of 48 h. and this rise was reciprocally
related to a reductionAin plasma glucose concentration.
The period of maximal glucagon concentration occurred
during the first week of starvation; According to
Cahill et al (1966) this is the period of maximal
gluconeogensis, during which the brain gradually adjusts
to the shortage of glucose by adapting to ketones as its

major source of energy.

The stimulatory effect of glucagonbon hepatic
glgcose release and gluconeogenesis has been demonstrated
as early as 1954 when Kalant found that the administration
of this hormone to inﬁact animals. increased ufinary nitrogen
excretion. Van-Italie (1960) has subsequently confirméd
these findings in vivo when he demonstrated an increase
in amino acid uptake and glucose release by the liver in‘~
dogs infused with glucagon. Thié stimulatory effect of
glucagon on gluconeogenesis has also been demonstrated
in perfused liver in vitro. Miller (1961) and Miller
(1965) have shown that glucagon in physiological concen-
trations stimulatea protein catabolism and giucose

production by perfused rat liver.

Exton and Parkv(1969) using livers from fasted rats
perfused with a mixture of amino acids at several times
their normal plasma concentration, have shown that glucose
production was half maximal at normal plasma amino acid
concentration and approached Saturation.at thfée times

normal concentrations. They concluded that the rate of
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release of amino acids frdm peripheral tissues can be

an important factor in controlling hepatic gluconeo-
genésis. Glucagon, however, seems to influence the

hepatic fate of amino acids rather than theirconcentration
‘in plasma or theiruptake by the livef. In livers'perfused
with physiological concentrations of amino acids, glucagon
increased alanine conversion to glucose 3-5 fold“and
produced changes in the steady state concentration of
gluconeogenic intermediates to indicate the stimulation

of this process at the stage of conversion of pyruvate

to phosphoenol pyruvate. No further stimulation with
glucagon was obtained when the alanine concentration in -
the medium was raised as much as tweﬁty times the
physiological level. It was, therefore, proposed that
glucagon plays a significant role in the regulation of
gluconeogensis from amino acids by promoting their_enzymatic
conversioh'to glﬁcose. Recent studies (Chiasson et al 1975)

have confirmed these findings in man.

In 1956 Levine & Fritz (1956) summarised the data
which suggest that insulin inhibits-the synthesis of
glucose from non—carbohydrate precursors. Mortimore (1963)
using rat liver perfusion hagAsubsequently demonstrated
a significant inhibitory_effect of insuiin on glucose
production with maximal responses at insﬁlin concentration
as low as 135 ,uu/mi (1 x 10"°M). Though the inhibition
of glucose production seen with insulin is in part due
to inhibition of glycogenolysié, Mortimore et al (1967),

in a subsequent study, have also demonstrated the



inhibition of gluconeogenesis by insulin,

Jefferson et al (1968) have confirmed the findings
of Mortimore et al and have shown that the changes in
radiocactivity and specific radioactivity of 14C—-glucose
added to the perfusion medium, confirm the hypothesis
that insulin inhibits glucose production by suppression
of glucose synthesis. These workers also found that
livers obtained from rats made acutely insulin~deficient
by intravenous injection of anti-insulin serum exhibited
higher rates of gluconeogenesis from lactate than normal.
Addition of insulin to the medium returned hepatic glucose
output and gluconeogenesis to normal. Davidson et al (1974)
using liver élices from fasted rats were able to demons—
trate that insulin direcfly inhibits gluconeogenesis from

glycerol and alanine.

Several reports are now available to suggest that
the rate of gluconeogenesis is primarily determined by
the rétiO;between the concentrations of insulin and
glucagon reaching the liver (Mallette et al 1969; Mackrell
& Skoll 1969; Cherrington & Varnic 1971). The opposing
effects of the two hormones suggest that some index of
the relationshib of their concentrations to each other
might constitute theAmost important signal of the
hormonal influence of hepatic gluconeogenesis than the
concentration of eitber hormone alone. A relatively
modest increase in glucagon concentration, as for example,
the 50% rise that occurs after 48 h. of starvation, may

exert more glucagon - like biologic effect than the 200%



glucagon increase induced by the infusion of arginine.
In the former circumstances, a reduction of insulin
secretion accompanies the rise in glucagon, whereas in
the latter case, a simulataneous increaée in iﬁéulin
secretion occurs. For this reason, the ratio of the
molar.concentrations of insulin : glucagon has been

proposed as a more valid index of gluconeogenic activity.

Lewis et al (1970) have deménstrated that gluconeo-
genesis can be regulated from minute to minutevby altering
the ratio of insulin to glucagon concentrations in rat |
liver perfusion. Moreover, Parrilla et al (1974).have
shown .that a 100-1000 fold change in insulin and glucagon
‘concentration at a constant glucagon:: insulin ratio did
not alter the rate.éf gluconeogenesis in perfused liver.
Also calculations of the insulin : glucagon ratio baSea
on the éctual measurements of their concentrationsiunder
a varietyof physiological conditions indicate that thé
ratio does, indeed, correlate inversely with need for
gluconeogenesis. Thus the ratio is lowest when such need
is greatest, i.e., in total starvatioﬁ, and highest when
such a need is aboliShéd"és during loédinélwith'exogenous
carbohydraté (Mullér et al 1971). Similarly, infuéion of
the glucose preéursor, alanine, which in the fasting
state causes a fall in I/G ratio "catabolic response"
increased I/G ratio during a glﬁcose.infusion an "anabolic
response", which must spare alanine from gluconeogenesis.
The same bihormonal control of glucose production has been

observed after a protein load. Normally after an overnight:
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fast the I/G ratio rises in response to a beef meal -

"an anabolic response" - unlike the carbohydrate depriﬁed
subject, in whom the I/G ratio does not rise, remaining
at a‘catabolic level. During'glucosé ingestion, however,
a beef meal induces a greatly exaggerated anabolic rise

in I/G ratio.

Although the factor or factors responsible for the
adjustment of the I/G ratio to meet the need for glucose
cannot be identified with certainty, there is réason.to
believe that the rise in glucagon, which is in large parE
responsible for lowering the I/G ratio during a period of
fast, is a conéequence of an increase in alanine concen-
tration. Alanine, which has been shown to be an impor-
tant endogenous glucose precursor*(Felig_ét al 1970), is
a powerful stimulus of glucagon secretion but only during
glucose need (Muller et al 1971). In the fasting state,

- the infusion of 1.mmol/kg of alanine into dogs over

a fifteen-minute period causes a doubling in the plasma
glucagon concentration without altering insulin concen-
tration significantly So that the I/G ratio is reduced
by 50%. When, however, the same-élanine infusion is
given during an infusion of giucose, which abolishes
the need for gluconeogenesis, glucagon does not rise
above the normal fasting concentration and insulin
concentration almost doubles, i.e., the I/G ratio
increases almost 100%. -The former change, a reduction
in 1/G rétio, would tend to increase the conversioh of

alanine to glucose and this is, in fact, accompanied by



an increase in glucose concentration. The latter change,
that is, an increase in 1/G ratio, would tend to decrease
conversion of alanine to glucose and increase glucose
utilisation. It is also associatéd-with a declihe in

glucose concentration (Muller et al, 1971).

jThe;e:is now considerable evidénce to suggest that
the interaction between insulin and glucagon associated
with gluconeogenesis are mediéted by their opposing
effects on hepatic phosphoenolpyruvate carboxykinase
enzyme (PEPCK) (Lardy et al 1964; Weber et al 1965;
Seubert & Huth 1965; Scrutton & Utter 1968; Ustenko 1970).
In this connection Wicks et al (1969) have demonsfrated
that the hepatic PEPCK aétivity is increased by treat-
ment of the intact rats with glucagon. This activation
effect, however, is prevented by inhibitors of protein
synthesis (Hager & Kenry 1968; Wicks 1968; Mallette et
al 1973). On the other hand{ Eaton et al (1974), using
24 h. fasted short term glucose fed rats were able to
show an inhibition in the enzyme activity coinciding
with the reduction in glucagon and the increase in insulin

secretion,

The concept that PEPCK is the target for glucagon
and insulin action on hepatic gluconeogenesig has been
supported by the evidence of Exton & Park (1966).
Measurement of intermediary.metabolites in liver perfused
with glucagon or insulin have shown chandges consistent

with the activation or inactivation respectively of an
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enzyme or enzymes located in the glucoﬁeogenic pathway
between pyruvate and phoéphoenolpyruvate; suggesﬁing
that this enzyme could well be PEPCK. This assumption
has been confirmed and well established by other investi-
gators (Weber et al 1965; Ballard & Harson 1967; Yeung &
Oliver 1967; Ashmore & Weber 1968; Yeung & Oliver 1968;

Philppichin & Ballard 1970 and Exton et al 1971b).

Changes in the activity of PEPCK are mediated by
alterations in the rate of synthesis of the enzyme and
are probably related to the concentration of intracellular
cyclic-AMP., The evidence to support this conclusion is
~as follows:

(1) Utilisation of labelléd lactate or pyruvaﬁe in the
perfused liver is stimulated by cyclic-AMP and is
associated with increased Eroduction of labelled
glucose, This establishes that flow through this
part of the pathway is raised (Exton & Park 1968,
1969).

(2) In the steady state of stimulation the leﬁel of}
pyruvate in the tissue is decreased, whereas the
level of phosphoenolpyruvate is increased. This.
means that some steps between pyruvate and
phosphoenolpyruvate must have been activated since
pyruvate disappeared at a faster rate in spite of
lower concentration and PEP was produced at a

faster rate in gpite of higher concentration.

In 1968 Sutherland et al introduced the concept

suggesting that c-AMP operates as the intracellular



maediator of the glucagon effect on liver gluconeogenesis.

Their evidence was based on the following:

(1)
(2)

(3)

(4)

glucagon causes a rise in c~AMP in intact liver
tissue and broken cell preparations;
this rise in c~-AMP precedes or coincides with the

stimulation of gluconeogenesis (Exton et al 1971a);

the effects of the hormone at suboptimal concentration

on gluconeogenesis are enhanced by theophylline (an

inhibitor of the phosphodies€iase which enhances c-AMP); éa/

/
{

the metabolic effects of glucagon are duplicated by ‘
exogenous c¢-~AMP, or by analogues of c~AMP such as
the dibuturyl derivatives (Menahan & Wieland 1967)

but not by other ciyclic nucleotides.

The opposing effects of insulin on hepatic gluconeo-

genesis could also be explained on the basis of changes

in ¢c-AMP concentration. Thus it has been proposed (Exton

et al 1971la and Jefferson et al 1968) that the insulin

effect may be partly due to a decrease in liver c-AMP (Fig. 4).

This proposal is based on the following observations:

(1)

(2)

insulin produces a small but significant decrease

in the concentration of c-AMP in perfused rat livers;
depletion of insulin in vivo by treatment with
insulin antiserum or alloxan results in increased
liver c-AMP;

exogenous c~-AMP and glucagon which raise the con-
centration of c—-AMP produce effects on gluconeo-
genesis which are opposite to those caused by

insulin;
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insulin antagonises the action of c-AMP or glucagon

—~
P
~—

on gluconeogenesis in the perfused liver; and
(5) insulin reduces the accumulation of liver c—AMP in

the presence of glucagon.

The mechanism whereby c¢~AMP could regulate the
synthesis of PEPCK, however, remains obscure. Langan
(1969 a & b) has proposed that c—-AMP might activate a
protein kinase which phosphorylates a specific histone
peptide in the nuclear. chromatin complex which could have
a role in gene repression and hence initiate the synthesis

of the enzyme.

TIT. Effectsof Steroids

1. Oestrogens

In spite of conflicting reports the balance of
evidence indicates that oestrogen containing preparations
alter glucose transport in women. The contribution of
oestrogens to the changes in glucose transport is difficult
to assess, since these preparations contain other steroids

as well.

Most of the studies concerned with the effects oif
oestrogens alone on glucose transport were conducted in
animals with and without diabetes. Foglia et al (1947)
were the first to ascribe a significant role for gonads
and gonadal hormones in the regulation of glucose metab-
olism in the rat. 1In their study they observed that in

the sub-totally pancreatectomised rats, ovariectomy



greatly increased the frequency of diabetes, while the
administration of oestradiol benzoate diminished the
incidence of diabetes. These findings were similar to
those of Ingle (1941) who was able to demonstrate that
oestradiol benzoate ameliorated the hyperglycaemia and

the severity of diabetes in alloxan diabetic rats;

These results were in contraét to a subsequent publication
by Ingle et al (l947)lin which they demonstrated that the
administration of diethyl stilboestrol to force-fed normal
rats, to partially pancreatectomised rats, or to the
alloxan diabetic rats caused an increase in glycaemia

and glycosuria.

The controversy concerning the effects of cestrogens
on gluéose transport in partially diabetic rats has been
considered by Rodriguez (1950).. In his studies Rodriguez
demonstrated that in vitro there was a biphasic response
to oestrogen; firstly there was an increase in glycaemia
and glycosuria, but after one month of continuous oestrogen
treatment the glycaemia and glycosuria disappeared and |
there was some protection against the development of
diabetes in these animals. This protective action of
oestrogen was ascribed by Lewis et-al (1950) and Costrini
& Kalkhoff (1971) to be due to hypertrophy and hyperplasia
of the Islets of Langerhans in animals on long term

therapy.

Few studies have been performed in women receiving
oestrogen preparations alone. Thus Talat et al (1965),

Di Poocla et al (1968), Yen & Vela (1968) and Spellacy,
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Buhi & Birk (1972a) have demonstrated that glucose
tolerance was unaffected or might be improved in normal
women taking synthetic oestrogens. Furthermore, Gershberg
et al (1967) found that the synthetic_oestrogen mestranol
improved the carbohydrate tole?ance in a small group of
patients with maturity-onset diabetes. Di Panla et al
(1968) , on the other hand, did not find any significant
effect of mestranol on carbohydrate tolerance in a similar

group of patients.

Recentlj Aitken et al (1973), in a comprehensive
study of women, have reported that the only demonstrable
effect of oestrogen alone is to produce a significant |
reduction in fasting plasma glucose. Oliver (1973),
uéing the ovariectomised rat, has also demonstrated a
consistent'reduction in fasting plasma glucose during the
long term adminstration of oestradiol to animals. It was
also observed that the concentration of blood pyruvate is
increased in rats ﬁreated with oestrogen. These results
suggest that the effects of oestrogen alnne may be due
to the inhibition of hepatic giuconeogenesis. Experiments
on rat liver slices have confirmed that oestrogen adminis-
tration inhibits the conversion of 14C—alanine to glucose
indicating that the éteroid suﬁpresses the gluconeogenic

pathway (Matute & Kalkhoff, 1973).

2. Progestogens

The effects of progestogens on plasma glucose trans—

port depends on whether the compound is an analogue of
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testosterone or progesterone. In many studies, det-
erioration of glucose tolerance has been observed in
women receiving a combined contraceptive preparation

in which a testosterone derivative has been incorporated
as a progestational agent (see review by Beck; 1973).
Progesterone derivatives, on the other hand, have no
discernable effect on glucose tolerance in normal women
whether taken alone as a megestrone derivative or when
combined with oestrogen as in birth control pills. Also -
the use of l7—acetoxyprqgesterone derivatives as the sole
contraceptive agent generally caused no significant

changes in glucose tolerance.

Beck (1970) has reported no change in glucose
tolerance in either non-diabetic women or women with
sub~clinical diabetes when treéted with chlormadinone
acetate over periods ranging from two weeks to six months.
Larsson-Cohn et al (1969); Vermeulen et al (1970) also
reported no abnormality in glucose tolerance in women
treated with the same drug for up to one year. Similarly,
Goldman et al (1968) observed no significant change in
glucose transport in normal women treated with medroxy-

progesterone acetate, another progesterone derivative.

Experimehts in animals on the effects of progesterone
on glucose‘transport have confirmed results in human
subjects. Lewis et al (1950) showed that progesterone
has no effects on alléviating>the incidence of diabetes
in the sub-totally pancreatectomised rat. Ingle et al

(1953) have shown that progesterone administration to
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force-fed sub-totally pancreatectomised rats was
without effect at low doses. Later work by Beck (1969)
using rhesus monkeys has confirmed that progesterone
wés without effect on fasting plasma gluéose while its
derivative chlormadinone acetatevcaﬁsed a significant

increase in the glucose disappearance rate.

3. Glucocorticoids

It is now widely recognised that human subjects
suffering from Addison's Disease; and adrenalectomised
animals are liable to die in hypoglycaemia during
‘starvation. Houssay & co-workers (1947) drew attention
to the fact that the fall in fasting glucose in these
animals was primarily due to the failure of gluconeo-
genesis. Such factors as lack of inhibition of periphéral
glucose utilisation probably contribute to the severity

of the hypoglycaémia.

Studies in vitro in perfused rat liver have confirmed
this concept, for adrenalectoﬂy abolishes the increase in
gluconeogenesis caused by starVation, diabetes and glucégon.
Since glucocorticoid replacement in vivo, or its éddition
to the perfusion medium in vitro reverses the effects of
adrenal gland removal, it has been suggested that part
of.the steroid effect must be exerted directly oh the

liver (Exton et al 1970 and Exton & Harper 1972).

The evidence of effects of glucocorticoid excess

on plasma glucose transport in man has been rather
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conflicting; thus some subjects receiving therapeutic
doses of adrenocorticoid steroid do not demonstrate
significantly impaired glucose tolerance; and, indeed,
may show a reduction in fasting plasma glucose (Perley
& Kipnis 1966). On the other hand, in many patients
receiving moderate or high pharmacological doses of .
glucocorticoids, a diabetogenic effect may be observed»

(Marco et al 1973 and Wise et al 1973).

Evidence from séveral studies summarised by Cahill
(1971) indicates that glucocorticoids stimulate the
production of glucose by the liver though impaired
peripheral glucose utilisation may play a role. Kipnis &
Stein (1964) , Ashmore (1964), Klausner & Heimbgrg (1967)
and Munck (1971) have confirmed these findings in perfused
rat livers in vitro. Cortisol added to the perfusion
medium stimulated the output of glucose by the liver.
This effect has been attributed to the enhanced hepatic
gluconeogenesis irduced by glucocortiroids (Long et al

1940; Levine 1964 and Ashmore 1964).

The stimulatory effect of glucocorticoids on liver
gluconeogenesis is probably related to the induction of
~gluconeogenic enzymes. The_obserﬁaﬁion that the
stimulation of gluconeogenesis induced by steroids in
perfused livers is relatively slow and is blocked by
cyclohexémide or actinomycin D is in accord with the
involvement of enzyme synthesis (Exton & Harper 1972).
Of particular importance in this respect is the enzyme

(PEPCK) which is probably a major site of action for



glucocorticoids. Measurement of the steady state of.
gluconeogenic intermediates in perfused rat liver has
shown increases in phosphoenolpyruvate associated with
‘unchanged concentrations of malate and oxaloacetate after

cortisol treatment (Shrago et al 1963 and Exton & Harper

1972) .

Administration of glucocorticoids to rats has also
been shown to increase the activity Qf fructose;l,6~diphos—
phatase, another regulatory enzyme in the control of
hepatic gluconeogenesis (Mokrasch et al 1956 and Weber &
Singhal 1964). The importance of this enzyme, however,
in the stimulation of gluconeogénesis by glﬁcogorticoids
remains ﬁncertain in view of the following observations:
(1) The enzyme increase following glucocorticoids is of

much slower onset than that of gluconéogenesis

(Weber & Singhal 1964).

K2) Measurement of hepatic intermediary metabolitesvin
glucocorticoid treated rats does not shown e&idence
of increased conversion of fructose—l,G—diphosphate

- to fructosé—6—phosphate (Exton et al 1970 and Exton

& Harper 1972).

'(3) Gluconeogenesis from fructose is not impaired in
liver from Adrenalectomised rats, nor is frucﬁose—l,

6—-diphosphate concentration increased.

The enzyme glucose—G—phosphatase which determines
 the hydrolysis of glucose-6-phosphate with subsequent
release of glucose seems to be also stimulated in animals

treated with glucocorticoids (Ashmore & Weber 1959).



However, the changes in glucose and glucose-6-phosphate
concentration in livers from glucocorticoid treated rats
seems to suggest that this enzyme might not be an
important site for glucocorticoid action (Exton & Harper

1972).

Another important component in the increased gluconeo-
genesis caused by glucocdrticoids in vivo is the increased
mobilisation of amino acids‘from muscle and other extra-
hepatic tissues in glucocorticoid treated animals. These
hormones are known to decrease the incorporation of
labelled amino acids into proteins of skeletal muscle and
6ther tissues (Wool & Weinshelbaum 1959 and Exton et al
1970). Also glucocorticoids increase the release of amino
acids in eviscerated animals (Smith & Long 1967). It is
not known, however, whether theée effects are due to.a’
primary action of the steroid or secondary to some other

change associated with the intake of glucocorticoids.



C. EFFECIS OF STEROIDS ON INSULIN

AND GLUCAGON SECRETION

Alteration in peripheral blood concentration of
insulin in response to female gonadal steroid therapy
has been widely reported in humans and animals. In
these studies, insulin concentratibns were found either
to increase, decrease, or remain unchanged, depending on
the nature and complexity of the steroid therapy and on
the experimental model undexr investigation. An effect
of glucocorticoids on circulating insulin concentration
has been documented in patients with Cushing's Syndrome

and in subjects on long term glucocorticoid therapy..

The development of specific radioimmunoassay techniques
for measuring pancreatic glucagon has also revealed that
steroids have dramatic effects on the circulating concen-
tration of this hormone. Thus the administration of
ocestrogen and progestogen containing preparations td
young females resulted in the suppression of glucagon
response to arginine infusion suggesting that the secretion
of this hormone was inhibited by the intakelof these
steroids. On the other hand, patients with Cushing's
Disease and subjects receiving moderate or high doses of
glucocorticoids show an increase both in basal and
arginine-stimulated glucagon concentrations suggesfing
- that glucocorticoids enhance the activity of the pancreatic

alpha cell function (Jose Marco et al 1973; Wise et al 1973).

It appears, therefore, that the long term administration



0f steroids modifies the secretofy function of both

the alpha and the beta cells of the pancreas, thus
modulating the secretion of insulin and glucagon and
that this effect may play an important role in the
metabolic changes associated with the intake of these
steroids. The effects of these égents upon the
pancreatic alpha and beta cell functions are.summarised

below:

1. Oestrogens

The effects of oestrogen on pancreatié beta cell
function has been studied primarily in rats. As early
as 1941 it was demonstrated that‘the administration of
cestrogen to rats increased the insulin content of the
Islets of Langerhans (Fraenkal-Conrat et al 1941 and
Griffiths Marks & Young 1941). Lewis et al (1950) have -
also observed that cestrogens have a trophic action of the
pancreas and that the steroid produces hypertrophy and
hyperplasia of the Islets of Langerhans. This effect
of oestrogen does not require the presence of the adrenal
or pituitary glands and probably is the result of direct
action of the steroid on the islets (Foglia 1954). More ;
recently, Costrini & Kalkhoff (1971) have demonstrated
that pancreatic islets obtained from rats treated with
ocestrogen and incubated with glucose in vitro show an

enhanced capacity Lo secrete insulin.

In contrast to the above finding, Beck (1969),
using the rhesus monkey, observed that the administration-
of ocestrogen decreased the fasting plasma'insulin

concentration and was without any effect on the insulin



- 55 -

response during glucose tolerance. Hager et al (1971)
have also demonstrated in a similar study that the
insulin release from pancreatic islets, obtained from

oestrogen treated rats, was inhibited.

The effects of oestrogen containing prepérations on
plasma insulin leveis in humans are:aiso contradictory.
Thus Spellacy (1969) and Beck (1969) have demonstrated
an increase in insuliﬂ levels in women receiving combined
déstrogen progestogen agents;- Javier éf al (1968) and
Wynn & Doar (1969), on the other hand, found é decrease
in fasting plasma insulin while Spellacy et al (1972b)
reported that the plasma level of this hormone remained

unchanged during oral contraceptive therapy.

No specific study has so far beenimade to evaluate
£he effects of oestrogen alone on the morphology and
function of the pancreatic alpha cell. However, Beck
‘e£ al (1975) have recently reported that orai contraceptive
agents containing oestrogen suppress the aétivity of the
alpha cells and decrease the basal and the amino agid
stimulated glucagon concentrations»in women. On the other
hand, Saudek et al (1975) have'suggestea ﬁhat in rats
increased oestrogenic activity during late pregnancy could
be an imporfant factor in the hyperglucagonaemia
associated with this condition. In this study, however,
the effects of oestrogens were not segregatéd from those

of other hormonal changes associated with pregnancy.
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2. Progestogens

Beck (1969) using the rhesus monkey as an exéeri—
mental animal has reported that progesterone and synthetic
progestogens increase the insulin response during an
intravenous gluéose load. Similarly Costrini and Kalkhoff
(1971) and Hager et al (1971) have demonstrated that the
Islets of Langerhans obtained from rats treated witﬁ
progesterone show increased insulin response when incubated
with glucose in vitro. This effect was not pfoduced
acutely, suggesting that the long term administration of
progesteroné induces hypertrophy and enhanced”seéretory
capacity df the beta cells. Indeed, Gobrena et al.(l97l)
have demonstrated that the adminisﬁration of synthetic
progestogens to the sub-totally pancreatectomisea rats
decreased the incidence of diabetes and caused an increase

in insulin response during glucose challenge.

Studies in the human with regard to the effect of
progestogens on insulin secretion are rather scanty.
Kalkhoff et al (1970) noted an increase-in the insulin .
reéponse'to glucose and tolbutamide in women receiving
progesterone derivativés. Spellacy et‘al (1970), also‘
using progestogens, demonstrated an incréase,in insﬁlin
during fasting and after an oral glucose load. On the
éther.hand, Adams & Wynn (1972) using megesterol acetate,
a progesterone derivativé, observed no change in plasma

insulin response.

2

No studies have been performed to assess the influence
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of progesterone on plasma glucagon levels.

3. Glucocorticoids

Elevations in plasma insulin concentrations have
been observed in patients receiving glucocorticoids |
(Perley & Kipnis 1966; Campbell et al 1966 and Marco
et al 1973) and in patients with Cushing's Syndrome (Klink

& Estrich 1964).

Perley & Kipnis (1966) studied the acute effects of
a large dose of glucocorticoid, administered to normal
subjects, on insulin secretion.. Within 48 h. the plasma
insulin response to both orally administered glucoée and
intraveﬁously infused tolbutamide were markedly increased
above control values, Siﬁbe there is no évidende that
insulin degradation is influenced significantly by gluco-'
corticoids (Elgee & Williams 1955 and Berson et al 1957)
the elevated plasma insulin concentrations clearly indicate
excessive pancreatic insulin secretion. Similarly an
increase in insulin concentration has been observed in
normal subjects receiving moderate doses of glucocorticoids

for four days (Marco et al 1973).

Although adrenal steroids are generally thought of
as protein catabolic agents, the administration of cortisol
in vivo has been reported to result in hypetplasia of the
Islets of Langerhans in some animal species (Kinash & Haist
1954; Volk & Lazarus 1959; Vranic 1965). Malaisse et ai
f1967) have re—-investigated the effect of adrénalectomy
and cortisol treatment on pancreatic tissue. Removal of

the adrenal glands resulted in reduced responsiveness of



the pancreatic tissue to glucose stimulation in vitro.
This effect was demonstrable three days after the
induction of adrenocortical deficiency. On the other
hand, cortisol when administered in ino for two to

five days increased the sensitivity of pancreatic tissue
to glucose. Wheh added to the incubation media in vitro,
however, cortisol has no effect upon the glucose induced
insulin secretion by pancreatic tissue from normal or
adrenalectomised rats suggesting that the effects of
glucocorticoids were not directly exerted on the beta

cells and that some other factor must be involved.

The changes in insulin secretion iﬁduced by glﬁco—
corticoids are not simply the result of changes in insulin
content of the paﬁcreas._ Rather the change is due to the
increased sensitivity of the insulin secreting mechanism
to glucose (Malaisse et al 1967). The explanation of this
phenomenon is unknown, though there is evidence that -
glucocorticoids may influence the actiﬁity of enzymes
regulating glucose metabolism in the Islets of Langerhans
(Gepté & Toussaint 1964). This effect mighﬁ, therefore,
alter the islet métabolism of glucose and hence might
~influence the ability of glucose to enhance_insﬁlin'

secretion.

Marco et al (1973) were the earliest to demonstrate
hyperglucagonaemia in patients treated with glucocorticoids.
Both with respect to basal and arginine-stimulated glucagon;

the concentrations were higher than in control subjects.



Wise et al (1973) have confirmed these findings in
non-obese .and obese subjects treated with dexamethasone
and in patients with Cushing's Syndrome. These authors
concluded that glucocorticoids increase plasma glucagon
concentration in the basal state and in response to
protein ingestion or aminogenic stimulation. This
effect occurs in obesity and persists in chronic

hypercorticoidism.

The secretion of glucagon from pancreatic islets
in vitro was also enhanced when the islets were obtained

from glucocorticoid treated rats (Calle et al, 1975).

As with insulin, however, the addition of gluco—
Corﬁicoids to the medium of isolated islets incubated
in vitro did not influence the capacity of the. alpha cells
to secrete glucagon suggesting that the éffects of gluco-

corticoids are not directly exerted on the islets.

Wise et al (1973) have also sﬁggested that raised
plasma alanine concentrations might be an important factor
in the increased glucagon levelé in patients with acute
and chronic glucocorticoid excéss. A direct linear cor-
relation has been demonstrated between the rise in plasma
alanine and the increase in plasma glucagon in giuco—'
corticoid treated subjects. Alaternatively, Marco et al
(1973) have proposed that the-interference of glucocorti-
coids with the uptake of glucose by the alpha cells, an
effect analogous to the insulin antagonism observed in
other tissueé, may increase the reactivity to aminogenic

stimulation.



CHAPTER I I

MATERIALS - AND METHODS



MATERTIALS:

I. Animals

Experiments were performed on female Wistar rats
with body weiéhts varying between 120 and 140 g. The
animals were housed in groups of six per cage and kept
in rooms in which a temperature of 20-22°¢ waé main-
tained. Lighting was controlled to give alternate

12 h. of light and darkness.

Rats were fed éd libitum on a standard-pﬁrina
laboratory chow obtained commercially and were allowed
free access to drinking water. Surgical procedures
were performed under pentobarbitone anaesthesia, sodium
pentobarbitone was diluted in 0.9% NaCl and was injected
intraperitoneally in a dose of 45 ung/kg body weight;

Two dorso-laterally placed incisions were made in each
rat and the two ovaries were manipulated and excised
within the pursé.oﬁarica under direct vision. When
required, bilateral adrenaiectomy was carried oﬁt through
the same incisions and appropriafe haemostasis was
secured. The rats were weighea every other day for the
first ten days after the operation fo ensure a normal
gain in weight prior to the administration of steroids.
Animals which gained weight at a rate less than 90% of
the mean rate for unoperated weight-matched controls

waere excluded from the study.



Durin¢g the period of treatment, some steroids were
found to lead to a change in the feeding habits of rats.
Thus, the oestradiol and corticosterone treated rats
gained weight at a rate less than weight—matched
controls. In order to minimise any error resulting.
from changes in feeding habits and differences in weight,
pair fed controls were used in each experimental group
to produce controls consuming the same amount of food
as the experimental animals. This objective was
achieved by weighing the food given daily to the steroid-
treatéd rats. The calculated amount consumed per rat in‘
each group was then offered to its pair fed control.
Also, the adrenalectomised animals were allowed free
access to drinking water as well as 0.9% NaCl to prevent
depletion of the body fluid volume due tb sodium loss in

urine.

II. Steroids

Ten days after operation, animals were grouped soO
that:

(a) In each.group the difference between'the
weilght of the biggest and the smallest rat
in the group did not exceed 10 g ({7% of mean
body weight). |

(b) The difference between the means of the body
weights of animals in any of the groups did

not exceed 15 g (<10% bf mean body weight).
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The dose of each steroid was calculated as follows:
If the dose taken, expressed as ug or mg/kg body
weight, was 'D', then the total dose injected was
Lgi%ﬁgl pexr rat whére_'W‘ was the mean body weight in grams
of the rats in the group of animals to which fhe‘parﬁ
ticular steroid was toibe administered. This startiﬁg'
- dose was maintained for the whole experimental period.
-The dose of oestradiol administered ranged from
1 to 100 -ug/kg body weight/day. Progesterone was given
in a dose range of 0.05 to 5 mg/kg rat body weight/day.

Corticosterone was administered in doses ranging between

0.5 and 50 mg/kg bod& weight/day.

Qestradiol, progesterone and corticoéterone were
purchased from Sigma (London) Chemical Co. Oestradiol
and progesterone were dissolved in corn oil so that
0.2 ml contained the total daily dose of the steroid
réquiredvper rat. per day. Homogenous solﬁbilisation was
ensured by adding the required.quantity of steroid
powdexr to the appropriate volume of oil and stirring on
a magnetic stirrer for 24 h. at room temperature. Cortico-

sterone was given as an olly suspension.

The gonadal steroids were administered by daily sub-
cutaneous injections using 25°g, 2 inches long hypédermic Ry
needles and 1 ml disposable plastic syringes. The sites
of injectionbwere alternated between the ventral aspects
of the four quadrants of the animal. Corticosterone, on
the other hand, was given intramuscularly. The duration

of steroid administration ranged between 8 and 10 weeks.
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Tn each exveriment the last dose of stevoid was adminis-
tered 24 h. before the animals were sacrificed and

samples taken.

METHODS :

I. Measurement of Hormones

and Metabolites in Blood

The plasma concentration of immuno:eactive insulin
and glucagon were measured in samples of blood obtained
from the main portal vein. Animals were anaesthetised
with pentobarbitone and the portal vein was exposed with
minimal trauma through a small abdominal incision.
Samples of blood were withdrawn from the main portal
vein and dispensed into éither heparin tubes for measure-
ment of insulin, or into tubes:containiné trasylol
(LO00 units) and EDTA (3 amol) per 1 ml of blood for
glucagon estimation. The plasma was immediately separated
and frozen at —2OOC until the time of assay. Blood was
also obtained from the abdominal aorta for the estimation

of plasma glucose and triglyceride concentrations.

(1) Radioimmunoassay of Glucagon

Principle

Glucagon was assayed in plasma samples using a
modification of the method of Sauntensanio et al (1972).
Thevéntibody specific for pancreatic glucagon (30K) was
purchased from Professor Unger, University of Texas South

Western Medical School, U.S.A. The sepération of the
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antibody bound from the free hormone was performed using

dextran coated charcoal.

(a) Preparation of 1125 Glucagon

" Crystalline beef-pork glucagon was purchased from

4

Eli-Lilly Co. (Indianapolis, Indiana, U.S.A.). Two mg

of this material was accurately weighed and solﬁgifgsed

in 8 ml of 0.01 M HCl. The solution was then divided into
10 ul portions each containing 2.5 ug of glucagbn. This
material was then stored in autoanalyser cups at -20°c.

The iodination mixture contained 2.5 Ag glucagon in

10 ul of 0.01 M HCl, 25 ml phosphate buffér (0.5 M;_pH 7.4)
and 2 mci of carrier free Na 1125 obtained from Amersham
Radiochemical Centre, Bucks., England. A solution (50 al) -
containing 20 ug of chloramine T in phdsphate buffer.

(50 mM, pHA7.4) was added and the reaction allowed to
proceed for 15 s. It was terminated promptly by the

addition of sodium metabisulphite (Na28205) solution

(300 ul containing 144 ug in phosphate buffer).

The iodinated glucagon was separated from'free-Il25

iodine using column chromatography on‘Sephadex G-25 fine.
For this purpose about 10 g of Sephadex were wéshed with
distilled water to remove the fine particleé. _The gel
was allowed to swell overnight in 4-6 volumes of 0.2 M
glycine buffer, pH 8.8 and then equilibrated with the
same buffer containing 0.5% albumin; After this
procedure the gel was packed into columns (1.2 x 15 cm)

and the buffer allowed to drain. .



Tne iodination mizture was transferred to the
Sephadex column using a pasteur pipette. Elution was
performed using glycine buffer, 0.2 M, pH 8.8 and
containing 0.5% albumin. After the void volume
fractions containing ten drops of the eluate were
collected in separate wvials. Initial experiments
showed tha£ fractions 5, 6 & 7 contained iodinated
glucagon with the highest immunoreactivity. The
specific radioactivity of these fractions was approx-

125 glucagon fractions

imately 0.5 mci/ug. The chosen I
were combined and stored in aliquots frozen at ~20°%c.
This material was suitable to use for 4~6 weeks. On

the day of the assay the label was further purified

using a longexr Sephadex column as described below.

(b) Preparation of Glucagon Standards

Crystalline glucagon (5-10 mg) was weighed and.
dissolved in 0,0l M HCl to exactly 0.4 mg/ml (Stock I).
This was diluted with the diluent assay buffer to a
concentration of 100 mg/ml (Stock II). Another solution
was prepared by further dilution to contain 500 pg/ml

(Stock III).

Working standards were then prepéred as follows:
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STANDARD A B - C D ) F G

Diluent o _ :
Buffer in ml 9.8 2.2 5 7.5 8.75 9.375

Glucagon .
Standard in ml 0.2 0.1 -~ - - - -
(stock II) '

Glucagon
Standard in ml
(8tock III) - - 10 5 2.5 1.25 0.625

Glucagon  Conc.
pg/ml 2000 1000 500 250 125 62.5 31.25

Each standard was subdivided into amounts sufficient

for one assay and stored at -20°cC.

(¢) Glucagon Antiserum

Glucagon antibody produced against beef-pork glucagon
in rabbits, was supplied inﬁlypholised form in Sthl
portions. To this amount the diluent buffer (5 ml) was
added and the whole mixed gently by inversion. The vial
was left to stand for 1 h. with frequent mixing by
inversion to ensure complete solution. The diluted
antibody was subdivided into 0.2 ml fractions and stored

at -20°cC.

(d) Other Assay Reagents

(i) Trasylol or Kallikrin inhibitor: trasylol
(10,000/ml) was obtained commercially from Bayer, Germany.
(ii) Diluent or working buffer: the appropriate

dilution of standard antibody and tracer was performed



using glycine buffer (0.2 ¥, pH 8.8) containing
bovine crystalline albumin (0.25%) and 1% normal
sheep serum. This buffer was also used in the assay

mixture.

(e) The Glucagon Assay Procedure

(1) Preparation of Plasma Samples: stored samples
were taken out of the deep freeze and thawed at room
temperature. The tubes were mixed by inversion.

(ii) Purification and Dilution of 1125 Glucagon:

during the storage of 1125 glucagon a significant amount
of damagé 6ccurred. It was, therefore, necessary to
repurify each batch of the labelled glucagon immediately.
before the assay. Purification was performed using a
Sephadex G-25 fine column (1.2 x 50 cm). The adoption
of this procedure made it possible to separate 1125

immunoreactive glucagon from damaged material and from

some residual free iodine.

The purified tracer was then diluted using the
diluent buffer to produce 10,000 d.p.m. /0.5 ml which is
equivalent to approximately 15 pg of glucagon.. 'This
amount was used in each aésay tube.

(iii) Dilution of the Antiserum: an aligquot of the
antibody, stored at —ZOOC, was thawed at 4OC,'and diluted
using the diluent buffer to produce an antibody concen-
tration which bound 50-60% of the tracer in the assay tube
containing no glucagon standard. Initial experiments

showed that a final dilution of 1/40000 was the most
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suitable to achieve this binding ratio.

(iv) The Glucagon Assay Mixture: the assay mixture
of glucagon was prepared in plastic tubes in duplicates

as shown in the following table:

Glucagon

' { Plasma Assay
Tube Buffer Sample Standard Antibody Trdcer Trasylol Volume
(pg/ml)
STD curve
damage 400 - 200 - 500 100 1200
control
Zero ' ‘
Standard 200 | 400 500 100 1200
STD A-G - - 200 400 500 100 1200
Unknown
‘Plasma 400 200 - - . 500 100 1200
damage
control
Unknown . .
Plasma - 200 - 400 500 100 1200
Samples '
Tubes were placed in a cold tray during the addition
of the assay ingredients and mixed by gentle shaking of
°c.

the racks. The tubes were then incubated for 4 days at 4

(v) Separation of Bound and Free Glucagon: A suspension

of dextran coated charcoal (0.5% charcoal and 0.25% dextran)

was prepared by mixing equal volumes Qf.l% Norite A in
0.2 M glycine buffer (pH 8.8) with 0.5% dextran 80
prepared in the same buffer.‘_The mixture was thoroughly
stirred magnetically for 15-20 min. Normal sheep serum

(0.2 ml) was added to the tubes not containing plasma in
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order to compensate for the protein conﬁent of samples;
Charcoal dextran mixture (0.5 ml) was added to each
tube and the tubes were re-incubated for 45 min. The
tubes were centrifuged at 4°C for 15 min. and the super-
natant was aspirated. Both the supernatants and the
charcoal pellets were counted for radiocactivity in a

Wallac gamma spectrometer.

The mean value of bound/free (B/F) ratios in duplicaté
determinations was plotted against standard amounts of
glucagon to obtain a calibration curve with each assay
and unknown concentrations were determined by reference

to this curve (Figure 5).

(2) Radioimmunoassay of Insulin

Principle

Insulin was assayed by a modification of the method
of Albano et al (1972) using rat insulin standard and
insulin antiserum produced in guinea pigs. The antibody
bound was sépafated'from the free hormone using albumin
coated charcoal.

(a) Materials: the assay was carried out in phosphate
buffer (0.05 M) at pH 7.4. The buffer was prepared in
concentrated form (7.8 g NaH,PO,2H, O and 101.2 g Na

2774772 2
and was subsequently diluted 5-fold with water. To the

HPO4/litre)

diluted buffer crystalline bovine plasma albumin was added
(0.3 g/100 ml). This working phosphate albumin buffer

was used for subsequent dilution of standards, radioactive



Lracer and antiserum, and was élso used'in.the assay
mixture. Insulin standards were prepared from
crystalline rat insulin (Novo Industries, Copénhagen)

and were kept as stock solutions containing 10 aU/ul

in veronal acetate buffer pH 8.6 containing 0.5% albumin.
Aliquots were stored frozen at ~-20°c. Dpilutions of this
standard were made to give the working range of the

standards as shown below:

STANDARD A B C D Ik F G H

Working _
Buffer (ml) 0.95 0.9 0.8 0.7 0.6 0.4 0.2
Insulin
Standard {(ml) 0.05 0.1 0.2 0.3 0.4 0.6 0.8 1.0

Insulin '
Concentration 12.5 25 50 . 75 100 150 200 250
in uU/ml

Insulin 1125 (specific radioactivity, 100 to 200 xci/ug)

was obtained from Amersham Radiochemical Centre. The .
antiserum used in the assay was purchased from the Wellcome
Research Laboratories (anti-insulin serum code MRO9%/10).
This antiserum produced in guinea pigs against pork-insulin
demonstrated very good cross reaction with rat insulin

standard (Oliver 1973).

The standard curve for the”assay was performed in
the presence of insulin free plasma so that approximately
“equivalent protein concentration was maintained in the
standard and test tubes. The insulin-free plasma was

prepared by adding fasting human plasma (10 ml) to
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Norit OL activated charcoal (1 g) and incubating the
mixture for 2 h. At the end of this period it was
filtered and centrifuged and the clear plasma obtained

was stored in 0.2 ml portions at -20°c.

(b) The Insulin Assay: Volumes of each reagent

added to the assay tubes are shown in the table below.

Ins.free Plasma Ins.
Plasma Samples STD

Total

Antibody Tracexr volume

Tube Buffer

Standard .
Curve
damage
control

600 50 - : - - 100 750

zZero : | :
standara  °°° >0 B >0 Heo 73
Unknown
Plasma
damage
control

600 - 50 - - 100 - 750

Unknown , . ‘
Plasma - 550 - 50 - 50 100 750
Samples

(All volumes are in al)

At least five quality controls of stored plasma
were run with each assay and treated in the same way as
unknown plasma samples. Unknown samples which were con-
sidered to have a concentration greater than the highest
standard were diluted with charcoaléd (insulin~free) plasma.
The plasma samples, quality controls, and appropriate
standards, were thawed and mixed thoroughly. Portions

(SO,ul) were measured into each tube using a Hamilton
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syringe. The 112J insulin tracer, antiserum and

working buffer were added using "Repette" syringes for

each component.

Blanks containing insulin-free plasma or test plasma
vwere run simultaneously to allow for “damége" correction
for both the standard curve and the test samples respectively.
The "damage" fraction in this instance is defined as: that

fraction of insulin which does not bind to charcoal in

the absence of -insulin. antibody.

125

The insulin I tracer and the antiserum used in

thé”assay were diluted as follows:

Each vial contained 5 uci of ihsulin 1125

and
approximately 0.1 mg insulin and was diluted  in

120 nl of buffer. Each 100 ul of this solution would
contain about 80 pg insulin and 10,000 d.p.m. The"
diluted radioactive tracer was then'sﬁored at -20°C and .

was used within four weeks. Insulin antiserum was diluted

so that its final assay mixture would be 1/50,000-fold.

The assay nixture was incubated at 4°Cc for 65 h. and
the incubation terminated by the addition of 100 a1l of
dextran coated charcoal suspenéion. The charcoal
suspension was prepared by adding ; g'bf charcoal (Norit OL)
to 20 ml phosphate buffer containing 0.3 g% albumin and
mixed for 1 h. After charcoal addition,'ﬁhe incubation
mixture was allowed to stand for 30 min. and the tubes
were then centrifuged 3000 g for 20 mih. The supernatant

containing the antibody-bound hormone was transferred to



t

RADTOTMEUNOASSAY  OF

RAY INSUL']_:E\}' STANDARD  CURVE

3 &
2
—
e
N
o
e
3
Do
[
@
Do
L!_
\1..
ye)
o
3
o)
m
L] ) * 4 |y
0 50 158 250

.

Insulin (u unit “mt)

FIGURE (6)




a plastic vial, capped and counted in a Wallac gamma
spectrometer. The radiocactivity in the respective

charcoal pellets was counted simultaneously.

(c) Calculations

The bound/free ratio was calculated and a calibration
curve of standard concentration of insulin in aU/ml was
plotted. Unknown concentrations were then determined by

reference to this curve (Figure 6).

(3) Plasma Triglycerides Determination

Principle

Plasma triglycerides were extracted free from
phospholipids and from free glycerol by the method of
Laune (1966). The triglycerides were then saponified
and the liberated glycerol was measured enZymatically as

described by Garland and Randle (1962).

(a) Extraction and Sapocnification of Triglycerides:

‘Activated silicic acid (0.5 g; 100 mesh) was added to

1 ml of ethanol/propan~2-ol ether mixture (1:19 V/V) in
10 ml stoppered centrifuge tubes. The tubes were shaken
briskly for 20 secondé and aliquots (0.1 ml) of éither
plasma, water blank or triclein standard wexe added. The
tubes were again shaken for 10 s. A further 5 ml of
ethanol:isopropyl ether mixture was added to each tube
and éhe stoppered tubes were shaken for 30 s. every 10
‘minutes for the next hour. The tubes were centrifuged

at 1000 x g for 5 min. and portions (4 ml) of the
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supernabtant wore cautiously transferred to a second set

" of tubes each containing 0.6 ml ethanolic KOH (0.5 ml of

6 M KOH added to 9.5 ml absolute alcohol). The tubes were
then stoppered, shaken to mix and left in a water bath

at 70°C for 30 min. They were then left to cool to room
temperature and 1 ml of 0.15 M magnesium sulphate was

added. The Lubes were briskly shaken and centrifuged at

1000 x g for 5 min. The organic supernatant layer was
aspirated and discarded. Portions of the aqueous infranatant

were used for the determination of glycerol.

(b) Glycerol Assay:

Materials: Stock solutions of the following materials were
prepared.

(i) ATP, disodium salt (20 mM). This solution was

adjusted to pH 7.6 with 6 M KOH and stored as 0.3 ml aliquots

at -20%c.

(ii) NADH, disodium salt (4 mM) stored as 1.5 ml aliquots
at -20°¢.

(iii) Triethanolamine buffer (100 mM). The solution as

pH 7.6 contained 6 mM magnesium sulphate, 2 mM potassium
chloride and 7 mM sodium phosphoenol pjruvate. This

buffer was stored in 10 ml portions at —2OOC.

The assay medium was prepared by mixing the ATP stock
solution (0.2 ml), the NADH stock solution (0.75 ml)
pyruvate kinase (500 mg), lactate dehydrogenase (250 ug)

and the triethanolamine buffer (10 ml).



Assay_ Procedure

The extinction éf a 2.5 ml volume of the assay medium
was rcad against a water blank in a UNICAM SP 800 spectro-
meter (with an expanded scale) at 340 nm, using 1 cm light
path and silica cuvette. More NADH was added if necessary

v
to give an extinction of appf%imately 0.8, To this
medium 0.2 ml of sample or glycerol standard was added
and when there was no further change in extinction an
initial reading was taken. Glycero~kinase (20 ag) was
added and the reaction was allowed to proceed for 5 min.
at 25°C and when this was complete a second reading of
the extinction was made. A standard calibration curve
was prepared with each batch of assayS'ahd unknowns were

measured by reference to this calibration.

(4) Glucose Estimation

Glucose was assayed on Technicon autocanalyser using
the method of Cramp (1967). 1In this method glucose is
oxidised by glucose oxidase to gluconic acid. The hyrdogen
peroxide which is formed in this reaction is broken down
to water and oxygen by the enzyme peroxidasé. The oxygen
acceptor O—toiidine hydrochloride also present in the
assay mixture is converted to a coloured compound which

is determined colorimetrically.

13

Glucose standards (20-100 mg%) were made up freshly
for éach assay. Quality control serum obtained from
Hyland (Travenol Labs.) was also run with each assay to
check on variability between assays; Sémples from.

control and steroid treated animals were run simultaneously.

/hf”

o
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This method was used for measuring glucose both in

plasma samples and in liver extracts.

IT. Assay of Hepatic EnzZymes,

Intermediates and Cyclic Nucleotide

(1) Liver Lipogenic’Enzymes

(a) Preparation of Enzyﬁe Extract

Ten days prior to sacrifice, fhe rats were given a
special diet in order to reveal the maximal activity of
liver lipogenic enzymes as suggested by Neuman et al (1961)
and Allman et al (1965). Animals ﬁere fed a low-fat, high
carbohydrate diet for five days followed bj fasting for
48 h. and they then received the low-fat high—carbohydrate
for another 48 h. On the day of the expériment>rats were
given the appropriate dose of pentbbarbitone anaesthesia.
The abdomen was opened and the liver immediately excised.
Portions of the liver randomly selected from different
lobes were rinsed in ice cold isotonic saliné, lightly
blotted and weighed. The liver tissue was then mincedl
by scissors and homogenised in approxiﬁately two volumes
of ice cold phosphate-sucrose buffer cdntaining potassium
phosphate buffer (100 mM, pHv7.5), EDTA (50 aM), sucrose
(250 mM) and 2-mercapto ethanol (10 mM). The homogenate
was centrifuged at 25,000 x g, at 4°C for 15 min. and the
fléating fat cakewas removed. The infranatant was then
separated and re—centrifuged at 100,000 x g at 4°c for
1 h. to obtain the cytoplasmic fraction. The high speed
supernatant, 100,000 g, ser&éd as the source of liver

lipogenic enzymes. The enzyme preparation was stored at
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-20°C in 1 ml portions. Under these storage conditions
loss of enzymatic activity was less than 10% after two
weeks. All assays were performed within

three days of the date of sample. -

(b) Assay of Acetyl CoA carboxylase activity

The activity of acetyl CoA carboxylase (Acet?l COA-:A
CO, ligase EC 6.4.1.2) was measured in the 100,000 x' g
supernatant of.liver homogenate using é modification of
the procedure described by Maragoudakis (i970). In this
acetyl CoA is carboxylated to maionyl cbenzyme A in the
presence of optimal concentrations of ATP, citrate, Mg++

14 14

and CO2 (provided as NaH

appearing in the acid stable material as malonyl coenzyme A

CO3). The quantity of co,,

was then determined (Vagelos et al, 1962)..

The enzyme preparation was diluted 4;fold with
phosphate~sucrose -buffer. Aliquots (0.65 ml) from this
.material were mixed with 0.25 ml of triethanolamine aséay
buffer (triethanolamine 50 mM, tripotassium citraﬁe 50 mM,
Mg C1 ‘

20 mM, 2-mercaptoethanol, 10 mM, Mn C1l 2 mm;

2" 27!
1% bovine plasma albumin and pH 7.5). The tubeé-were
covered and pre-incubated at 37°C for 30 min. "Acetyl CoA
(0.25 mmol) and ATP (1 mmol), each in 50 ml of triethanol-~
amine buffer, were then added. Under these conditions the

reaction rate was linear for up to.l0O min. and was propor-

tionate to the enzyme concentration (Fig. 7 & 8).

The -tubes were immediately covered and incubated at
37°C for a further 5 min. At the end of this incubation

the reacticon was terminated by the addition of 50 ml of

60% perchloric acid (HCl1O,). The tubes were shaken and



centrifuged at (10,000 x g for 10 min.). Aliguots of

the supernatant were then transferred to glass scintillation

vials and were left uncovered under a stream of air at

room temperature for 12 h. The residue in the vial was
redissol&ed in 50% ethanol (0.2 ml). Scintillation fluid
(10 ml) was added and the radioactivity measured. Quenching

was corrected by recountingAwith internal standard of
4c-hexadecane. The scintillation fluid consisted of

160g naphthalene, 10 g of 2.5 diphenyloxazole (PPO) and

100 mg of 2-(l-naphthyl)-5-phenyloxazole (X —-NPO) dissolvea

in a mixture of 770 ml of xylene, 770 ml of 1-4, dioxan

ahd 460 ml of absolute ethanol.

Enzyme Unit and Calculation of Enzyme Activity

One unit of enzyme was defined as the'activity
necessary to carboxylate one amol of acetyl CoA to produce

malonyl CoA per min.

Acetyl CoA carboxylase activity was, therefore,

calculated as follows:

Acetyl CoA Carboxylase S B

(munits/mg protein) = T x t X - xw ¥ 1000

Where:
S = sample counts (d.p.m.)
T = total counts added per tube (d.p.m.)
t = incubation time
B = bicarbonate concentration per incubation tube in amol
V = volume of homogenate per incubation tube (ml)

W = protein content of liver homogenate (mg/ml)
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(c) ssay of fatty acid svnitbetase activity

Fatty acid synthetase activity was measured in the
100,000 x g supernatant of liver homogenates using a modi-
fication of the method of Wakil et al (1959). 1In this
procedure the change 1in extinction coefficient due to
oxidatioﬁ of NADPH as malonyl CoA is converted to long
chain faﬁty'acids was determined in a Unicam recording

spectrophotometer (model SP80O).

Assay Procedure

The complete assay was carried out in silica cuvette
maintained at 25°C and with a light path of 1 cm. Each
cuvette contained phosphate buffer (pH 7.0; 300 amol), _
2—mercaptoethanol (15 amol) EDTA (5 mmoi) and NADPH (1 jamol)..
The enzyme preparation (100,000 x g¢supernatant) was added |
with 0.3 ml water té bring the total cuvette volume to
2.9 ml. The initial absorbence of this mixture was read
against a similarly consistent reagent blank contaiﬁing
no NADPH. When there was no further change in absorbence
‘acetyl CoA (0.2 mamol in 100 ul water) was added ahd the
contents were mixed. The absorbence of the reaction mix-
ture was read at 30 s. intervals‘over 8 min. Under.these
conditions the reaction rate was iinear with time and protein

concentration (Figs. 2 & 10) .

Calculation
Egiiiit = GA‘E x Vi samol NADPH/ml enzyme extract/min.
a Y 107 x2 x d x V2 ‘

Vvl = 3 ml, the total volume of reaction medium

it

V2 0.100 ml, the volume of enzyme extract added

> = 6.22 x 106/cm2/mole; extinction coefficient
at 340 ma of NADPH

d 1l cm, light path of the cuvette

it
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AT = change in extinction due to the reaction/min.

Hence the _ AE x 3

Amoles NADPH/ml

activity lO6 X 6.22 % lO_6 x 1 x 0.1 of enzyme extract/min.
ocC 30806§£&E nmoles NADPH per ml of enzyme

extract per min.

If 1 ml of enzyme preparation (100,000 x g supernatant)
contains X mg of protein then enzyme activity equals:

3000 x AE
0.622 x W

nmol NADPH per mg enzyme protein/min.

Assuming that palmitic acid forms the bulk of the fatty

i
acids synthetised by this process then from the overall

stoichiometric egquation of the reaction:
CH3 CO.S.CoA + 7HOOC.CH2.CO.S.COA + 14 NADPH + 14 H+
Acetyl CoA | Malonyl CoA

+ NADPH + 8 CoA + 6 H,O

CH3’(CH2) 8.CO0OH + 7CO 2

palmitic acid

2

the molar ratio of NADPH to malonyl CoA consumed during

fatty acid synthesis should be 2 : 1.

' s ) 3000 x AR
Hence enzyme activity equals: 0.622 = W 2
= iogg4xx4%E nmol of malonyl

CoA/mg of enzyme
protein/min. or

munits/mg protein.
one unit activity of fatty acid synthetase is defined as
the activity required for utilisation of one mmole of

malonyl CoA per minute per mg protein.

(2) Measurement of Liver Gluconeogenic Enzymes

(a) Preparation of the Enzyme Extract

The animals were fasted for 36 h. prior to sacrifice



and the liver was removed under pentobarbitone anaes-
thesia. Portions of liver were removed and homogenised in
approximately 10 vol. of ice cold TriS—HCl buffer (0.1 M,
pH 7.4) and containing 250 mM sucrose. The homogenate

was centrifuged at 25,000 x g for 10 min. at 4OC and the
floating fat cake removed. The supernatant was then
recentrifuged at 100,000 x g for 20 min. and the super-
natant containing the cytoplasmic fraction was separated
and immediately frozen a£ ~-20°C. No'measuréble'deterior~
ation in the enzyme activity was detected over four weeks

of storage.

(b) BAssay of Phosphoenolpyruvate Carboxykinase (PEPCK)

PEPCK activity was measured by determining the rate
of carboxylation of phosphoenoléyruvate to oxaloacetate.
using the methods of Chang & Lane (1966) and Sanchez-
Medina et al (1971). The oxaloacetate generated from the
reaction was then reduced to malate simultaneously with
the consumption of proportionate amounts of NADH; In the
original techniqgue thé change in. spectrophotometric |
extinction of NADH was used to calculate the enzyme
activity. 1In the present study we have modified the
original method using é~radiometric assay instead.

14002 provided as NaH 14003 was therefore used to carbo;
xylate phésphoenolpyruvate to 14C—oxaloacetate, and the
latter was converted to acid stable 14C—malate. The

acid stable product (malate) was used to calculate PEPCK .

activity.

The assay tube contained: Tris-HCl buffer (25 amol,

pH 7.4), Mn 012 (7.5 amol) , reduced glutathione (0.5 amol),



inosine-5-diphosphate (7.5 amol), Nal l4¢02 (12.5 amol

and 2.5 aci), NADH (0.6 umol), and malate dehydrogenase
(12.5 ng/tube). An appropriate amount of liver homogenate
was added, and the reaction was initiated by the addition

of 7.5 amol of phosphoenol pyruvate to each incubation

tube. The total volume of the assay mixture was 750 al.

The tubes were covered and incubated at_3OOC in a
metabolic shaker for 15 min. After incubation the reaction
was terminated by the addifion of 4 M HCl (250 wml). The
acid stable radioactivity was then determined on triplicate
aliquots as described previously for the acetyl CoA
carboxylase. Under these conditions the reaction was
linear with time for 20 min; as shown in Figure (11) andA
- was proportionai to the concentration of the homogenate in

the assay mixture (Figure (12)).

Enzyme Units and Calculation of the Enzyme Activity

Units of enzyme activity were defined as the activity
required to carboxylate one umol of phosphoenol pyruvate
per min., to produce oxaloacetate. PEPCK activity was

therefore calculated as follows:

(munits/mg protein) T

PEPCK : S L
Txt  * TTxw ¥ 10

Where:
S = sample counts (d.p.m.)
T = total counts added/tube (d.p.m.)
t = incubation time
B = bicarbonate concentration in umol/tube
V = volume of homogenate/tube-(ml)

W = protein content of liver homogenate (mg/ml)
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(3) Measurement of Tiver Gluconeogenic TIntermediates

(a) Preparvation of Liver Extracts

Approximately one gram of liver tissue was frozen

in liquid N Homogenisation of the frozen tissue was

o°
carried out in 6% perchloric acid using an electric

nomogeniser. Sufficient perchloric acid was added SO-
that the ratio of the final liquid volume to the liver

sample was 4 : 1. The water content of the liver was

assumed to represent 75% of its weight.

The homogenate was centrifuged at 2000 x g for
20 min. at 4OC to precipitate the proteins and the super-
natant was separated, This extract was then neutralised
usiﬁg a microburette filled with concentratgd solution of
KHCO3 (approx. 2 M). The mixture was allowed to stand in
cold for 30 min. to allow adequate precipitation of the
perchlorate formed during neutralisation. The preciéitate

was then removed, recentrifuged and the supernatant was

used for the assay of the substrates.

(b) Measurement of Pyruvate (pyr),

Phosphoenol Pyruvate (PEP) and

Glycerate-2-phosphate (2~GP).

Thesé intermediates were measured in liver extracts
using a standard enzymatic method (Bergmeyer Methods of
Enzymatic Analysis 1974). The procedure is based on the
fact that ail these substrates could be‘coﬁverted enzyméti—
cally to lactate, with the oxidation of stoichiometric amountf
of NADH. The oxidation of NADH is proportional to the
concentration of substrate converted and is measured
spectrophotometrically at 340 nm. The reactions involved

are as follows:



1. 2-pg -£801ase ppp o .0
2. ADP + PEP —E%§§§§§3> ATP + pyruvate

lactate =
dehydrogenase”

3. DPyruvate + NADH + H+ lactate + NAD

Under conditions of the assay the equilibfia of reaction
(2) and (3) are sufficiently fast in the direction'of
phosphoenol pyruvate and pyruvate conversion that guanti-
tative reaction was assuted, providing that the NADH con-

centration waé more than 0.01 mM.

Procedure

The change in extinction coefficient at 340 nm (1 cm
light path) was measured against air at 250C; the final
volume in the cuvette was 2.06-2.22 ml, This assay was

also carried out in silica cuvettes.

The neutralised liver extract (0.8 ml) mixed with
triethanolamine buffer (1.24 ml) containing triethanolamine
hydrochloride (600 mM and pH 7.6); EDTA (6 mM) and NADH (0.2 mM).
The contents were mixed in the cuvette and.left for 20 min.
following which initial absorbence (El) was recorded.
Lactaﬁe dehydrogenase (5 ag powder in 20 wul) was then
added and the contents mixed. After 10 minutes the change
in extinction was recorded (EZ)' A solution (80 al) con-
taining ADP (2.4 mM), MgSO, (20 mM) and KCL (74 mM) was |
added to the cuvette and the contents were mixed. The
change in extinction (E3) was recorded after a further
5 min. Pyruvate kinase (40 aul; lO.ug'enzyme‘protein) was
then added and the extinction (E4) recorded after 5 min.

Finally 40 wul containing 10 wug of enolase were added and



absorbence (ES) was recorded after 5 min.

Calculation

Jmol 3-PG. 2-PG or PEP/ml. deproteinised sample

AT » V
E x VD x d

Where:
v = volume of the assay mixture
VD = volume of the deproteinised sample
d = light path of the cuvette (cm)

E = extinction coefficient of NADH {(cm/umol at 340 nm)

AFE = change in extinction due to the consumption of
the substrate '

Where:
pyY = El - E2
pep = E5 - E,
pG = E4 - E5

From the above equation the concentration of each

substrate in amol/kg wet weight liver could be calculated.

(c) Measurement of Oxaloacetate (oxal),

Dihydroxyacetone Phosphate (DAP),
D-Fructose-1,6-diphosphate (1,6~F~P2) and
Glyceraldhyde-3-phosphate (GAP)

The enzymatic reactions upon which measurements of
these substrates are based could be represented diagramati-

cally as follows:

1. Oxaloacetate + NADH + H+‘LM2E; I, - (-) - Malate + NAD+
2. F-=1,6-P, aldolase  pap 4 gap
= 23

Y TIM
3. GAP A——— DAP

<& + . +
4. DAP + NADH + H Z=———— L - (~-) Glycerol-3-P + NAD
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In the presence of excess NADH ana adequate enzyme
concentrations the reaction sequence proceeds rapidly.
The decrease in extinction at 340 nm resulting from the
oxidation of NADH could then be measured spectrophoto-

metrically.

Assay System

This assay was also carried out in triethanolamine
buffer (0.85 ml) contained in a silica cuvette. The
triethanolamine buffer contained triethanolamine hydro-
chloride (400 mM, pH 7.6), EDTA (6 mM) and NADH (17 uaM)
which were mixed with 1.5 ml of saméle extract. The
cuvette was left for 10 min. and fhe extinction at 340 mM
was recorded (El). Malate dehydrogenase (O.3~ug in 5 al)
was added and the contents of the cuvette mixed. The

) was recorded. Glycerol-3-phos—

change in extinction (E2

phate dehj;ogenése (10 ml; 3.3 mg/ml) was added and égain
the change in extinction (E3) was determined aftexr a
further 5 min. Triose—phosphaﬁe isomerase (0.165 ag/ml)
was added in 10 ul to each cuvette and the extinction (E4)
was recorded after 5 min, Finally the aldolase suspension
(10 ml; 5 mg/ml) was added and after 5 min. the.change in

extinction (ES) was recorded.

Spectrophotometric measurements were performed at
© 340 nm in silica cuvette, which had a light path of 1 cm.
The total vol. of the assay solution was between 2.265

and 2.295 ml.



- 06 -

st

lculation

C

The change in extinction for each substrate was
used to caiculate their concentration as follows:

amol. oxaloacetate. dihydroxyacetone phosphate.

or D-fructose~1,6-diphosphate/ml deproteinised

sample.

AE x V
E x VD x d

Where:
V = volume of the assay mixture

VD = volume of the deproteinised sample

d = light path of the cuvette (cm)
E = extinction coefficient of NADH (cm2/,Umol at 340 nm)

AE = change in extinction due to the consumption
of the substrate

Where:
oxal. = El - E2
DAP = E2 - E3
GAP = E3 - E4
1;6.F.P2.= E, - Eg

(d) Measurement of Glucose-6-phosphate

This intermediate was measured by a standard
enzymatic method based on the principle that glucose-6— -
p-dehydrogenase (G6p—-DH) catalyses the oxidation of

glucose-6=-phosphate (G-6-p) by NADP.

Glucose-6-p + NADP<

N ___776—phosphogluconolactope +
NADPH + H

In the presence of suitable excess of NADP the
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oxidation of G-6-p was virtually quantitative.

Procedure

The change in optical density due to reduction of
NADP was followed spectrophotometrically against air at
25°C and with a light path of 1 cm. The final volume
in the cuvette was 1.025 ml. The assay was carried out
in silica cuvettes; the aésay mixture contained: 0.5 ml
neutralised liver extract mixed with 0.5 ml triethanolamine
buffer (0.4 M; pH 7.6) 0.0l ml NADP solution (0.2 mM) and

0.01 ml Mg Cl., solution (0.5 M). The contents of the

2
cuvette were mixed thoroughly, left to warm up‘to 25°¢

and then the optical density»was recérded El' Using a
small glass spatula 0.005 ml of G-6-p-DH solution (0.25 mg
protein/ml) was mixed. After completion of the reaction

(3-5 min. after the addition of the enzyme) the optical

density was recoxded E2.

. Calculation

Mamoles G-6-p/ml deproteinised sample
E x V

E x VD x d

Where:

I = difference in extinction El - E2

V = volume of the assay mixture
V.. = volume of the deproteinised sample
‘d = light path of the cuvette (cm)

E = extinction coefficient when d =1



4. Measurement of Mepatic c-AMP

Estimation of c¢~-AMP content of liver tissue extracts
was performed using a specific protein binaing assay.
The theoretical basis of this method has been described
in detail by Gill and Garren (1970), Gilman (1970) and
Brown & Ekins (1971). The modifications introduced by
Kissebah!eﬁ al (1974) and employed in this thesis include
the partial purification of the binding protein from
bovine adrenal cortices and the‘extractioh of ¢—-AMP from

liver tissue in 80% ethanol.

(a) Extraction of ¢-AMP from Liver Tissue

Following sacrifice of rats, liver tissue was
immediately frozen in liquid nitrogen. The tissue was
then homogenised in four volumes of 80% alcohol using
an electrically driven homogeniser. The water content
of liver was assumed to represent 75% of its weight.
The homogenate wags centrifuged at 3000 x g for 10 min.
at 4°C to sediment the precipitated proteins. The
clear supernatant was then removed and evaporated to
dryness under a stream of air. The residue containing
the ¢-AMP was then dissolved in an appropriate volume

of the assay buffer and stored frozen at -20%C.
®

(b) Reagents

(i) Preparation of the Binding Protein

Fresh bovine adrenals were obtained from the
slaughter house on ice and immediately dissected to.

separate the cortices. The tissue was then homogenised
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in two volumes of buffer containing Tris-HC1 (50 mM;

pli 7.4), sucrosce (250 mM), KC1L (25 mM) and MgCl, (5 mdM) .-

2
Howmogenisation was performed at 4% using an electri-
cally driven homogeniser. The homogenate was first
centrifuged at 2000 x g for 20 min( to separate the
floating fat cake. The extraét was recentrifuged at
5000 x g for another 20 min. to sediment cell debris.

The clear supernatant was then recentrifuged at

16,000 x g for 20 min. at 4°¢.

The c-AMP binaing protein was precipitated from
the supernatant using solid ammonium sulphate (40 grams$)
Whicﬁ was added while stirring at 4OC. The precipitate
was isolated by centrifugation at 16,000 x g for 20 nin.,
solubilised in appropriate volume of buffer and dialeed
against 20 volumes of the same:buffer. This éartially
purified preparation was subdivided into aliquots and

stored at ~200C.

With each new batch of binding protein a dilution
curve was constructed and the dilution which produced>a
binding capacity between 30 and 40% of labelled c-AMP
in the absence of added c¢~AMP standard was considered

as the most appropriate way for this assay.

(ii) <Cc-AMP Tracer

“(8-3H) adenosine 3', 5'-cyclic phoéphate, ammonium
salt was obtained from the Radiochemical Centre, Amersham.
The specific'activity of this material was Z0,000—B0,0CO
mci/mmol. The contents of the vial were diluted with

50% ethanol in water so that 50 ul of the final solution
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contained approximately 4000 cpm (< 0.5 picomoles of

c—-AMP) . The solution was then stored at —ZOOC.

(iii) c~MAMP Standard

First stock of c~AMP solution was prepared by
dissolving 277 ng of 3', 5'-c-AMP in 10 mls of 50%
ethanol in water. A second standard containing
40 pmol/50 ml was then prepéred by diluting the
first stock 100 times in the working buffer. Tﬁis
solution was aliquoted and stored at -20%c. on the
day of the experiment an aliquot was thawed and serial
dilutions were prepared to contain 0.5, 1, 2.5, 5, 10,

20 and 40 pmoles per 50 aul.

(iv) Assay Buffer

The working buffer contained Tris-HC1l (50 mM),
theophylline (8 mM) and mercaptoethanol (6 mM; pH 7.4).
This buffer was used for dilution of samples, tracer,

standards, binding protein and the assay mixture.

(c) Assay Mixture

The c~AMP assay was carried out in plastic tubes.
Duplicate estimations were performed. Each tube con-

3I-I--c-—AMP, 50ul;

tained 100 al; working buffer, 50 ul;
of either the standard or the unknown sample and 100 al
of the diluted binding protéin. Non-specific binding

was determined in tubes from which the binding protein

was omitted. The tubes were adequately mixed and

incubated at 4OC for 1.5 hours.
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Following incubation, free c¢-AMP was separated
from bouna ligand using albumin coated charcoal (12 grams
of Norite A charcoal and 2 grams of albumin were dissolved
in 100 mls of working buffer). To each assay tube 100 ul
of the charcoal mixture was added and mixed with the |
tube contents. The charcoal pellet was then sedimented
at 4°C by centrifugation at 2000 g for 30 min. Hundred ml
of the supernatant containing protein bound c-AMP were
taken from each tube and counted in 10 mls of Kinnard
Scintillation Fluid (Naphthalene; 160 g, xylene; 760 ml,
dioxan; 760 ml, ethanol; 4607ml, PPO; 10 g, «=NPO; 100 mg).
Each sample was counted twice for ZO.min; in a refrigerated
scintillation spectrométer. Figure (13) shows a typical
stan@grd curve using this procedure. Tissue extracts were
diluted ig the working buffer to produce binding rétios

falling within the sensitive part of the assay curve.

5. Protein Determination

Total protein content of liver tissue extracts was
determined by the method of Lowry et al (1951) using

- bovine albumin as a standard.

(a) Reagents

Reagent A: contained 2% sodium carbonate in 0.1 N
sodium hydroxide.

Reagent B: was prepared as 1% copper sulphate in
an aqueous solution of 2% sodium potassium tartrate. .

Reagent C: was freshly prepared by mixing 2 mls of

reagent B with 100 ml of reagent A. -
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rolin-Ciocalten phenol reagent was purchased from
BDII Chemical Company and diluted with distilled waterxr
to a concentration of 1 M.

Crystalline bovine serum albumin was used to pre-

pare a stock solution containing 500 Ag/ml.> From the
stock, serial dilutions were made to containing 250,

100 and 50 ng/ml.

{b) Procedure

In clean glass tubes 200 ml of either sample or
albumin standards were added, followed by the addition
of another 200 ml of distilled water. Two mls of
freshly prepared solution C were added to each tube
and the mixture allowed to stand for 10 min. While the
tube was being vigorously mixed, 0.2 ml of diluted Folin
feagent was added. The reaction was then continued for
30 min. and read against a blank in Unicam spectrophoto-
meter at wavelength 750nm. From the standard curve
readings, the protein concentration in the samples was

determined.



- 104 ~

CHAPTER IITI

EXPERIMENTAL PROCEDURES

r

RESULTS AND DISCUSSTIORN

SECTION 1

CHANGES 1IN  LIVER LIPOGENIC = AND GLUCONEOQOGENIC

ENZYMES ~ ITNDUCED ' BY FEMALE ' GONADAL - STEROIDS;

" ROLE = OF ‘INSULIN AND ' GLUCAGON




- 105 -

I NTRODUCT I ON

From the data reviewed in Chapter I it appears that
cestrogenic preparations could lead to a rise in plasma
.triglyceride concentration predominantly due to enhance-
menf of ﬁepatic lipogenesis and stimulation of triglyceride
synthesis. Oestrogens also reduce the fastihg plasma
glucose concentration probably as a result of the inhibition
of hepatic gluconeogenesis. Progestogens, on the other
hand, produce either opposing action to oestrogens or no

effect.

Oestrogens and progestogens appear to influence the
level of circulating insulin and glucagon and it may be
that some of the effects of these steroids are mediated
by changes either in the secretion or in the action of

these peptide hormones.

In this section we have investigated the effects of
17-B ocestradiol and progesterone, the naturally oceurring
female gonadal steroids, on the rate limiting enzymes
regulating hepatic lipogenesis and gluconeogenesis. We
have also examined the effects of these stéroids on insulin
and glucagon secretion as well as the responsiveness of
liver cells to the pancreatic hormones. We were then
able to evaluate the contribution of chaﬁges in insulin
and glucagon secretion and/or action towards the alter-
ations in hepatié lipogenic and gluconeogenic activity

observed during ocestrogen or progesterone therapy.



BXPoRrRIMENTAL PROCEDURLES

A N D METIODS

Female Wistar rats (120~140 gms body weight) were
ovariectomised and divided into four main groups, (A, B,

C and D).

Group 'A' served as controls for the oestrogen treated
rats. Each animal was gilven a daily subcgtaneous (s.c.)
injection of 0.2 ml corn oil Since the oestrogen was
found to induce anoréxia in rats and impair their normal
gain of weight, the control group was pair fed to achievé

similar nutritional status and body weight.

Group 'B' received a daily s.c. injection of 0.2 ml
corn oil containing oestradiol :for 8 weeks. Animals in
this group were subdivided into three subgroups, Bl’ B2

and B3, each receiving a different dose of oestradiol l,'

10 and 100 ag/kg/day/rat respectively.

Group 'C' served as control for the progesterone
treated group and were given daily s.c. injections of
corn oil. Since the small dose of progesterone used in
this study did not alter the feeding habits of rats and
did not influence theilr growth patterh, animals in this

group and in group 'D' were fed ad libitum.

Group 'D' was given daily s.c. ihjections of
progesterone for 8 weeks. Animals in this group were also

subdivided into three subgroups, Dl' D, and D each

2 3’
receiving different doses of progesterone 0.05, 0.5 and

5 mg/kg/day/rat.
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In each experiment conducted the last dose of
steroid was administered 24 h. before the animals were
sacrificed. Tor measurements of fasting plasma hormones
(insulin and glucagon) and metaboliteé (triglycerides
and glucose), animals were fasted overnight and anaesthet?
ised with pentobarbitone. The main portal vein and the
abdominalféorta were exposed and blood was witharawn.
The plasma separated from portal vein blood was assayed
for basal immunoreactive insulin and glucagon. Fasting
plasma levels of glucose and triglycerides were mcasured

in samples obtained from abdominal aorta.

To determine the secretory capacity of the alpha and
beta cells of the pancreas we have also measured the
hormonal levels achieved during the intravenous infusion
of alanine or glucose. L-alanine was dissolved in dist-
illed water and neutralised with Na oH to pH between y
7 and7.5. The alanine solution was prepared so that
each animal was given lmmol of alanine/kg. The total
volume infused per rat was less than 0.2 ml. One fourth
of the alanine dose was given és a priming injection fol-
lowed by continuous infusion of the remaining solution.
Animals were anaesthetised with pentobarbitone andvthe
main femoral vein was exposed. T-shaped fine catheter
‘was introduced through ﬁhe femoral-vein and connected with
a syringe mounted on an automatically driven pump.
Towards the end of the infusion period the portal vein
was exposed to obtain blood from the main portal vein
for measurement of glucagon to determine the secretory

capacity of alpha cells. Basal levels of these hormones



- 108 -

were measured in similarly treated rats that were

infused simultaneously with saline instead of alanine.

Animals from each group were also infused with
glucose (5.5 mmol/kg) to examine the secretory function
of beta cells of the pancreas. One fourth of the
glucose dose was given as a pulse injection and the
remaining solution was administered by continuous
infusion over a period of 15 min. Basal hormone levels
were also measured during a saline infusion. The total
volume infused per rat was less than 0.2 ml. Plasma
samples were obtained from the portal vein for.insulin

measurement.

For thé assay of liver lipogenic enzymes (acetyl CoA
carboxylase and fatty acid sYnthetase) animals were sub-
jected to periods of high carboﬁydrate feeding and fasting
as described in the methodology section. The rats were |
anaesthetised by pentobarbitone and the liver was removed
through an abdominal incision. Homogenates were immediately
prepared for the assay of liver enzyme activity. Measure-
menté of phosphoenolpyruvate carboxykinase activity and
gluconeogenic intermediates were performed on rat livers
obtained from rats after 36 h. of fasting. For the assay
of PEPCK the liver was homogenised to prepare the cyto-
plasmic.fraction as described in the methodology section.
Liver samples for the analysis of gluconeogenic inter-

mediates were prepared by decapitation of unanaesthetised

rats, rapid excision of the liver and immediate freezing in
liquid nitrogen. The frozen tissue was then deproteinised

and extracted in perchloric acid. The neutralised
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extract was then used for the determination of pyruvate,
oxaloacetate, phosphoenol pyruVate, 2~-phosphoglycerate,
dihydroxyacetone phosphate, fructose-1,6-diphosphate,

glucose~-G6-phosphate and glucose.

To assess the responsiveness of liver cells to
glucagon, frozen liver extracts were used to determine
the ﬁissué c~AMP level before and after the administration
of exogenous glucagon. Animals were anaesthetised by
pentobarbitone, the liver and the portal vein were |
exposed thfough an abdominal incision. Glucagon wés
given intraportally as a pulse injection and the liver
was removed, immediately frozen and c-~AMP extracted.
Unstimulated values were determined in sham—opérated
animals subjected to similar surgical manipulation and

given a pulse injection of saline instead.
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RS UL TS

I. l7ﬁB*Oestradiql

A. Effect of Oestradiol on Immunoreactive

Insulin and Glucagon Concentrations in

Porxrtal Vein Blood

(1) Basal Levels: Table (1) shows the mean fasting

plasma insulin and glucagon levels in portal vein blood
of female ovariectomised rats treated with increasing
concentrations of 17-B-oestradiol for periods of 6-8

weeks.

The mean fasting plasma insulin in portal vein blood

10 . ‘
M which corres-

of control animals was 3.4 + 0.25 x 10
ponds to 52 + 4 uU/ml. Administration of 17-B-oestradiol
1 ng/kg body weight/day in corﬂ oil did not produce any

significant changes in the plasma insulin level. On4the
other hand, treatment with 171B~oestradiol in dbses of 10

and 100 ag/kg/day lead to a small but significant

reduction in insulin levels (Table 1 & Figure l4a).

Fasting plasma glucagon in portal vein blood of the .

control animals averaged 1.7 + 0.26 %107 10

M (600 + 91 pg/ml).
As with insulin daily subcutaneous injections of small

doses of 17-B-oestradiol (1ng/kg/day) did not affect the
basal glucagon levels. Oestradiol in doses of 10 and 100
ﬁg/kg/day on the other hand, produced marked and signifi-

cant reductions in glucagon levels. The concentrations

of this hormone in portal vein blood averaged 0.32 + 0.08

10

and 0.25 + 0.06 x 10" "°M with the 10 and 100 g doses of

oestradiol respectiyvely (Table 1 and Figure 14b).
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The results shown in Table (1) indicate that in
overnight fasted control rats the ratio between insulin
and glucagon levels in portal vein blood, each expressed
in its molar cdncentration, (I/G), averaged 2.2vi 0.25
(Mean + SEM) and was not significantly altered by small’
doses (1 mg/kg/day) of 17-B-oestradiol treatment. As shown
in Figure l4c, the administration of ocestrogen in doses
of 10 and 100 mg/kg/day resulted in a significant increase
in the portal vein insulin/ghcagon molar ratio (I/G) with
mean values 3-4 times highef than that of control animals.
The increase in molar ratio was observed deépite.some
decrease in’the absoiute insulin qoncentration since the

reduction in the absolute glucagon level was very marked.

(2) Response to Alanine: Figure (15)shows a time
course of the effect of infusing alanine (1 mmol/kg) to
control rats. Within two minutes  from the start of
infusion the portal vein glucagon concentration was raised
3~-4 times above the basal value found in rats receiving_ |
saline infusion. The elevation in plasma glucagon was
then maintained for the subsequent tWelve minutes.of the
infusion period. Table (2) indicates that the steady
state glucagon concentration in response to alanine was
dependent on the amino acid dose infused and that alanine
1 mmol/kg was suffiéiént to produce maximal stimulation

of alpha cell secretion.

Table (3 ) demonstrates the effects of oestradiol
theraéy upon the pancreatic alpha cell response to

maximal stimulation with alanine (1 mmol/kg). It is
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evidsnt that treatment of animals with oestradiol

10 or 100 ng/kg/day markedly suppressed.the capacity

of alpha cells to secrete glucagon. Both the absolute
concentration and the increment above basal were sig;
nificantly lower in the oestrogen treated rats. No
effect, however, was found in animals treated with small'r

oestradiol doses of 1 ug/kg/day. (Figure 1l7a).

(3) Response to Glucose: As depicted in

Figure (16) the infusion of glucose 5.5 mmol/kg via the
femoral vein to control rats caused a 200-300% rise above
the level of immunoreactive insulin measured in portal
vein blood of control rats. The effect was demonstrable
within two minutes and was maintained for the remaiﬁing
period of infusion. The dose of glucose infused was
sufficient.to produce maximal étimulation of insulin.
secretion and no further increase was observed with higher

glucose concentration (Table 4).

Table (3) shows that in animals treated.with
1 ng/kg/day of oestradiol plasma insulin concentrations
during glucose infusion wére not significantly different
from that of controls rats. On the other hand, the adminis-
tration of oestradiol in doses of 10 or 100 ag/kg caused
a significant reduction in the absolute levels of insulin
achieved during glucose infusioﬁ. Moreover the percentage
incremant above basal was also decreased in the ocestradiol
treéted rats. 'These results suggest that moderate and

large doses of oestradiol (10 & 100 ag/kg) suppress the’
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secretovy capacity of the beta cells to secrcte insulin

in response to glucose challenge in vivo. (Figure 17b).

B. Effect of Oestradiol on Liver Lipogenic Enzymes

Table (5) and Figure (18)'show that the mean
acetyl CoA carboxylase activity in liver homogenates of
control rats was 2.4 + 0.4 munit/mg protein., Adminis-
tration of oestradiol in doses between 10 and 100 ag/kg/day
for 8 weeks produced a significant enhancement of the.
activity of this enzyme (P< 0.001l). The mean acetyl CoA
carboxylase activity in livers of animals given the
10 ng dose was 6.2 + 0.6 munit/mg protein‘while the
activity in the animals treated with the 100 ung dose
averaged 5.8 + 0.5 munit/mg protein; These values were
2-3 fold that of the controls. Daily subcutaneous
injections of 1 mg/kg/day of oestradiol, on the other
hand, did not produce any significant stimulation ofF

acetyl CoA carboxylase activity.

Figure (19) shows the activity of acetyl COA‘
carboxylase in liver homogenates of control rats and
animals treated with oestradiecl (10 ug/kg/day) assayed
in the presence of increasing concentrations of acetyl CoA.
The concentration of acetyl CoA in the assay mixture was
varied from 0.05 to 0.5 mmol/litre. It is evident that
at all levels of substrate concentrations the activity
of the enzyme was much greater in the oestrogen treated
rats. When the concentration of acetyl CoA exceeded

0.2 mM the activity in the oestradiol treated rats was
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approximately three times the value in liver homogenates
of control rats; These resulfs indicate that the
‘changes in écetyl CoA carboxylase seen during oestfadiol
therapy were due to an increase in the maximal activity
of the enzyme and could represent the induction of this

enzyme.

‘The mean activity of fatty acid synfhetase in livér
homogenates of control rats was 4.1 + 1.2 munit/mg’protein
and was increased significantly to 8.9 + 2 by the adminis—
tration of 10 mg of ocestradiol/kg body weight/day. A |
" a.y  further ipg;egge to a mean of 10.1 + 2.5 was observed
when thé daily oestrogen dose injected was lOO,ug/kg/day.

No significant changes were observed in the activity of "

this enzyme in rats given 1 ug l7zB—oestradiol/day“(Table 5).

As depicted in Figure (18) the increase in acetyl CoA
carboxylase and fatty acid synthetase activities observed
in animals treated with moderate or large doses of
oestradiol was associated with 2-3 féld increase in fasting
plasma triglyceride levels. On the other hand, the smail
dose of oestrogen (1l ag/kg/day) which did not alter
‘hepatic enzyme activities had no significant effects on

plasma triglyceride concentrations.

cC. Effect of Oestradiol on Liver Gluconeogenic

Enzymes and Intermediates

Table (6 ) shows that the activity of phosphoenol-
pyruvate carboxykinase (PEPCK) in liver homogenates of
control rats averaged 49.1 + 2.9 mU/mg protein. Adminis-

tration of 17-B-oestradiol 10 ug/kg/day produced a slight
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but significant reduction in the activity of this

enzyme (Mean + SEM = 33.5 + 1.6). A more marked
redﬁction in PEPCK activity was observed in the

animals given larger doses of the steroid (100 ag/kg/day) .
In this latter situation the mean activity was

22.5 + 2.3 mU/mg protein). On the other hand, no
significant changes in the activity of this enzyme were
observed during the period of low dose (1 pg/kg/day) of

oestradiol therapy (Figure 20).

As presented in Figure (21) it appears that the
decrease in PEPCK activity in-livers obtained from oestradiol
treated rats was demonstrable at all concentrations of
phosphoenol pyruvate. These results suggest'that the
inhibition of PEPCK by oestrogen is probably due to the
reduction in the maximal activity or the amount of

enzyme avalilable in the liver.

To explore the in vivo significance of the decreased
PEPCK in livers of oéstrogen treated rats, hepatic gluconeo-
genic intermediates were also measured in control and
oestrogen treated rats., These results are shown in
Table (6) and are presented in a sequential form as
described by Exton and Park (1966) in Figure (22). It is
evideﬁt'that-the administration of oestradiol (100 jug/kg/day)
produced a significant increase in the hepatic'concentration
of pyruvate and oxaloacetate with a fall in phosphoenol
pyruvate as compared to the levels of these precursors in
control animals. These results indicate suppression of

the pathway scparating pyruvate and phosphoenol pyruvate
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and are ccnsistent with the finding of reduced
phosphoenolpyruvate carboxykinase activity. The

crossover pattern of gluconeogenic intermediates

thus shown in Figure (22) provides an in wvivo evidence

to indicate the inhibition of gluconeogenesis in livers

of animals treated with oestradiol at PEPCK step. Indeed
the fasting plasma glucose measured in blood samples
obtained from the abdominal aorta was significantly

reduced by the administration of oestradiol to these animals

and was parallel to changes in PEPCK (Figures 20 & 22).

D. Effect of Oestradiol on Liver c-AMP Concentration

and the Hepatic Response to Exogenous Glucagon

Ih liver extracts obtained from control rats the
basal c-AMP concentrétion averaged 0.44 + 0.03 pmol/mg
wet wt. As shown in Figure (23) the administration of
glucagon 1 ng/kg into the portal vein produced an instant-
aneous rise in liver c-AMP content with peak values -
occurring 15 sec.following the injection of glucagon. The
nucleotide concentration remained elevated for another 30-45 sec
before returning towards basal value thereafter. The
intraportal administration of glucagon resulted in 4-6 times
increase in liver c—-AMP assayed in liver extracts cbtained

from control rats 30sec.after the injection of glucagon.

In animals receiving oestradiol the basal c¢-AMP concen-

tration was significantly lower than in control rats (P< 0.01).

Furthermore, the nucleotide concentration 30 sec.
following the intraportal administration of glucagon was
significantly lower than that observed in pair fed control

rats (Table 7 & Figure 24).
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Table 1: Effect of Oestradiol Administration on the

Concentrations of Insulin and Glucagon in Portal

Vein Blood of Female Ovariectomised Rats

Plasma Concentration

Treatment b4 10_1OM Molar Ratio

Groups : Insulin/Glucagon
Insulin Glucagon

Pair-fed Control

-4 + O. . - . .
(0 = 18) 3.4 £0.25 1.7 + 0.26 2.2 + 0.25
Oestradiol
1 ug (n = 12). 3.6 + 0.38 1.68.+ 0.10 2.14 + 0.25
P (NS) (NS) - (NS)
10 ng (n = 20) **2.8'+ 0.4 **0.32 + 0.08 *8.8 + 1.2
P : ' <0.05 £0.00L <0.001
100 ug (n = 8) **2.4 + 0.2 **0.25 + 0.06 9.6 + 1.4
P S ©..<0.002 <0.001 <0.001

(n) = number of animals in each group.
Values are Means + SEM,

P = probability values for significance of differences from means
of controls using student "t" test.

Non-significant differences (NS) means P> 0.05.

The duration of steroid therapy was 8 weeks of daily subcutaneous
injections.

The doses of steroids shown represent the injected dose/kg body weight/
day solubilised in 0.2 ml of corn oil. The control group received
daily subcutaneous injections of the solvent corn oil.

** = gignificant decrease from pair-fed control.

* = significant increase from pair-fed control.
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FIGURE (l4a)

The dose of oestradiol in each group was given
for 8 weeks by .daily s.c. injection.

The number of animals used is shown in Table 1.
Bars represent Means and SEM.

*x o= Signifibant decrease as compared to
pair-fed controls (P<0.05). ’
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ErFEpctT 0 OLSTRADIOL  ON
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FIGURE (14Db)

Oestradiol was given to each group of rats
for 8 weeks.

The number,of animals in each group 1s shown
in Table 1.

Bars represent Means and SEM.

** = significant decrease as compared to

pair-fed controls (P< 0.001).
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ETFRCT  OF  OESTRADIOI,  ON  POITAL

VEIN PLASMA INSULIN : GLUCAGON
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FIGURE (l4c)

Oestradiol was given daily by s.c. injection for
8 weeks.

The number of rats used in shown in Table 1.

1/G ratio is calculated from portal vein insulin
and glucagon, each expressed in its molar concen-
tration. '

Bars represent Means and SEM.

* = Significant increase as compared to pair-fed
controls (P <0.001).
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EFFECT  OF  ALANINE TNFUS5ION ON PORTAL

VEIN PLASMA GLUCAGON IN CONTROL RATS
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FIGURE (15)

0.2 ml of alanine solution was infused through a cannula
inserted in the femoral vein of anesthetised rats. The
total dose of alanine administered was 1 mmol/kg. One
fourth of the dose was given as a pulse injection followed
by a continuous infusion of the remaining solution over a
period of 15 min. Animals were sacrificed at appropriate
intervals for determination of portal vein glucagon. '
Unstimulated values (basal) were determined in rats treated
with a similar procedure but infused with saline instead of
alanine. Bach point represents the mean of results obtained
in three rats.



Tzable (2): Effects of Alanine Infusion on

Portal Vein Plasma Glucagon Leévels

' ) Portal Vein Glucagon Conceéntration
Infusion

Medium - o ‘x.lO_}OM
Saline 1.42 + 0.11
Alanine
(mmol/kq)

0.20 _ 3.2 + 0.18
0.40 6.4 + 0.19
0.60 . 9.6 + 0.28
1.0 9.8 + 0,34

Results are Means + SEM of values obtained in four rats

in each group.
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4

pyenct  or GLUCOSE TIMEUSION O PORTAL

VEIN PLASMA INSULIN CONCENTRATION IN CONTROL RATS.
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FIGURE (16)

0.2 ml of glucose solution was infused through a cannula
inserted in the femoral vein of anesthetised rats. The

total dose of glucose administered in 15 min. was 5.5 mmol/kg.
One fourth of the dose was given as a nulse injection followed
by a continuous infusion of the remaining solution. Animals
were sacrificed at appropriate intervals for determination

of portal vein insulin. Unstimulated values (basal) were
determined in rats treated with a similar procedure but
infused with saline. Each point represents the mean of
results obtained in three rats.



Table 3: =Rifect of Oestradiol on the Pancreatic Tslets

Response to Glucose and Alanine Infusion

Insulin Concentration Glucagon Concentration .
4 - -1
Experimental x 10 lOM : x 10 *OM
Conditions
’ f Saline Glucose Saline Alanine
Pair-fed :
Control 3.2 + 0.16 12.6 + 0.82 1.68 + 0.14 9.6 + 0.42
(394%) (571%)
Oestradiol
(ng/kg/day)
1 3.4 + 0.12 12.9 + 0.76 1.72 + 0.11 9.2 + 0.38
(379%) {535%}
1o **2.3 + 0.11 **7.2 + 0.42 **0.46 + 0.06 **1.26 + 0.08
{313%) (274%)
100 *%) 0O i 0.09 **5G.8 i— 0.36 **0.39 j—_ 0.04 **0.86 + 0.04 .
(340%) (221%)

values are Medns + SEM obtained in 6-8 rats in each group.
Values in parentheses represent percentage increment above basal values.

** Significantly lower than that of pair-fed control rats (P<0.005).



- 125 -

Table (4): Effects of Glucose Infusion on

Portal Vein Plasma Insulin Concentration

Portal Vein Insulin Concentration

Infusion

Medium x 10 lOM

Saline 2.9 + 0.12
Glucose

(mmol/kg) _ _

1.0 3.8 + 0.11
2.5 6.3 + 0.24
4.0 18.4 + 0.46
5.5 19.9 + 0.68

Results are Means + SEM of values obtained in four rats

in each group.
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CEPFPECT  OF  ORSTRADIOL  ON  PORTAL  VEIN

GLUCAGON TINCREMENT IN RESPONSE TO ALANINE
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FIGURE (17a)

Animals receiving increasing doses of oestradiol were
- examined under basal conditions and following stimu-
lation with alanine (see legend to figure 15).

Results were expressed as percent increment above basal.
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EFFECT OFF OBESTRADIOL ON PORTAL VEIN
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FIGURE (17b)

Animals receiving 