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,Abe‘tr,,c-t 

A-comprehensive study of hormones with catabolic 

actions has ',Jaen carried out. 	The effects of VasopressJa, 

Adrenalin and Glucagon were studied in the inttr,t rat. 

Vasopressin caused a-transient hyperglycemia together with 

a rise in plasma insulin. Adrenalin produced a prolonged 

hyperglycemia whereas glunagon showed no effect on plasma 

glucose except at very high dose. 	Vasopressin decretsed 

the plasma free fatty acid concentration while adrenalin 

increased it 	Both hormones suppressed plasma triglyceride 

levels. 	Glucagon again showed. no action on plasma lipids 

The muscle glycogen concentration displayed complex time 

course responses after these hormones were injected intra- 

peritoneally. 	Incorporation of 40 from [0-140]glucose 

into fatty acid was not altered by vasopressin; however the 

140 incorporated into glycogen. was increased. 

Vg._argininej s vaopressin inhibited the synthesis 

de novo of fatty acid, measured with 3H20 and[2-140]lactate 

or [U-14C1 glucose, and stimulated glycogen breakdown in 

normal, perfused mouse liver. 	Both ne,.,ly synthesized 

phospholipids and trigl:i-oeridc fatty acid were decreased 

by vasopressin whereas .cholesterol Eynthesis was less affected, 

The inhibitory effects of vasopressin. are related to its 

action on glycogen metabolism. 	The lack of role of 

cyclic AMP in vasopressin action, is also discussed. 



Vasopressin produced iso inhibitic.e of fatty 

acid synthesis in perfusions of obese ( ob/ob ) mouse liver. 

Glycogen breakdown was less markedly stimulated by vasopressin 

in this rodent, than in normal eontrols. However, when, 

ob/ob mice received restricted dietary intake, no inhibition 

of hepatic fatty acid was recorded after vasopressin while 

glycogen breakdown was normally stimulated. 	Cholesterol 

synthesis was not affected by vasopressin in ob/ob mice. 

It iz! suggested that genetic obesity could be due to an 

inborn error withia the cellular responses ( e.g. fatty acid 

synthesis ). to active principles which stimulate catabolic 

processes. 

During short term perfusion of normal mouse 

liver w3.-th glucagon ( 10-12 - i0-9 14 ) v  no inhibition of 

fatty acid synthesis was observed. However, if liver 

perfusions were allowed for a longer period ( 3h ), then 

dramatic inhibition of fatty acid and cholesterol synthesis 

in normal, ob/ob and diet-restricted ob/ob mouse were 

observed. Hepatic glycogen breakdown was greatly stimulated 

by glucsgon. 	These results suggest-that prior glycogen 

depletion in cells could cause the low rate synthesis of 

fatty acid after glucagon. 

The functional significance of these hormonal 

responses is discussed. 
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1.  

1. Introduction  

1.1 	Homeostasis of glucose and lipids in blood. 

1.1.1 	Use of glucose and lipids by tissues. 

The maintenance of a steady blood glucose 

concentration in animals is one of the most finely regulated of 

all homeostatic mechanisms and one in which the liver, the 

extrahepatic tissues and some hormones play a part. 	In man, 

under normal post-absorptive conditions, the blood glucose 

concentration is about 5 mM. However, after a carbohydrate 

meal, it will rise to 7 mM, whereas during starvation, the level 

falls to 3 mM. 	The concentration of glucose in the blood is 

an important parameter in dertermining the rate of uptake of 

glucose in both the liver and the extrahepatic tissues. 

Liver glycogen represents the general 

storage form of glucose available for the glucose needs of the 

animal when absorption of glucose from the intestine falls off 

after a meal ( Soskin et al.,1938 ). 	Muscles and other tissues' 

remove glucose from blood to form glycogen, which by breaking 

down can provide energy to operate the tissue machinery (€see 

Villar-Palasi,1968 ). 	Blood glucose also serves as the fuel 

for the central nervous system, which depends strongly upon 

glucose supply via the circulation. 	Other sugar derivatives 

are formed from blood glucose and combined with proteins and 

other substances to make essential tissue constituents, 

especially in membranes. 	Glucose is consumed by most tissues 

of the body to provide energy or tissue constituents; excess 

glucose is readily converted to fats in the body and stored in 
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the fat depots. 

1.1.2 Function of liver in metabolism of blood glucose and 

lipids. 

The major route for glucose metabolism involves 

phosphorylation to glucose-6-phosphate by a reaction with ATP 

which is catalysed by glucokinase in the liver ( Salas et al., 

1963 ). 	Once glucose has become glucose-6-phosphate it can be 

converted to glycogen for storage and can not diffuse out of the 

cell. 	The glucose which has not been converted to glycogen 

passes from the liver via the systemic circulation to the tissues 

where it can be oxidized, stored as muscle glycogen or converted 

to fat and stored in fat depots. 	Liver glycogen releases glucose 

into the circulation whenever peripheral glucose utilization has 

lowered the concentration of glucose in the blood, and insufficient 

glucose reaches the blood from the gut to maintain the normal 

glucose level. 	Glucose can be oxidized via the Embden-Meyerhof 

pathway to form pyruvate, and can also generate reducing 

equivalents through the hexose monophosphate shunt ( Racker,1954 ). 

The liver also plays a major part in the 

synthesis of glucose from non-glucose precursors in mammals 

( gluconeogenesis : for review see Krebs, 1964 ). In general, 

this process predominates when blood glucose is in relatively 

short supply, whereas the liver consumes glucose when glucose 

is abundantly available from food. 

The liver has a central role in lipid metabolism 

as well as in carbohydrate metabolism. 	It has been shown that 
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the liver has active enzyme systems for the synthesis and oxidation 

of FA ( for reviews see Volpe and Vagelos,1976, and Greville 

and Tubbs1 1968, respectively ). Moreover, it has the ability 

for rapid biosynthesis of lipids and plasma lipoproteins 

( Windmueller and Spaeth1 1967 ) and for the conversion of free FA 

to ketone bodies ( for review see Williamson and Hems,1970 ) 

which are released into the blood and can be oxidized by muscle, 

kidney cortex and brain in which they provide an important 

alternative fuel to glucose during conditions such as starvation. 

The liver is, therefore, critically involved in 

deciding the fate of both free FA and glucose. 	The control 

mechanisms within the liver are continually responding to the 

concentrations of blood glucose and free FA in the portal vein, 

and to the extent of the glycogen stores. 	The balance between 

gluconeogenesis and glycolysis, and between FA synthesis and 

degradation, in the liver, is adjusted according to the needs 

of the animal ( e.g. see Newsholme and Start)1973 ). 

1.1.3 Roles of hormones in control of blood glucose and lipids. 

The hormone insulin of the (3  —cells of the islets 

of Langerhans plays a central role in the regulation of blood 

glucose concentration ( for review see Randle et al.,1966 ). 

In addition, pancreatic insulin exerts an anabolic role in 

stimulating endergonic processes. Thus insulin enhances bond 

formation and carbon-chain increase ( e.g. in protein, fat, 

carbohydrate and RNA ) in all mammalian systems studied ( e.g. 

see Bessman,1966 ). The secretion of insulin is regulated by 

many factors, including glucose concentration in the blood. In 



adult non-ruminant mammals, hyperglycemia tends to stimulate 

insulin release, whereas hypoglycemia reduces insulin production. 

When insulin concentration is lowered,as in starvation, 

FA mobilization from adipose tissue is accelerated ( Vaughan i1962; 

Carlson and Oro)1963 ). The marked elevation in blood free FA 

concentration facilitates an increase in uptake and utilization 

by tissues which can use this substrate as an energy source 

( Fritz )1961 ). Thus, FA oxidation by muscle, adipose tissue 

and liver provides nearly all the energy requirements of these 

organs when insulin level in plasma is low, and when the rate 

of cellular uptake of glucose is decreased.. The role of plasma 

free FA in glucose homeostasis has been stressed ( Ruderman et al., 
co- 

1969 ). Moreover, Randle and his/workers ( 1963 ) postulated 

that decreased glucose utilization by muscles is not only due 

to a low level of insulin but also due to high concentration of 

free FA. 

Hepatic gluconeogenesis is enhanced when there is 

a low insulin level and an elevated rate of FA oxidation ( see 

Lardy et al.,1965; Williamson,1967 ). This enables the liver 

to generate the substrate supply required by erythrocytes, by 

cells of the central nervous system and by other cells that 

preferentially utilize glucose as fuel. 

The hypoglycemic action of insulin is balanced by 

the action of hormones having a catabolic action. 	Thus glucagon 

and adrenalin activate hepatic glycogen phosphorylase activity, 

resulting in rapid glycogenolysis and hepatic output of glucose 

( Robison et al.,1967; Exton and Park)1968a; Himms-Hagen,1967 ). 

A stimulating effect of glucagon and adrenalin on gluconeogenesis 

has been observed in the isolated perfused liver ( Exton and Park, 

1968 b ). In adipose tissue, and possibly in the liver, catabolic 
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hormones increase the breakdown of lipids to free FA and glycerol, 

and thereby bring about delivery of the fuels to an appropriate 

site where they can be metabolised. 

1.2 Actions of Glucagon, Adrenalin and Vasopressin on 

metabolic systems.  

1.2.1 	General concepts.  

In a wide variety of cellular system§lhormones 

can produce catabolic effects, i.e. they can cause degradation 

of tissue constituents, such as glycogen, protein and fat. 

In parallel with their effects on breakdown of tissue constituents, 

the catabolic hormones often accelerate the formation of cyclic-AMP, 

e.g. in fat cells ( Jungas)1966; Rodbell )1966 ), or liver 

( Exton et al.,1970 ),which may be at least partly implicated 

in their action ( Sutherland )1968 ). These hormones also stimulate 

entry of substances into cells, e.g. amino acids in liver 

( Mallette et al.,1969a and b ), and can increase oxygen consumption 

( Ball and Jungas,1964 ). 

A dogma in this field has been that most catabolic 

hormone actions are mediated by the production of cyclic-AMP, 

which has been suggested to alter the rates of metabolic processes 

( Sutherland,1969; Sutherland and Ra111 1960 ). 	This ' second 

messenger ' theory is attractive in suggesting how a hormone 

can initiate a single reaction that can lead to a variety of 

effects on the metabolism and possibly the structure of a target 

cell. 
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1.2.2 Actions of hormones on carbohydrate metabolism. 

Glucagon exerts effects on a number of different 

organs and tissues when given in appropriate concentration. 

Increased glycogenolysis and gluconeogenesis are the two major 

effects of glucagon action in intact liver ( Exton and Park)1968b ). 

Schimassek and Mitzkat ( 1963 ) have shown that 

glucagon stimulates lactate utilization by liver together with the 

formation of glucose. By using 140-precursors, Gracia and workers 

( 1966 ) observed that glucagon accelerates the incorporation of 

isotope into glucose. Moreover, administration of glucagon into 

fasted or fed animals causes and immediate elevation of blood 

glucose which is largely due to hepatic gluconeogenesis and 

glycogenolysis ( Exton and Park 1968b ). 

A well established metabolic effect of adrenalin 

is hyperglycemia. Following intravenous injection of adrenalin 

there is a prolonged elevation of blood glucose ( Feigelson et al., 

1961 ) which is partly due to an enhanced glycogenolysis and 

gluconeogenesis in the liver ( Exton and Park,1968b; Schimassek:  

and Mitzkat1963 ). Furthermore, there is a rise in the concen-

tration of lactate in the blood and a decrease in the glycogen 

content of muscle ( Bloom and Russell)1955 ). 

In general, glucagon and adrenalin act similarly 

to increase phosphorylase a activity in liver ( Sutherland and 

Rall)1960 ) and cause a reduction in glycogen synthetase activity 

( De Wulf and Hers)1968 ), and an increased rate of gluconeogenesis 

( Exton and Park)1968b ). However, glucagon is in general more 

active in the liver than adrenalin ( Pohl et al.,1969 ), whereas 

adrenalin is more active in adipose tissue and skeletal 
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muscle ( Helmreich and Cori)1966, Bowman and Nott,1969; 

Exton et al.,1971 ). 

The metabolic actions of the hormones of the 

posterior pituitary gland have not been as extensively elucidated 

as those of some other hormones ( Mirsky,1968 ). Administration 

of neurohypophysis extracts causes hyperglycemia which is partly 

due to the breakdown of liver glycogen ( Imrie,1929 ). However, 

recently it has been shown that vasopressin stimulates hepatic 

glucose output both in vivo ( Bergen et al.,1960, Schillinger 

et al.,1972 ), and in perfused rat liver ( Hems and Whitton,1973 ), 

through hepatic glycogenolysis associated with activation of 

phosphorylase a activity ( Keppens and De Wulf)'  1975' Hems et al., 

1975b ). 

1.2.3 Actions of hormones on lipid metabolism. 

1.2.3.1 	Pathway of FA synthesis. 

From earlier work, synthesis of long chain FA was 

thought to proceed via reversal of (3 -oxidation ( Stansly and 

Bienert)1953 ). However, it was through the elegant work of 

Wakil et al.( 1957, 1964 ) and Lynen et al. ( 1959, 1967 ) that 

the correct pathway for de novo FA synthesis was elucidated. 

The pathway for the synthesis of FA comprises two fundamental 

reactions leading to the preferential formation of palmitate. 

In the presence of Mn2+, ATP and bicarbonate, acetyl CoA 

carboxylase catalyses acetyl CoA conversion to malonyl CoA 

( reaction 1 ) which was shown to be a precursor for FA synthesis 

( Lynen)1967, Wakil)1958 ). 

ATP + HCO
3
-  + Acetyl CoA 	> ADP+P.+Malonyl CoA 
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The intermediate, malonyl CoA, thus formed is converted to FA 

through a series of reactions catalysed by a multienzyme complex, 

FA synthetase ( reaction 2 ). 

Acetyl CoA + Malonyl CoA + NADPH + 

Palmitic acid + CO2 + H2O + CoA + NADP+  

Both enzymes are located in the cytoplasm. 

1.2.3.2 	Actions of hormones on adipose tissue. 

Hormones exert significant effects on lipid 

metabolism through the control of lipolysis and the release of 

free FA from the fat depots. 	The free .FA content of the blood 

in turn seems to regulate the rate of its own oxidation and 

conversion to glycerides by the liver ( Ontko)1973-, Heimberg et al., 

1969; Topping and Mayes,1972 ). Several hormones, particularly 

those having a catabolic action can catalyse the hydrolysis of 

TG to release free FA ( Sutherland et al.,1968 ). This sequence 

of reactions may be at least partially mediated by cyclic-AMP 

( Sutherland 1969, Robison and Sutherland 1971 ). 

In man, injection of glucagon causes a transient 

decline in blood free FA concentration followed by a prolonged 

elevation ( Whitty et al.,1969; Lefebvre,1965, 1972 ). In dog, 

infusion of glucagon into the portal vein increases the level of 

plasma free FA while there is no change in that of glucose 

( Lefebvre11972 ). 	In birds, administration of glucagon induces 

a dramatic rise in plasma free FA concentration ( Grande and 

Prigge,1970 ). 

The effect of adrenalin on the adipose tissue 
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lipolytic system is similar to that of glucagon. 	Earlier 

work ( Gordon and Cherkes)1958 ) demonstrated that adrenalin 

causes marked release of free FA into incubating medium. 	Later, 

Okuda et al.,( 1966 ) confirmed in a cell free system that 

adrenalin stimulated lipolysis. However, adrenalin does not 

increase plasma free FA release in adrenalectomized ( Shafrir 

and Steinberg)1960 ) or hypophysectomized ( Shafrir et al.,1960 ) 

animals unless the animals are pretreated with cortisone or 

ACTH respectively. 

There is a suggestion that neuro-hypophyseal hormones 

can exert an antilipolytic action in mammals ( see Mirsky 1968 ). 

In vivo ( Mirsky 1962; Balasse et al.,1966 ) and in vitro ( Itoh 

et al.,1966 ) studies have already shown that vasopressin 

produces a rapid decrease in concentration of free FA in plasma. 

Moreover, alloxan-diabetic ( Mirsky 31963 ) and depancreatized 

(Baisset et al.,1965 ) dogs show such an effect when vasopressin 

is administered. 

1.2.3.3 Actions of hormones in liver. 

The action of glucagon on hepatic lipid metabolisth 

is unsettled in spite of a number of reports which show that 

glucagon causes a decrease in FA synthesis in vitro ( Haugaard 

and Stadie,1953; Bricker and Levey)1972 ), in vivo ( Klain and 

Weiser)1973 ), in perfused liver ( Regen and Terrell)1968, 

Exton et al.,1972 ) and in isolated hepatocytes ( Harris,1975 ). 

Also, glucagon has been suggested ( from indirect evidence ) to 

stimulate TG breakdown in liver homogenates and slices ( Bewsher 

and Ashmore)  1966 ) and to enhance production of ketone bodies 
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by the liver ( Haugaard and Haugaard,1954; Penhos et al.,1966; 

Regen and Terrell:1968 ). 	On the other hand, Raskin et al.(1974) 

have shown in a perfused rat liver system that glucagon does not 

decrease FA synthesis. 	Penhos et al. ( 1966 ) and Hoak et al. 

( 1968 ) reported an increase in concentration of lipids in liver 

of rat and bird respectively after treatment with glucagon. 

A number of observations indicate that adrenalin 

exerts a direct effect on liver lipid metabolism. An increassiup-

take of free FA by the liver has been reported after administration 

of adrenalin ( Fine and Williams 1960; Spitzer and McElroy, 1962 ) 

as a result of increased adipose tissue lipolysis ( Gordon and 

Cherkes 1958 ). 	When adrenalin is added to liver slices incubated 

in vitro, the incorporation into long- chain FA of 14C from 14C-

labelled acetate is reduced ( Haugaard and Stadie,1953; Hostitler 

and Haynes,1970 ). Moreover, by employing the isolated liver 

cells preparation, Misbin et al. ( 1972 ) have shown that adrenalin 

inhibits the incorporation of 14C-acetate into lipids. 

There is limited knowledge about the action of 

neurohypophyseal hormones on hepatic lipid metabolism although 

they exert a glucagon-like action on hepatic carbohydrate metabolism, 

at concentrations which occur in intact rats ( Hems and Whitton, 

1973; Hems et al.,1975b ). 	There has also been a report that 

vasopressin can inhibit FA synthesis in the liver ( Horowitz 

et al.,1966 ), although the same authors subsequently became 

uncertain of the credibility of their finding ( Kudo et al., 

1968 ). 	This matter is taken further in the present work. 

Further study is therefore needed to elucidate the action of 

vasopressin on hepatic lipid metabolism, and experiments towards 
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this end are described later. 

1.3 The role of catabolic hormones in stress states. 

An initial metabolic response to stress in 

animals seems to be an increased demand for energy during a 

temporary diminution of oxygen supply. Hence,as one of the 

early responses to stress in animals, the sympathetic ( adrenergic ) 

system is activated by an increase in neural discharge, leading 

to an increase in the level of catecholamines in the blood 

( e.g. see Jakschik et ai.,1974 ). 	The importance of increased 

adrenal cortical activity may be appreciated from the fact that 

both hypophysectomised and adrenalectomised animals are extra-

ordinarily susceptible to stress of all kinds. 

High concentrations in blood of glucose, lactate, 

pyruvate and amino acids constitute a general feature of 

hemorrhagic shock ( Sayers et al.,1945a;Beatty,1945 ) which may 

be mediated by the several-fold increases in the concentration 

in plasma of adrenalin ( Carey et al.,1972 ), and glucagon 

( Jarhult,1975 ). There is also stimulation of vasopressin secret-

ion from the posterior pituitary gland ( Ginsburg and Heller,1953; 

Forsling et al.,1968 ) that could contribute to the increase in 

glucose release from liver via glycogenolysis ( see Hems and 

Whitton,1973 ). 	Presumably the importance of these hormone 

actions concern their role in stress. Similarly, there is a 

significant change in plasma amino-nitrogen concentration after 

hemorrhage ( Engel and Enge1,1946, Sayers et al.,1945b ) which 

is due in part to an increased outflow of amino acids from 

muscle ( Kline,1946 ), or a development of anoxia ( Engel et al., 
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1944 ) from apparent arrest of circulation in vivo, that brings 

about a failure of liver to remove amino acids from the blood. 

Moreover, there is a significant fall in arterial plasma free FA 

concentration,observed e.g. in dogs ( Kashyap et al.,1975 ). 

1.4 Metabolic changes in diabetes and obesity. 

1.4.1 	General conceuts. 

In diabetes, it is recognised that excessive 

adiposity or overweight can occur. 	About 70-85 of human late- 

onset diabetics are obese at the time the disease is detected 

and often gain weight as the disease progresses ( Stunkard 

and McLaren-Hume 1959 ). It seems clear that there must be some 

close interrelationships between the hormonal and metabolic 

derangements of the diabetic state and the deposition of excess 

fat ( Cohen and Teitelbaum )1964 ). 	For example, hyperinsulinemia 

( Boshell et al.,1968 ) and hyperglycemia ( Collins et al.,1970 ) 

in this form of onset diabetes could account for the excessive 

deposition of adipose tissue. 	Adrenal steroids probably 	
41 

 

contribute to the insulin resistance of the tissues in diabetes, 

e.g. by stimulating p -cells of the pancreas to produce excess 
amounts of insulin ( Van Lan et al. ,197+ ) which is a powerful 

lipogenic agent. 

Obesity is generally defined in terms of an 

absolute or relative excess of body fat. 	When obese human 

subjects ( Sims et al.,1973 ) and other mammals ( Blaxter11971 ) 

are put on a diet of fixed composition so that their weight 

decreases to that of their non-obese counterparts, they still 

have a higher percentage of body fat and a lower percentage of 
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body protein ( Alonso and Maren71955 ). 

1.4.2 Role of catabolic hormones in diabetes. 

The dramatic opposing actions of glucagon and 

insulin on common target tissues are well established. Thus, 

glucagon stimulates glucose output by the liver through either 

glycogenolysis ( Exton and Park,1968b; see also Cahill et al., 

1957 ), or gluconeogenesis ( Exton and Park)1968b ), or a 

combination of these two processes. 	Insulin, in contrast, 

diminishes hepatic glucose output. 	In adipose tissue, enhanced 

lipolysis is a general effect of glucagon action ( Lefebvre)  

1972 ), whereas insulin suppresses lipolysis and may therefore 

contribute to the preservation of adipose tissue mass. 

The hyperglycemia of diabetes could reflect 

a relative excess of glucagon action ( Unger )1972, 1976 ). 

There is plenty of information available concerning the regulation 

of plasma glucagon levels in diabetes. 	Although Schalch 

( 1966 ) found that obese diabetes had normal overnight fast-

ing glucagon level, it is common observation that blood glucagon 

level is increased in diabetic subjects ( see Unger)1976 ). 

This may contribute to their slower rate of blood glucose 

disposal ( Unger11972, 1976 ). 
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1.4.3 Use of animal models for the study of diabetes and 

obesity. 

There are obvious limitations to study of the 

fundamental aspects of obesity in human subjects in view of their 

variable genetic background ( Sims et al.,1973 ). 	However, 

obesity in rodents provides an interesting experimental model 

for study of metabolism under more controlled conditions, since 

they bear some resemblance to human maturity onset diabetes. 

Investigation of obese animals will undoubtedly yield much 

information relevant to human obesity and fundamental endocrinology 

( Seltzer and Mayer,1966 ). There are several types of obesity 

in mammals ( see review by Bray and York, 1971 ); however, the 

Bar Harbor obese mice ( ob/ob ) are, by far, the most extensively 

used in laboratories. They are homozygous for the recessive 

gene ob/ob ( Westman, 1968 ) arising from the V stock of this 

strain ( Ingalls et al.,1950, ), and exhibit a variety of 

characteristics ( for review see Bray and York,1971 ) such as 

excessive deposition of body fat ( Chiouverakis et al.,1970 ).  

and moderate hyperglycemia ( Stauffacher et al.,1971; Elliott 

et al.,1971; El-Khodary et al.,1972 ) in the presence of hyper-

insulinemia ( Stauffacher et al.,1967 ). 

1.4.4 Metabolic abnormalities in genetic obesity. 

The association of hyperglycemia and hyperinsulinemia 

in ob/ob mice lead to the suggestion of insulin-resistance in 

these animals. Long term feeding of a high fat diet to genetically 

ob/ob mice; a) markedly increases their obesity, b) has no effect 

on their hyperglycemia but, c) decreases their plasma insulin 

level ( Lemonnier, 1972 ). Exogenous administration of insulin 
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causes only a slight change in blood glucose concentration 

compared to more dramatic fall in control lean litter mates 

( Shull and Mayer,1956 ). Resistance of 14C-glucose uptake and 

metabolism to insulin stimulation in both adipose tissue and 

diaphragm muscle of ob/ob mice has been shown in vivo 

( Stauffacher et al.,1965, Gershoff et al.,1966 ) and in isolated 

preparations ( Abraham and Beloff-Chain)1971 ). Besides, in 

adipose tissue, the rate of glucose conversion to glycogen, 

carbohydrate or lipids in the absence of insulin is also reduced 

in ob/ob mice ( Gershoff et al.,1966; Abraham and Beloff-Chainy  

1971 ). Restriction of caloric intake causes body weight loss, 

but does not reduce the excess lipogenesis from acetate in the 

adipose tissue of ob/ob mice to the level in lean controls 

( Bates et al.,1955 ). 

Considerably more information has been accumulated 

to show that ob/ob mice have increased synthesis of hepatic TG 

( Salmon.  and Hems,1973 ) and secretion of hepatic TG ( Schonfeld 

and Pfleger,1971 ), due, at least in part , to enhanced de novo 

FA synthesis ( Hems et al.,1975a ) and hyperinsulinemia ( Loten 

et al.,1974 ). An increased incorporation of radioactive precursors 

into hepatic FA has been reported in ob/ob mice ( Sbigeta and 

Shreeve,1964; Jansen et al.,1966; Salmon and Hems)1973; Hems 

et al.,1975a ). Concomitantly, an increased activity of acetyl 

CoA carboxylase, the rate limiting enzyme for FA synthesis, has 

been demonstrated in both the liver and adipose tissue of ob/ob 

mice ( Nakanishi and Numa,1971; Christophe et al.,1972 ). 

The implication that obese animals have a reduced 

sensitivity to lipolytic hormones in adipose tissue is a subject 
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of debate. 	Lipolysis in adipose tissue of ob/ob mice has 

been found to be depressed ( Enser 1972; Steinmetz et al.,1969 ) 

or accelerated ( Herberg et al.,1970 ). 	However, when 

expressing the data on a basis of the rate of free FA or 

glycerol release into the blood plasma of the whole mouse, 

the basal rate of lipolysis in ob/ob mice, in fact, is 

increased ( see Elliott et al.,1974 ). 

1.5 Regulation of FA metabolism. 

1.5.1 	Nutritional influences,  

The process of FA synthesis is concerned with 

the conversion of dietary carbohydrate and intermediates such 

as pyruvate and acetyl CoA to fat. The strong influence which 

the nutritional state of the animal has over FA synthesis has 

been recognised for some years ( see reviews by Fritz 1961; 

Masoro 1962 ). 	The level of FA synthesis is sevendy impaired 

when there is restriction of caloric intake, a high fat diet or 

a deficiency of insulin. Thus, it was found that lipogenesis 

from 14C-acetate is higher in liver from rats two hours after i-  

meal. 	It is also higher when sucrose is eaten as a substitute 

for glucose ( Fabry et al., 1968 ). 	Hill and co-workers 

( 1958 ) observed that hepatic lipogenesis was very much 

depressed when animals were fed as little as 2.5 % of fat in 

the diet. Moreover, liver slices from fasting rats converted 

less 14C-glucose into FA than slices from fed rats ( Masoro 

et al.,1950 ). 
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1.5.2 Reducing equivalent sources.  

The reductive power for FA synthesis is delivered 

by NADPH generated by the oxidation of glucose-6—phosphate 

through the hexose monophosphate shunt or the NADH arising from 

glycolysis. The generation of reducing equivalents in either 

case is closely linked to glucose oxidation ( Flatt11970 ). 

Furthermore, FA synthesis is apparently dependent on the avail-

ability of glucose and the glycolytic potential of the cell 

( Rous)1971 ). 	Prom isotope incorporation studies, it has 
the 

been shown that/hexose monophosphate shunt is the principal 

source of reducing equivalents available for FA synthesis in 

tissues ( Winegrad and Renold )1958; Katz et al.,1965; Katz 

and Rognstad)1966 ). 	However, in the presence of insulin, 

almost 50 % of the NADPH for FA synthesis in adipose tissue is 

derived from the hexose monophosphate pathway, whereas in the 

presence of adrenalin, more than 80 of the required NADPH is 

generated from the hexose monophosphate pathway ( Rognstad and 

Katz)1966; Flatt and Ba11,1964 ). 

In the liver, there are many sources of reducing 

equivalents ( glucose, lactate etc. ), and the details of their 

roles in lipogenesis are not well understood ( Rous)1971 ). 

1.5.3 Acetyl CoA carboxylase activity. 

It is generally accepted that the rate limiting 

reaction for FA synthesis in liver is at the step catalysed by 

acetyl CoA carboxylase ( see reviews by Lane and Moss 1971; 

Noma)  1974; Veech and Guynn.)1974 ). The level of acetyl CoA 
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carboxylase in animal tissues varies as FA synthesis increases 

or decreases during dietary ( Numa et al.,1961, Korchak and 

Masoro,1962 ), hormonal ( Wieland et al.,1963 ), developmental 

( Rees and Huggins)1960 ) and genetic influences ( Chang et al., 

1967 ). 	It has been shown that the concentration of acetyl CoA 

carboxylase in rat liver ( Allmann et al.,1965 ) and adipose 

tissue ( Saggerson and Greenbaum )1970 ) is lowered during fasting, 

whereas refeeding the starved rats brings back the enzyme activity 

to normal level especially when the animal is on a fat-free diet 

( Allmann et al.,1965 ). 	Alloxan diabetes is associated with 

a fall in acetyl CoA carboxylase activity in rat liver ( Wieland 

et al.,1963 ), as well as in adipose tissue ( Saggerson and 

Greenbaum)1970 ) 

The activity of acetyl CoA carboxylase is under 

negative feedback inhibition ( Numa et al.,1964; Veech and 

Guynn,1974 ). Long chain fatty acyl CoA derivatives, such as 

palmityl CoA, stearyl CoA, are potent inhibitors of. acetyl CoA 

carboxylase. Under such conditions as starvation ( Masoro 

et al.,1950 ), fat feeding ( Hill et al.,1958 ) and alloxan 

diabetes ( Wieland et al.,1963 ), there is a depressed synthesis 

of FA in the animal. This could be due to an enhanced accumul-

ation of long chain fatty acyl CoA in the FA synthesizing 

tissues ( Tubbs and Garland,1964; Garland et al.,1965; Bortz 

1967 ). 	In this way, increased lipolysis, such as in diabetes 

or starvation, leading to enhanced influx of free FA to the 

liver,would eventually curtail FA synthesis. 
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1.6 Control of glycogen metabolism. 

1.6.1 Hormonal control of glycogen metabolism. 

Cyclic-AMP has generally been implicated as the 

' second messenger ' of rapid catabolic hormone effects on target 

tissues ( Robison et al.,1971 ). 	Glucagon and adrenalin induce 

a significant increase in cyclic-AMP concentration in the perfused 

rat liver ( Exton et al.,1971 ), and thereby stimulate the 

production of active phosphorylase kinase. This would enhance 

glycogen degradation and ( indirectly ) decrease glycogen synthesis 

( Villar-Palasi et al.,1971 ). 	Similarly, ACTH and thyroid 

hormone have been shown to increase the concentration of cyclic- 

AMP and the activity of adenyl cyclase in target tissues respectively, 

thereby altering glycogen metabolism ( Greenberg and Glick 1962; 

Dumont et al.,1971 ). 	In view of the role of cyclic-AMP in the 

control of glycogen metabolism by the glycogenolytic hormones, 

the possibility arises that insulin antagonism of the action of 

these hormones is mediated by a decrease in the intracellular 

concentration of cyclic-AMP ( e.g. in adipose tissue; Jungas 

and Ba11,1963 ). 	Effects of insulin on lowering cyclic-AMP 

concentration in liver have been detected ( Jefferson et al., 

1968; Exton et al.,1971, 1973 ). 	However, Craig and co-workers 

( 1969 ) presented evidence to show in rat diaphragm incubated 

in vitro that insulin has no apparent effect on the concentration 

of cyclic-AMP in the presence or absence of adrenalin whereas' 

the activity of glycogen synthesizing enzymes is elevated. 

1.6.2 Glycogenolysis in animal tissues. 

Hormonal activation of glycogen breakdown in tissues 

involves a series of steps ( Figure 1 ). This involves stimulation 
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of the membrane bound adenyl cyclase system ( by glucagon at 

least ) which catalyses ( in the presence of Mg2+) the formation 

of cyclic-AMP which activates protein kinase, and eventually 

phosphorylase; thus, the activated phosphorylase kinase regulates 

the conversion of an inactive form of the phosphorylase to an 

active form ( Rail and Sutherland,1962 ). 	In the liver, 

activation of phosphorylase leads to glycogenolysis and, due to 

the presence of glucose-6-phosphatase, largely to the formation 

of 	glucose in blood ( Robison et al., 1971; Sutherland 

and Rall 1960; Riley and Wahba)1969 ). 	In contrast, in skeletal 

muscle, as there is no glucose-6-phosphatase present, glycogeno-

lysis gives rise to no free glucose, but to pyruvate and 

lactate ( e.g. see Soderling et al. ,1970; 4alsh et al.,1971 ). 

1.6.3 Formation of cyclic-AMP and its destruction. 

The enzyme responsible for the formation of 

cyclic-AMP is termed adenyl cyclase which is present in a variety 

of animal tissues ( for review see Robison et al.,1971 ) and 

in liver for example is localised in the plasma membranes 

( Pohl et al.,1971 ). 	It has been proposed that the enzyme 

consists of a regulatory subunit which interacts with glucagon 

or catecholamines, and a catalytic subunit which interacts with 

ATP to form cyclic-AMP ( Robison et a1,1970 ). Activation of 

adenyl cyclase requires divalent ions ( Rall and Sutherland,1958 ). 

Like other adenyl cyclases the liver enzyme is stimulated by 
ake 

fluoride ions,and/by the hormones glucagon and adrenalin ( Rail 
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et al.,1957; Murad et al.,1962 ). The effects of halide and 

of the hormones are not additive to each other ( Sutherland etal., 

1962; Hepp et al.,1970 ). 

Adenyl cyclase isolated from membranes of the 

liver of rat, ( Bitensky et al.,1968 ) has a normal response to 

catabolic hormones, whereas partially purified adenyl cyclase 

from rabbit skeletal muscle loses its activation by adrenalin 

( Sutherland et al.,1962 ) but is still capable of being stimulated 

by fluoride ions. 

The maintenance of low levels of intracellular 

cyclic-AMP in the absence of hormonal stimulation is brought 

about by the phosphodiesterase which hydrolyses cyclic-AMP to 

51-AMP, without production of inorganic phosphate ( Sutherland 

and Rall)1958 ). 	In beef cardiac muscle, this enzyme is 

apparently located in both the particulate and supernatant 

fractions of the homogenate ( Butcher and Sutherland,1962 ). 

In liver, 80-90 % of the phosphodiesterase is recovered in the 

supernatant ( Menahan et al.,1969; Beavo et al.,1970 ), and 

exhibits little apparent activity in the particulate fractions. 

Senft and co-workers ( 1968 ) have shown in liver, adipose tissue 

and kidney of adrenalectomized rats that phosphodiesterase 

activity was elevated significantly; glucocorticoid administration 

reduced the activity. Moreover, in in vitro studies of insulin acriam 

on fat pads, Blecher et al.,( 1968 ) found no alteration of 

phosphodiesterase activity. 	In line with this observation, 

no decrease in phosphodiesterase activity in adipose tissue 

of alloxan diabetic rat has been reported ( Senft et al.,1968 ). 
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1.6.4 Neural regulation of glycogen metabolism. 

A role of the sympathetic nervous system in 

response to glycogenoly-tic action in liver has been postulated 

( Shimazu et al.,1966 ). Electrical stimulation of rabbit 

sympathetic splanchic nerve produces glycogenolysis in the liver 

by marked activation of phosphorylase activity ( Shimazu and 

Fukuda,1965; Shimazu and Amakawa,1968 ), whereas stimulation 

of the para-sympathetic vagus nerve counteracts this phenomenon 

by activating glycogen synthetase and consequently glycogenesis 

( Shimazu,1967, 1971 ). 	The glycogenolysis caused by autonomic 

nerve stimulation is different in meohanism from the activation 

of phosphorylase revealed by catecholamines ( Shimazu and Amakawa, 

1975 ). 	Thus tetanic contraction in skeletal muscle ( Harwood 

and Drummond,1969 ), and splanchic nerve stimulation in rabbit 

liver ( Shimazu and Amakawa,1975 ) produce enhanced activity 

of phosphorylase a and a decrease in glycogen concentration 

without change in the cyclic-AMP level in tissue. 

1.7 Physiological control of hormone release. 

1.7.1 Vasopressin. 

The release of vasopressin is influenced by the 

nervous system. 	Thus, a stimulation, as a consequence of pain 

or acute stress, in the supraoptic and paraventricular nuclei 

of the hypothalamus can cause a liberation of vasopressin 

( Woods et al.,1969 ). 	Electrical stimulation of the supraoptic 

nuclei accelerates the release of vasopressin ( Bissett et al., 

1967 ). Variation in posture position ( Segar and Moore1 1968 ) 
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as well as surgical operations ( Hoppenstein et al.,1968 ), can 

cause plasma vasopressin concentration to be elevated. Moreover, 

a reduction of 10 % blood volume, such as in hemorrhage, 

stimulates vasopressin release ( Henry et al.,1968; Aziz and 

Hakerich,1967 ). 

1.7.2 	Glucagon. 

Secretion of pancreatic glucagon increases when 

there is a low blood glucose concentration ( e.g. induced by 

starvation, insulin or the sulfonylureas ). 	Such elevations 

in glucagon are promptly reversed by a rise in the plasma glucose 

concentration, produced for example by exogenous administration 

of glucose ( Fo t1962 ). 	The importance of alpha-and beta- 

cell function in glucose homeostasis has been stressed ( Unger, 

1972, 1976 ) 

1.7.3 Adrenalin. 

Adrenalin and nor-adrenalin ( both catecholamines ) 

are present in both the sympathetic nervous tissue and adrenal 

medulla. 	They are normally released into circulation, though 

in different proportions, depending on the animal species and 

experimental conditions. 	It is via the nervous system that 

the adrenal medulla maintains its activity. Excitation of 

the adrenomedullary nerves usually increases adrenalin release 

( Eade 1958; Eade and Wood,1958 ). 	Moreover, artifical excit- 

ation of the hypothalamic centres releases adrenalin ( Grant 

et al.,1958 ). 	In arterial hypotension, such as that in 
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hemorrhage, there is adrenal medulla stimulation, to accelerate 

the release of adrenalin I. Glaviano et al.,1960; Jakschik et al., 

1974 ). Hypoglycemia due to insulin causes stimulation of 

the adrenal medulla. 	Extreme stress conditions, such as 

asphyxia and anoxia, also generally cause adrenalin release 

( Paulet et al., 1957 ). 

1.7.4 Morphological aspects of endocrine glands. 

1.7.4.1 	Posterior pituitary gland. 

Early studies were based on morphological 

and cytochemical evidence that neurohypophyseal hormones are 

confined to neural lobe tissue ( Pardoe and Weatherall, 1955 ). 

Sachs and co-workers ( 1969 ) isolated the neurosecretary 

granules of the posterior pituitary gland from different species 

by using differential and density gradient centrifugation. They 

found that these isolated granules were rich in vasopressin, a 

peptide containing 6 amino acid residues in a ring with 3 in a 

side chain and a M.Wt. of about 1080. 	Recently, from biochemical 

and electron microscopic studies, the hormone storage granules 

in the hypothalamus became apparent ( Dean and Hope, 1967, 1968 ). 

Thus vasopressin is produced in neurosecretary neurons which 

are clustered together in the supraoptic and paraventricular 

nuclei in the anterior part of the hypothalamus ( see Thorn, 

1970 ), which has been studied extensively by physiologists 

( Sawyer, 1967 ) in view of its controlling activity on water 

metabolism. 	This role is symbolized by the fact that anti- 

diuretic hormone is another name for this peptide hormone. 
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1.74.2 	The A-cells of the endocrine pancreas. 

Glucagon was discovered as a hyperglycemic 

contaminant of various insulin preparations and was generally 

considered to be opposite in biological function to insulin 

( for reviews see Lefebvre and Unger,1972; Unger,1976 ). The 

0(2-cell of the islets of Langerhans ( Lundquist et al.,1970 ) 

is different from the/3 and Nr cells in that it produces glucagon, 

a single chain polypeptide comprising 29 amino acid residues and 

a M.Wt. of 3485. 	The latter two cell types produce insulin and 

gastrin respectively. Histological evidence has shown in the 

rat embryonic pancreas from the 11th day of development ( Brock 

et al.,1969 ) and immature 0(-cells in rat embryos ( Pictet et al., 

1969 ) that significant levels of immunoassayable glucagon were 

detected. Moreover, an appreciable amount of glucagon-like 

material is present in the pancreas from the 14th day of prenatal 

life in the rat. 	Glucagon-like activity has been identified in 

the gastrointestinal tract ( for review see Barrington and Dockray, 

1976 ). 	Extensive studies by Vassallo et al. ( 1969 ) and 

Kobayashi et al. ( 1970 ) have lead to the same conclusion that 

cells of the intestinal mucosa possess similar properties and 

physiology to the 0(27-cells of the pancreatic islets. 

1.7.4.3 Adrenal medulla. 

Chromaffin cells of the adrenal medulla are cells 

that store adrenalin and noradrenalin, collectively known as 

catecholamines ( Muschol and Vogt,1958 ). 	In adult mammals, 

the adrenal medulla constitutes the bulk of chromaffin cells. 

Electron microscopic studies of adrenal medulla tissues have 
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demonstrated the presence of numerous dense osmiophilic 

granules ( Carlson and Hillarp31958 ). 	There is evidence 

that catecholamines are stored in granules of the chromaffin 

cells, and their release depends on the types of stimuli 

( Eade51958 ). 

1.8. 	Outstanding problems in the action of hormones on  

metabolism. 

At the cellular level, most hormones act through 

a mechanism that involves a sequence of events in target cells. 

This may for example include effects on the passage of metabolites 

and nutrients reaching cells, on the events of transcription 

and translation in the synthesis of particular protein molecules, 

and on the synthesis o5preakdown of other macromolecules. 

One problem is that the action of a hormone, 

such as that of adrenalin, on a target tissue may be complicated 

by the existence of different receptors; thus hormones would 

give rise to divergent effects, depending on which type of 

receptor activation predominated. Marked variations have been 

noted in the proportion and distribution of hormone-producing 

cells in various mammalian species, which thereby alter the 

metabolic responses. 	This can give rise to difficulties in 

interpreting results, especially of experiments in vivo. 

In addition, genetic and pathologic influences as well as the 

various stages of growth can modify and potentially confuse 

the study of the action of hormones on metabolism. 

The existence of hormones provides a regulatory 
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device which can be superimposed on the already existing 

intracellular controls of metabolism. 	The lack of extensive 

systematic knowledge concerning normal metabolic controls has 

impeded our understanding of the intimate details of hormone 

actions. At present, we can only integrate the various complex 

endocrine mechanisms in a general picture, focussing upon a 

few basic ideas. 	Thus, further studies together with develo- 

pment of improved techniques and preparations are warranted in 

the study of metabolic control with special reference to its 

hormonal regulation. 

1.9 Choice of techniques for studying hormone effects. 

The hormonal control of hepatic metabolism has 

only begun to be understood in recent years, as a result of 

availability of commercial purified hormones, and of the use of 

suitable experimental preparations. Liver slices and homogenates, 

which served a useful purpose in the qualitative elucidation of 

pathways, turn out to be deficient preparations ( e.g. due to 

breakdown of intracellular metabolites ) for studies of metabolic 

control ( Schimassek et al. ,1974- ). 	Similarly, data obtained 

from in vivo studies are more complicated to understand in view 

of the complex endocrine interrelationships in the intact 

animal; one can not discriminate between direct and indirect 

effects of hormones on hepatic metabolism. 

However, there are two good preparations, of 

liver, for the study of hepatic metabolism, namely suspensions 

of isolated cells ( Berry and Friend )1969 ) and the perfused 

liver ( for a general account, see Ross9 1972 ). 	These 
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preparations enable processes to be measured under chosen 

conditions without influence from other organs. 	This is of 

particular value in the study of direct hormonal actions on 

target organs, since any results obtained in vitro cannot reflect 

the differences in circulating levels of metabolites and hormones, 

often unknown, which occur in vivo. 	Since liver perfusion may 

be particularly presumed to retain hormone sensitivity, and the 

complexities of control processes of metabolism, this technique 

was adopted in the present studies. 

1.10 	Scope of present work. 

It was felt that before further investigation could 

be made on the mechanism of the alterations in carbohydrate 

and lipid metabolism in rodent livers after vasopressin, there 

was a need to obtain more information on the nature of the 

changes occuring. 	Since previous work had suggested ( Hems 

and Whitton 1973 ) that vasopressin increased gluconeogenesis 

and glycogenolysis in a rat liver perfusion system, an initial 

study was made of the actions of vasopressin, together with 

glucagon and adrenalin for comparison, on hepatic carbohydrate 

and lipid metabolism in the intact rat. 

Since there was a decrease in plasma lipid 

concentrations after vasopressin in intact animals, and since 

the mouse liver responded to this peptide hormone to the same 

degree as in a rat, studies were carried out in the perfused 

mouse liver in order to cast some light on direct hormone 

effects on carbohydrate and lipid metabolism. 	The results 

si,owed that vasopressin at concentrations of 0.5-1.0mUnit/m1 



inhibited FA synthesis and stimulated glucose output and 

glycogen breakdown in normal mouse liver perfusions. 

For comparison, glucagon action on mouse liver was 

also studied. 	The possibility exists that glucagon-induced 

decreases in hepatic FA synthesis might be secondary to changes 

in carbohydrate metabolism. On reinvestigation of its action 

during 40 min, liver perfusions in mouse, glucagon showed no 

inhibition of FA synthesis over a concentration of 10-12 to 

10-9  X, whereas the response of glucose output and glycogen 

breakdown was dramatic. 	However, in a 2 hr. perfusion, 

glucagon inhibited hepatic FA synthesis. 

Genetically ob/ob mice display metabolic abnormal-

ities ( see Bray and York,1971 ), whereas restriction of dietary 

intake brings back near normal body weight and partial correction 

of metabolic alterations, when compared to events in normal 

lean mice. 	The results obtained in the present experiments 

suggested that in ob/ob mice, there was a defect in hepatic 

response to vasopressin, which cannot be corrected even when 

this rodent was under restricted caloric intake. 	Glucagon 

inhibited FA synthesis in both ob/ob and diet-restricted ob/ob 

mouse liver. 
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2. Eafzimental. 

2.1 	Animal sources. 

Female albino Sprague Dawley rats weighing about 

17G-210g were used in part of the present studies. 	They were 

given tap water and Thompson's food cake ad. libitum. 	All 

normal ( lean ) and genetically obese mice were bred in the 

Department of Biochemistry, Imperial College. 

The colony of genetically obese hyperglycemic 

mice ( ob/ob ) maintained at Imperial College were obtained 

several years ago from Birmingham ( School of Biological 

Sciences, University of Aston ). 	These animals had been bred 

from C5BL/6J obese mice from Bar Harbor and a local mixed non-

inbred strain, and since then, they have been maintained as a 

random-bred closed colony. 	The characteristics of the obese 

animals ( homozygotes ) is that they show massive deposition of 

body fat, high plasma insulin and_glucose levels when compared 

to their lean litter mates of the same age. 

Animals were contained in polycarbonate cage3 and 

sawdust used as bedding. After weaning, the animals were given 

tap water and Oxc'id food cake ad. libitum unless stated. 	All 

mice used for the presen't studies were between 10-11 weeks after 

birth. 	All animals were housed in rooms maintained at 21 C and 

subject to artifical lighting in a 12 hour cycle from 8 a.m. 

Groups of female animals were maintained on 

restricted food intake to reduce the abnormal weight gain. These 

animals, termed diet-restricted obese mice ( DR-ob/ob ), were 
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housed individually from 35 days after birth with blotting paper 

bedding and allowed only 4g of powdered Oxoid dict per day, fed 

at 09.30 h. 	They were transferred for experimental work after 

habituated in this condition for about 6 weeks when they were 

10-11 weeks old. 	Their body weight then were 25-35g which was 

similar to their lean litter mates at this age fed ad. libitum. 

2.2 Sources of Chemicals. 

All solvents and chemicals were ' Analar grade * 

and obtained from Koch-Light ( Buckinghamshire ); Fisons ( Lough-

borogh;: Leicestershire ); Hopkins and Williams ( Romford, Essex ); 

or BDH ( Poole, Dorset ) unless otherwise stated. 	All chemicals 

containing radioactive isotopes were purchased from the Radio- 

chemical Centre ( Amersham, Bucks ). 	Enzymes and substrates 

( phosphoenolpyruvate; ATP; NAD+; NADH and CoA ) were obtained 

from C.F. Boehringer Corp. Ltd. ( London ). L-lacbate, 8-arginine 

vasopressin ( synthetic grade VI ) and adrenalin bitartrate 

were obtained from Sigma Chemical Co. Ltd. ( Kingston-upon-Thames, 

Surrey ). Glucagon ( crystalline ) was obtained from Eli Lilly 

( Indianapolis, U.S.A. ). 

Batches of ( 8-arginine ) vasopressin were checked 

for activity by bioassays which were kindly performed by 

Dr. M.Forsling ( Department of Physiology, Middlesex Hospital, 

London ); this was consistently about 80% of the stated acitivity. 

Thus, the true activity of vasopressin in each bottle was calculated 

based on this factor. 

Glycogen ( rabbit liver ) was obtained from BDH, 

and D-glucose from Fisons. Heparin was purchased from Evans 
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Medical Ltd. ( Liverpool ). The scintillator butyl-PBD was 

ob tained from Fisons or nIBA Ltd. ( Basle, Switzerland ). 

Anion exchange resin, Biorad AG1-X4, were obtained 

from Bio---Rad Laboratories ( Richmond, California, U.S.A. ). 

Silica gel G for t.1, c. was from Anderman Ltd. ( London ), and 

was manufactured by Merck Ltd.. 
1  

Plastic cannulae for liver perfusion were made 

from I - Portex plastic intravenous cannulae, obtained from 

Portland Plastic Ltd. ( Hythe, Kent ). 	Silicone rubber tubing 

was from Esco Rubber Ltd. ( London ).•  

2.3 Liver perfusion. 

2.3.1 	The standard perfusion medium. 

The liver perfusion technique was based on that 

described by Hems et al., ( 1966 ) for rat which has been moaified 

for mouse liver by Elliott et al., ( 1971 ) and Salmon et al., 

( 1974). 

The perfusion medium ( 60 ml.) consisted of 40 ml. 

bicarbonate-saline ( Krebs and Henseleit 1932 ), containing 10 ml. 

15 0 ( w/v ) bovine serum albumin ( fraction V, pentex ) which 

was previously dialysed against 4 changes of bicarbonate-salfme, 

for 2 days, and 20 ml. erythrocytes ( packed celD. volume ) 

( Hems et al.,1966 ). 	Hulplan blood stored for 4-5 weeks, after 

withdrawal from patients, at 4°C, no longer suitable for human 

blood transfusion, possessing almost full 02  carrying capacity, 

was donated by St. Georges Hospital, Hyde Park Corner, London. 

Erythrocytes were obtained by spinning the whole blood at 31000rpm 

in a IEC-PR2 International centrifuge for 10 min at 4°C. The 

buffy white cell layer and plasma were rejected. Red cells 

were washed 3 tines with 4 volume of bicarbonate-saline and 



washings discarded aftc.,r each centrifugatiou. 

In spite e?: the bigger volume of human 

erythrocytes than that of mice ( 85 and 49 cup. respectively ), 

there is no significant differences in the diameter of human 

and mouse red cell corpuscles, being 7.5 and 6.0)1 respectively 

( Altman and Dittmer 1964 ). Thus passage of human erythrocytes 

through the mouse blood vessels is not impeded. 

2. 3.2 per.112sA&ELApillaratus. 

Liver perfusion was carried out in a cabinet 

which was thermostatically controlloed at 37°C throughout with 

a fitted fan heater. Liver was perfused in situ and the 

perfusion medium was recycled during all experiments unless 

otherwise stated. 

Perfusion medium entered the liver thraigh 

the hepatic portal vein via a polythene cannula ( obtained 

from intravenous cannula and supplied by Portex Ltd. ) about 

1.5 cm long and an o.d. 0.75 mm; i.d. 0.5 mm. 	The medium 

passed out of the liver by way of the inferior vena cava and 

through another polythene cannula about 1.5 cm long with c.d. 

1.02 mm and i.d. 0.6 mm, joined to another polythene tube about 

10 cm long and an o.d. 1 mm. The end of the output cannula 

was subsequently placed in the side arm of the reservoir about 

7 	below the liver that gave a negative pressure. The 

perfusion medium in the reservoir was constantly mixed with a 

magnetic stirrer installed within the base of the perfusion 

cabinet. 

Perfusion medium was pumped from the reservoir 

by way of silicone tubing through a nylon mesh filter, obtained 

from a disposable blood transfusion set, to the top of a multi- 
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bulb gas exchanger. When the perfusion medium passed down the 

gas exchanger, it spread in a thin layer over a wider surface 

area and equilibrated with the gas, previously saturated and 

humidified with water vapour in a humidifier, and being passed 

in from the opposite direction through the exchanger, see Fig. 2. 

The medium flowed through a flexible silicone 

tubing, about 15 cm long and i.d. 1 mm joined to the base of 

the gas exchanger, connected to the input cannula of the hepatic 

portal vein of the liver under a constant hydrostatic pressure 

provided in part by the height of the gas exchanger overflow 

above the liver. This height was usually about 20 cm of medium. 

Under such conditions, the flow rates of medium through livers 

of both lean'and ob/ob mice were between 1.0-1.8 ml/min/g. 

2.3.3 Operation procedures. 

Mice were anaesthetised with 0.05 ml. sodium 

pentabarbitone ( Nembutal, Abbott Laboratories Lta. ) injected 

intraperitoneally between 11.00-13.00 h. 

A mouse was laid supine on a polystyrene 

board measured by 15x15 cm and the abdomen was open with scissors 

just below the rib cage. 	The bowel was displaced to the left 

of the animal such that the hepatic portal vein was exposed 

clearly. 

A tie was placed loosely around the unbranched 

portion of the portal vein whereas a second tie was placed 

around the inferior vena cava above the renal veins. 	The hepatic 

portal vein was cleared of fat and connective tissue and held 

between blunt forceps close to its origin from the intestine. 

The input cannula, which was cut to a bevelled shape, already 



Fig. 2 : A standard liver perfusion apparatus. 

a). perfusing medium in reservoir, 
b). roller pump, c). filter, d).. oxygenator, 
e). animal platform. Arrows indicate the 

flow of medium. 
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connected to the base of a bottle containing bicarbonate-saline 

and containing 20 mM glucose to sustain glycogen content, 

continually gassed with 02  : CO2  ( 95% : 5 % ), was inserted 

in the vein between the forceps and the tie. The position of 

the cannula was fixed by means of plasticise which was pinned 

to the polystyrene board. 

The input cannula was securely tied in the 

vein and care was taken not to protrude beyond the point where 

branches left the main vein to enter the liver. 	The inferior 

vena cava was now cut beneath the kidneys and a slow flow of 

gassed bicarbonate-saline was allowed to pass into the liver 

and out of the cut end of the inferior vena cava by adjusting 

a rollor clip on the input tubing. 

The diaphragm and the rib cage were cut open 

together with the gall bladder punctured. A tie was put loosely 

around the inferior vena cava of the heart. The output cannula 

of bevelled shape pierced the right atrium into the inferior 

vena cava and was tied in the vein. 	The tie around the inferior 

vena cava above the kidney was now tightened, so bicarbonate- 

saline was allowed to flow through the output cannula. 	The 

mouse on the polystyrene board was then moved into the perfusion 

cabinet and stood on a stand close o the reservoir. 	Actual 

perfusion started when the input cannula was transferred to 

erythrocyte containing medium. 	There was no bubbles trapped 

during the transfer of tubings. 	When medium entered the liver 

under the normal perfusion pressure, the appearance of the liver 

was similar to that seen in vivo. 	It is necessary to prevent 

drying of the liver lobes; hence a saline soaked tissue on a 

wire gauze arch placed over the liver was constructed. Under 

such condition, no drying of the liver lobes was discerned. 
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.2.3.4 Adkidtion o C substrates and hormones. 

All. substrates were added to the perfusion 

medium before the start of the perfusion. However, when 

radioactive labelled precursors were' employed, they were added 

to the medium at a given time and allowed to mix thoroughly in 

the reservoir for 3 min before an aliquot was taken for measure-

ment of specific radioactivity. Hormones were added during 

perfusion, at times indicated. 

2.3.5 Sampling of medium during perfusion. 

Medium samples of 0.5-5.0 ml. were taken 

hourly from the reservoir. For the determination of glucose 

released by the liver, both effluent and affluent medium were 

collected simultaneously from output and input cannula 10 min 

after hormone addition to the medium. Medium samples were spun 

at 3,000r.p.m. for 10 minat 4°C. 	The cell free perfusate was 

collected and stored frozen. Medium samples taken for the assay 

of glucose and lactate were mixed with 6 % ( v/v ) perchloric 

acid ( 1 : 1 ), centrifuged and clear supernatant stored frozen. 

2.4 	 cedures in vivo.  

In most experiments, hormones were administered 

( in 0.2 ml. water ) to conscious rats intraperitoneally between 

10.00-12.00 h. 	Respective control rats were given the same 

amount of water. 	Rats were stunned with intermediate force, 

so that the heart continue to beat. 	Blood was removed first, 

from the aorta or cardiac puncture into a plastic syringe 

containing negligible volume of heparin. Next, a piece of a 

main liver lobe ( 500 mg ) was dropped into liquid N2. Finally, 

epididymal adipose tissue and skeletal muscle from the thigh 
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were removed, into liquid N2; the entire heart vgas removed. 

Blood was centrifuged at 4,000 r.p.m. fo.c 10 min at 40() and 

all analyses were performed on plasma. 

Female fed rats or mice received intraperit-

oneally a trace dose of [U-14C  ],glucose, about i laCi and 10 mCi 

of 5H2  , 0 	in one group 0.2 or 0.8 units of vasopressin. 20 or 

30 min later, 250 mg liver or adipose tissue were removed for 

analysis, and the specific radioactivity of plasma 5620 were 

determined. 

2.5 Assays of Blood Metabolites. 

2.5.1. 	Glucose assay. 

The method adopted was that described by 

Krebs et al.,( 1964 ). 	Glucose, in psrchloric acid extracts 

of blood, plasma or after hydrolysis of glycogen was subjected 

to glucose oxidase treatment. 	10-50 )xl of assay sample was 

mixed thoroughly with a total volume of 1 ml. distilled water 

followed by 2.5 ml. of a reagent buffer containing 12.5 mg 

glucose oxidase, 4.0 mg peroxidase and 0.5 ml. 1 % o-dianisidine 

( in 95 ethanol ) per 100 ml. of buffer ( 0.5 K Na2HP04' 0.5 M 

NaH2PO4  and 0.1 M Tris pH 7.3 ). 	This was incubated at 37°C 

for 1 h. 	The resultant oxidized dianisidine was read at 44)nm 

on a Unicam SP500 spectrophotometer, against a reagent blank, 

and with the use of glucose standards in all runs. 

2.5.2. 	Tissue glycogen assay. 

2.5.2.1. Preparation of tissue extracts. 

Tissue samples were quickly frozen in liquid 

N2 and weighed after animals were exsanguinated 0.2-1.0 g-  of 
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the frozen tissue was ground to a powder and extracted in 10 

volume of 35 % w/v ) KOH and boiled briefly. 	The extracts 

were further boiled for 1 h. in a water bath and precipitated 

with 3 volume of ethanol ( Good et al.0933 ) at 4°C overnight. 

The glycogen was centrifuged at 10,000r.p.m. for 15 min in a 

refriguated Sorvall RC5 centrifuge. 	The mpernatant was rejected 

and the glycogen pellet drained and dissolved in 10 ml. distilled 

water using a motor driven glass homogeniser. 

2.5.2.2. 	The assay procedure. 

The method used was essentially that described 

by Lee and Whelan ( 1966 ). 	10-50 yl of the glycogen solution 

containing 0.05-0.3 enol glycogen-glucose were pipetted into 

tubes containing 30y1 glucosidase ( Amylo-c4-1,4-0C-1,6 glucosidase, 

Boehringer Ltd. ) in 0.5 ml. 25 mM sodium acetate buffer pH 4.8. 

The mixture was made up to a final volume of 1 ml. with distilled 

water and was incubated for 30 min at 37°C in a water bath. The 

hydrolysed glycogen samples were then assayed for glucose as 

described in the previous section. 	This method gave over 95 % 

recovery of added standard. 	When 140 glycogen was determined, 

glycogen was washed 3 times in cold 75 % ( v/v ) ethanol and 

digested with 0.5 ml. diluted glucosidase at 4°C and later 

dissolved in livid scintillation fluid for counting. 

2.5.3. 	Detenuination of perfusate L-lactate concentration. 

The enzymatic method described by Hohorst( 1963 ) 

was followed. 	A 10 )fl perchloric acid extracts containing 

0.08-0.2 )enol L-lactate was pipetted into a curvette containing 

1.5 ml. buffer solution ( 0.8 M hydrazine sulphate, 2 M glycine 

and 0.02 M EDTA were adjqsted to pH 9.5 and the volume doubled ), 

0.2 ml. 15 mM ( 1 % ) NAD and 1.4 ml. distilled water. The 
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total assay volume was 3.11 ml. 

The solution was carefully mixed and allowed 

to reached a steady E340. 	10 pl lactate dehydrogenase ( 1 mg/ml. ) 

was added and the reaction allowed to go to completion when 

E340 again became steady. 
	The A E340  was calculated. A 

reagent blank was prepared in the same procedure. Any changes 

due to the reagent blank were subtracted from .AE3401  and pre-

suming the extinction coefficient for NADH2= 6.22 lactate 

content was calculated. 

2.5.4. 	Plasma free FA assay. 

The method adopted was that essentially 

described by Lauwerys ( 1969 ). 

0.5 ml. plasma was pipetted into 10 ml. modified 

Dole's solution ( isopropanol : heptane : 2N H2SO4  , 40:10:1, v/v ) 

in a glass-stoppered tube, followed by 6 ml. n-heptane and 4 ml. 

distilled water. After thoroughly mixing for 10 min in an 

automatic shaker, 5 ml. of the upper phase was transferred to 

another glass-stoppered tube containing 5 ml. 0.01 N H2SO4, and 

the tube was shaken vigorously for 2 min. 	3 ml. aliquot of the 

upper phase was transferred to another glass-stoppered tube and 

3 ml. chloroform and 3 ml. copper reagent ( 3.25g Cu(NO3)2.3H20, 

6.25g K2SO4, 17.0g Na2SO4, 7.0 ml. triethanolamine and 0.3 ml. 

glacial acetic acid in 100 ml. distilled water ), were added. 

The tube was shaken thoroughly before being centrifuged at 

1,000 r.p.m. for 15 min at 4°C. 

3 ml. of the upper phase ( copper soaps ) 

were pipetted into another tube containing 0.5 ml. sodium 

diethyldithiocarbamate reagent freshly prepared prior to the 

assay [0.1 % ( w/v) diethyldiethiocarbnmate ( Sigma Chem. Ltd. ) 
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in n-butanol.] 

A yellow colour was developed afte2- mixing 

and read at 440 nm against a reference blank ( chloroform : 

n-heptane 	diethyldiethiocarbamate, 3:3:0.5, v/v ). 

A solution containing 12.8 mg ( 0.05 mEq ) 

palmiticacid ( Sigma Chemical Ltd. ) dissolved in 25 ml. 100mM 

Tris buffer pH 8.5 with 1.75 g FA-free bovine serum albumin 

( see following section ) was prepared and appropriate aliquots 

takeafor a calibration curve. A blank of buffered albumin 

solution with no FA included was run simultaneously and it, gave 

an absorbance of 0.03--0.04 at 440 nm. 

2.5.4.1. 	Removal of  FA from albumin. 

The method used was essentially that described 

by Chen ( 1967 ) with slight modifications. 

7.0 g bovine serum albumin ( fraction V, lentex ) 

was dissolved in 70 ml. deionized water and 3.5 g charcoal 

( Norit SX1, prewashed, obtained from Hopkins and Williams Ltd. 

Essex ) was introduced and the pH was adjusted to 3 with'0.2 N H01. 

The solution was stirred magnetically for 1 h. at 4°0. 	The 

charcoal was removed by centrifugation at 18,000 r.p.m. for 30 min 

at 4°C in a Sorvall R05 centrifuge. 	The supernatant was subjected 

to a further centrifugation in a Beckman L2-65 ul',;racentrifuge 

at 20,200 x gmax  for 20 min at 4
oC, with a swing-out rotar. 

The clarified albumin solution was neutralized to pH 7.0 with 

0.2 N NaOH, and subsequently freeze-dried. 	The final compound 

was weighed and dissolved in 100 mM Tris buffer pH 8.5 to give 

an albumin concentration of 7.0 %. 
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2.5.5. 	Plasma Trigl ceride determination. 

The method used was essentially that described 

by Pinter et al.,( 1967 ) with minor modifications. 

0.2 ml. plasma was mixed in a glass stoppered 

tube with 5 ml. Dole's extraction r3agent ( isopropyl alcohol : 

n-heptane : 1 N H2504 	40:10:11 	). After standing for 10 min, 

2 ml. heptane and 3 ml. distilled water were added and the mixture 

was mixed thoroughly. 	Two phases were developed and 2 ml. of 

the upper phase was dried under a stream of N2  in a glass stoppered 

tube standing on a sand bath at 70°-80°C. 

The dried extracts of plasma containing less 

than 1.0 pmol glyceride-glycerol were saponified ( Albrink' 1959 ) 

with 0.5 ml. 0.5 N alcoholic KOH for 30 min at 70°C in a water 

bath. 1 ml. 0.15 M MgSO4  was added and the content was mixed 

thoroughly before centrifuged at 3,000 r.p.m. in a IEC-PR2 

International centrifuge at 4°C for 20 min. 0.8 ml. of the 

glycerol supernatant was collected and made up to 1.1 ml. while 

the white precipitate of the magnesium salts discarded. 

1.1 ml. of the glycerol fraction was transferred 

to a cuvette containing 2 ml. enzyme cocktail buffer : 0.1 ml. 

2mM pyruvate, kinase; 0.1 ml. 0.5 mg/M1. lactate dehydrogenase; 

0.25 ml. 75mM ATP; 1.0 ml. 2dn, phosphoenolpyruvate and 1.0 ml. 

2.5mn NADH in 20 m1.0.1n triethanCilamine-HC1 buffer, ( containing 

of 0.1 DI triethanolamine-HCl; 6mM MgSO4  and 2mM Ka at pH 7.6 ). 

The total assay volume was thus 3.11 ml.. 	Spontaneous reactions 

were followed, at 340 nm in a SP800 spectrophotometer with chart 

recorder after addition of 10 yl glycerokinase ( 0.5 mg/ml. ) to 

the cuvette. 

Under these conditions, 1 pmol glycerol in the 
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assay system would give rise to the oxidation of 1 pmol NADH2  ; 

presuming the extinction coefficient for NADH2= 6.22, the amount 

of NADH2 oxidized:was calculated from the 
AB340' 

The products ( mainly 1 and 2 glycerophosphates ) 

after phospholipids were hydrolysed during the reactions were not 

attacked by glycerokinase ( Eggstein 1966 ). Thus when phospho-

lipids were treated to the same procedures, no change in absorbance 

at 340 nm was recorded. 

2.6 Preparation and purification of 125I-insulin. 

The preparation was described by Hunter and 

Greenwood ( 1962 ) for human growth hormone with minor modifications. 

1 mCi of 1251 ( sodium salt : specific activity 

>14 Ci/mg ) in 10 p.1 was added to 10 p.1 0.25 M phosphate buffer 

pH 7.4, in the conical base piece of a clear polystyrene tube. 

3.4 p.g of pure crystalline ox insulin ( Burroughs Wellcome and 

CoeLtd., Dartford ) was dissolved in 0.01 N HC1 and 20 )1]. of 

Chloramine T ( 3.5 mg/ml. in 0.25 M phosphate buffer pH 7.4 ) 

were added. The solutions were mixed thoroughly and carefully 

after each addition. 	The iodination reaction was terminated 

after 25 seconds on addition of 100 p.1 freshly made sodium meta-

bisulphite ( 2.4 mg/ml. in 0.25 M phosphate buffer pH 7.4 ). 

The contents of the reaction vial were then transferred to a 20 ml. 

column of G-25 fine Sephadex ( obtained from Pharmaeia Fine 

Chemicals, Sweden ), 2x40 cm, pre-equilibrated with 0.1 	veronal 

acetate buffer pH 8.5 containing 1 % bovine serum albumin. The 

radioactive substances were eluted with 25 ml. of 0.1 M veronal 

acetate buffer pH 8.5 on the column and 1.6 ml. fractions were 

collected. 	Samples of 1)11 were taken from each fraction and 

counted for 1 min in a Wallac gamer counter. Material from 



the peak fractions were pooled and diluted 'with 0.1 M veronal 

acetate buffer pH 8.5 to give a working concentration of-lng/ml. 

and stored at 4°C. 

2.6,1 	Radioimmunoassay of plasma insulin. 

Insuin was assayed by a modification of the 

double antibody method of Hales and Randle ( 1963 ), described 

by Quabbe ( 1969 ). 

The unknown sample or standard insulin, 

usually 100 yl, in triplicate in plastic tubes, were incubated 

overnigLt at 4°C with equal volume of insulin binding reagent 

( obtained from Wellcome Reagents Ltd., Beckenham ), the content 

of which was mixed thoroughly. 	100 )1l of the radioactive 125I- 
_ 

labelled insulin, prepared by the method of Hunter and Greenwood 

( 1962 ), was pipetted to the insulin-antibody complex, mixed 

and Incubated at 4°C overnight again.. The precipitates in the 

assay tube were collected by centrifugation at 4,000 r.p.m. for 

50 min at 400, and the supernatant decanted. 	The contents of 

the tube were washed in situ by addition of 1 ml, cold higb 

protein diluent buffer; ( 0.04 M phosphate buffer pH 7.4 plus 

Horse serum No.5 obtained from Wellcome Reagents Ltd., in ratio 

4 t 1 was added ). 	The wash procedure was repeated once more 

the supernatant decanted and the precipitates were counted for 

5 min in a Wallas automatic gamma counter. 

A mouse insulin standard supplied by Novo 

Research Institute ( 22.4 units/mg ) was used. 	This was diluted 

with a 0.04 M phosphate buffered saline containing 0.01 0 bovine 

serum albumin pH 7.4, to give a concentration of 1000, 500, 250, 

100, 80, 60, 40, 20 and 10 )IU/M1. 

Tubes were set up simultaneously containing 
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a) labelle(1  insulin alone which were capped and counted tc determine 

total radioactivity; b) labelled insulin plus phosphate buffer 

saline to determine control of radl.oactivity left in the assay 

tubes or non-specific binding of radioactivity in the tube and, 

c) tubes not containing any ' cold insulin to determine the 

maximum binding capacity of the binding 2eagent for Labelled 

peptide. 	This was equal to the zero point on a standard graph. 

Thus satisfactory results were obtained when 

the non-specific binding value was <5 0 of the total radioactivity 

added, and the maximum binding capacity of the insulin binding 

reagent was in the range of 30-50 o of the to cal radioactivity. 

The counts obtained were corrected for non-specific binding and 

calculated as of the maximum counts bound in the absence of 

cold hormone. 	These values gave a sigmoid curve when plotted 

against the logarithm o1 the concentration of unlabelled insulin, 

as shown in Fig. 3 , and experimental values were read off from 

the straight portion of the steep side of the standard graph. 

2.7 Isolation of glucose from lactate or radioactive counting. 

The anion exchange method employed to measure 

the radioactivity of 14C-glucose was essentially described by 

Elliott et al., ( 1971 ). 

1 ml. neutralized perchioric acid extracts 

was applied to P column of resin ( Biorad AG1-X4, 100-200 mesh ) 

initially in the 01-  form, measuring 6 x 80 mm. 	The ex4lract 

was passed through the column with 10 ml distilled water. The 

procedure is based on the assumption that charged lactate displaces 

the 01 of the resin and subsequently adheres on it, whereas 

neutral glucose passes straight out of the column. The first 

6 ml. of the eluate was collected and freeze-dried overnight. 
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The driod substances were disscdve in 100 	of distilled water 

and mixed with 5 ail. 2-methuTyethanol together with 10 ml. liquid 

scintillation fluid. The radioactivity of each sample was 

counted in a Packard Tri-Carb liquid scintillation spectrometer 

at 7°C for 20 min. This method gave about 94 yrecovery of 

known amounts of 14C-glucose. 

2.8 Ex- r221422  of total  lipids from tissues. 

The extraction procedure was essentially 

that described by Folch et al., ( 1957 ). 

Frozen tissue samples were weighed and 

homogenized in glass stoppered tube with a 20 volume ( w/v ) 

chloroform : methanol ( 2 : 1, v/v ), using a Silversen 

homogenise'', 	After overnight standing at room temperature, 

the tissue extracts were filtered under vaccum and 0.2 volume 

0.1 M KCl added. 	The solution wac mixed and allowed to separate 

into two portions, 	The upper aqueous phase was rejected and 

the remaining tissue extract portion was washed with 0.2 volume 

of a synthetic upper phase comprising of chloroform : methanol : 

0.1 M KCl : water ( 3 : 48 : 47 : 1 , by volume ) . After 

standing at room temperature for 45 min or briefly centrifuging 

for 5 min, the supernatant was discarded and the chloroform 

phase was evaporated to dryness under a stream of N2 at 70°-80°C 

or, a sand bath. 

2.8.1 Separation of total FA and non-saponifialDlelinid.  

fractions from lipid extracts. 

Dried lipid extracts obtained from previous 

section were treated with 2 ml. 30 r,  NaOH and 1 ml. ethanol in 

a glass stoppered tube to release their constituent FA. The 
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contents of the tube were heated at 80°-90°C in a water bath. 

After 3 h. saponification, 5 ml.distilled water were added to 

the tube and non-saponifiable lipids, mainly free sterols, were 

extracted twice with 10 ml. petroleum ether ( b.pt. 400-600C ). 

The alkaline soap was acidified with concentrated HCl 

( internal indicator used ) and free FA was released and extracted 

3 times with 10 ml. petroleum ether. 	The FA in petroleum ether 

was dried under a stream of N2 on a sand bath at 70o-800C,before 

15 ml. toluene based liquid scintillation fluid was added. 

In some experiments, frozen:tissues were 

weighed and boiled directly ( Shigeta and Shreeve 1964 ) in 5 ml. 

35 % KOH, cooled and 3 ml. ethanol added. 	If the tissue extracts 

were saponified for 3 h. at 800-900C and extraction procedures 

were followed as mentioned above, it was found that no major 

changes in radioactivity were recorded in the above method 

compared to the extraction method. 	Hence, the direct tissue 

saponification procedure was included in part of the present 

studies. 

2.8;2 Preparation and purification of cholesterol for  counting. 

The method adopted was that described by 

Brunengraber et al., ( 1973 ). 
The non-saponifiable lipids, mainly free sterols, 

extracted 3 times with petroleum ether after 3 h. saponification 

in water bath at 800-900C, was evaporated to dryness in a glass 

stoppered tube under a stream of N2  on a sand bath at 60°-70°C. 

The dried sterols were dissolved in 5 ml. of acetone-ethanol 

( 1 : 1, v/v ), acidified with 1 drop 10 % ( v/v ) acetic acid, 

and precipitated with 2 ml. 0.5 % ( w/v ) digitonin ( BDH Chem. 

Ltd., Poole ) in 50 0 ( v/v ) ethanol. 	The digitonide precipitate 
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was left overnight at room teluperature before ,,qpinning at 

2.000 r.p.m. for 15 min at 4°C, 	Th6 supernatant was rejected 

and the precipitate was washed with 6 ml. acetone-ether ( 1 : 2, 

v/v ). 	The contents was subjected to a further centrifuga.Gion 

and the white precipitate was finally washed with 6 ml. ether. 

The dried precipitate was dissolved in 1 ml. 2-methoxyethanol, 

followed by 14 ml. toluene based scintillation fluid, for 

counting. 

Contamination of the alkaline extracts of 

the non-saponifiable lipids was checked by extracting ( back 

washing ) the total non-saponifiable lipid fraction ( in 

petroleum ether ) with 5 ml. 0.1 N KOH. 	The petroleum ether 

extract was rejected while the aqueous alkaline phase plus 

internal indicator was acidified with concentrated HC1 and 

extracted 3 times with 10 ml. petroleum ether which was dried 

and counts. 	Less than 1.5 a of the total radioactivity present 

in the non-saponifiable fraction could be extracted in this manner, 

suggesting no significant quantity of FA entered the alkaline-

extractable ( non-saponifiable ) lipid fraction. 

2.8.3 	Separation of li id classes b t.l.c. 

Various lipid classes were separated by q. 

double solvent development method according to Freeman and West 

( 1966 ). 

Washed lipid'. extracts ( of about 250 mg ) 

after Folch et al., ( 1957 ) were applied on 0.25 mm thin layer 

of silica gel G adsorbed on glass plates, measured 8 x 8 inches, 

preactivated for 45-60 min at 1050C before use. The plates 

were put in a developing tank containg a solvent system of 

diethyl ether : benzene : ethanol : acetic acid ( 40:50:2:0.2, 

v/v ), and allowed 40-50 min for separation of neutral and non- 
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polar lipids. The solvent front was about 30-32 cm from the 

origin. 	The plates were removod and air dried for a few minutes 

before transferring to another solvent system containing diethyl 

ether hexane ( 6 : 94 by volume ). The solvent was van to 

within 1 cm to the top of the plate, and the development time 

was about 75 min. 	The plates were then air dried again before 

0.1 0 rhodamine spraied. Various band of lipids were identified 

under u.v. at 254 nm. 

All lipid classes were eluted with petroleum ether : 

diethyl ether : formic acid ( 50:50:1 , v/v ), whereas phospho-

lipids were eluted from the origin with chloroform : methanol : 

20M NH
3 
( 200:100:3 by volume ). After elution from the various 

bands, the lipid classes obtained were saponified in 2 ml. 35 0 

KOH and 1 ml. ethanol at 80°-90°C for 3 h. 	Free,FA were extracted 

and counted as mentioned previously. The procedure gave 85 0 

recovery of the radioactivity compared to that in the total FA 

fraction after Foich extraction. 

2.9 	Determination of radio act 	ids. 

2.9.1 	Determination of radioactivit of 14C  in lipid and 

perfusate. 

50 121 of cell free perfusate was pipetted into 

a vial followed by 2 ml. 2-methoxyethanol and 12 ml. toluene 

based liquid scintillation fluid ( 8g butyl-PBD/litre of toluene ). 

The radioactivity present in each vial was detected by a Packard 

Tri-Carb liquid scintillation spectrometer at 7°C. The d.p.m. 

present were automatically computed from registered c.p.m. by a 

channel ratio method based on Baillie ( 1960 ), and checked with 

added internal standard ( 14C-hexadecane ). Results showed that 
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for samp).es containing aqueous fluid and lipids, the efficiency 

of 14C counting was 45-50 %. 

2.9.2 Determination of radioactivityol lana 

and perfusate. 

10 	cell free perfusate or plasma containing 

3H present in 5H2
0 was pipetted into vial followed by 1 ml. 

2-methoxyethanol and 14 ml. toluene based liquid scintillation 

fluid. The counting procedures were similar to that described 

in the above section. 	Tritium present in total FA extracts 

was detected after the extracts in petroleum ether were dried 

and dissolved in liquid scintillation fluid. The efficiency 

for counting dried lipid sample and aqueous fluid was about 35 % 

and 30 % respectively. 

2.9.3 Calculation of de novo synthesis of lipids from the  

incorporation of  

Schoenheimer and Rittenberg ( 19 37 ) originally 

introduced the use of oxides of hydrogen isotopes to measure 

the total rate of FA synthesis based primarily on the stability 

of C-H bonds of FA to proton exchange ( Van Heyniger et al.,1938 ) 

during synthesis where hydrogen only takes place. In the present 

studies, the incorporation of 3H from 3H20 into FA was employed 

to calculate the total rate of FA synthesis by using the quotient 

( Q1  ) which is expressed as : 

d.p.m. 311 in tissue FA / g wet tissue 

d.p.m. 3H/ ug atom H in perfusate H2O 

The isotope discrimination effect, for 3H relative to IH was 

assumed to be 2,38 ( Windmueller and Spaeth 1966 ) which was 
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derived from experiments .in vivo ( Bernhardt and SchoenheLner 1940 ) 

and that gave values within 95 % of those osleraated from in vitro 

incubation of adipose tissue ( jungas 1968 ). By allowing mice 

to drink 2H2 over a period of 3 months, the body water of this 

animals was maintained at a steady detuterium content of 1.5 0, 

whereas 2H in :body 	had oquilibrated at 0.43 of that in body 

water. 	From the present studies, a figure of 0.5 was chosen 

which was based on the assumption.( Jungas 1968 ) that isotopic 

equilibrium might not have been achieved in the above experiments. 

In experiments where tritium from 3H20 in the presence of excess 

2 	 7 
,H20, there was a preferential incorporation of 2H over -H by 

a factor of 1.19 into FA ( Eidinoff et al.,1953 ). Based on 

these considerations, the discrimination factor for 1H from 1H20 

incorporated into FA relative to 3H troll 3H20 was therefore 

1.19/0.5 = 2.38. 	Since there are 4 H atoms per C2  unit, the 

division of Q1  by 4/2.38 = 1.7 yielded the total FA synthesized, 

expressed as• acetyl units. 	The validity of these calculations 

has been discussed -( Salmon et al.,1974, Wadke et al.,1973, 

Brunengraber et al.,1972 ). 	So far, the use of 3H20 to measure 

total rates of lipogenesis appears acceptable, especially if an 

- excess of reducing substrates ( e.g. lactate ) is avoided 

( Clark et al.,1974 ) and also if findings can be supported with 

the use of 140-labelled precursors. 

Alternatively, when results were expressed as 

umol FA synthesized, it was assumed that there was an average 

of 31.7 C-H bonds synthesized per pmol FA. synthesized 

( Windmueller and Spaeth 1966 ). Hence the division of Q1  by 

13.3 yielded pmol FA synthesized. This gives the same answer as 

02 units x 8k. 
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To calculate cholesterol synthesis , a similar 

consideration and presumption were made as those for converting 

Q1 into C2 
unit FA. Thus the amount of newly synthesized chol-

esterol, expressed in C2  units may by obtained by dividing Q1  by 

a factor of 1.4. This value is less than 1.7, as there are less 

tlian 411 atoms per C2  unit in cholesterol. 

The rate ct FA synthesis from glucose or lactate C 

was calculated as follows. The initial specific radioactivity 

( d.p.m. / lig atom glucose or lactate C ) of perfusate glucose 

or lactate was determined by division of the total perfusate 

14C-precursor ( d.p.m./ml. ) determined within 5 min of their 

addition to the perfusion medium, by the concentration of 

perfusate glucose or lactate ( jig atom glucose or lactate C/M1. ). 

The amount of: lig atom glucose or lactate C incorporated into FA 

was derived from the following quotient, ( Q2  ) 

• d.p.m.14  C incorporated into FA/ g wet tissue 

d. p.m. 14c/ pg atom 140-glucose or lactate 

The obtained ug atoms 140-glucose or lactate incorporated into 
1 

FA per g liver divided by 2 yielded the corresponding acetyl units. 

As it has been revealed from gas chromatographic analysis ( Foster 

and Bloom 1963 ) that t1e most highly labelled 140-FA was in 

ralmitic acid. Thus the ug atoms glucose C incorporated into 

FA per g wet tissue divided by 16 yielded pmolFA/g wet tissue 

from medium glucose. 



55. 

2.9.4 Simultaneous determination of  14C and 311 in lipias. 

Samples containing 14C and
7 
 isotopes were 

simultaneously counted by the method described by Hendler (*1964 ). 

A Packard Tri-Carb liquid scintillation spectrometer provided 

counts that recorded in 3 different winaows rsee Fig. 4 ). 

Window A and B were set in such a way that they counted less 

than 0.01 Vo of all counts arising due to the present of tritium. 

Window C was adjusted such that a fractional loss of 3H, radio- 

activity ( from window C ) was equivalent to the fractional 

spill over of 14C radioactivity into the same window. The 

ratio of radioactivity appeared in window B to that of window A 

was 0.3 ( R1  ). 

The radioactivity of 14C and 3H labelled 

samples was calculated by a computerised technique based upon 

a series of suitable standard vials containing equal quantities 

of  14c -hexadecane and, or 3H-hexadecane, which were quenched 

to varying degrees by addition of chloroform, 0-0.6m1. to each 

vial. The standards were counted in the Packard Tri-Carb 

liquid scintillation counter, and counts obtained in window A 

and B ( as counts in B / counts in A ) was plotted against the 

counting efficiency of 14C standards. 	Simultaneously, a second 

graph was plotted from the counts given alone from the 14C-

hexadecane standards, i.e. the proportion of 14C radioactivity 

appeared in window C to that appeared in window A ( termed R2  

against 14C efficiency. This graph was used to calculate the 

counts registered in window C due to 311-hexadecane in a 14C with 

H labelled standards by subtracting the counts due to 14C-dis-

integration. A final graph was plotted of the relationship 

between R1 and the efficiency of counting of 3H determined with 
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Fig. 4 : Energy spectrum of 14C and 3H. 
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samples containing both 14C pnd 3H hexadecane standards. 	By 

reference to these graphs and the computer facilities, the 

radioactivity in d.p.m. of an unknown sample with 14C and 3H 

labelled were computed according to the following equations : 

( see Fig. 5 ) 

14C d.p.m. = 
c.p.m. in window A 

14C counting efficiency 

3H d.p.m. = 
c.p.m. in window C )— ( c.p.m. in window A x R2  ) 

   

311 counting efficiency 

The efficiencies of counting of 14C and 	in in lipid extracts 

were usually about 50 % and 35 % respectively. 
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Fig. 	: Calibration curves for 1 4C and 3H liquid 

scintillation spectometry. 
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3. 	Results  

3.1 Metabolic actions of catabolic hormones in intact rats. 

3.1.1. 	Effect of Vasopressin, Glucagon and Adrenalin  

on plasma glucose concentration. 

As the first approach to the study of 

hormones with catabolic effects, the actions of vasopressin, 

glucagon and adrenalin on the changes of concentration of blood 

substances were investigated. Approximately equipotent doses 

of hormones ( calculated from published information to exert - 

comparable effects on liver glycogen ) were injected intra- 

peritoneally to animals. 	Fig.6 shows the time course of the 

major events after various hormones were administered to rats. 

The hyperglycemic effect of vasopressin ( 0.8 units ) was maximal 

at 7.5 min. 	This effect was transient and the plasma glucose 

concentration fell to below normal after 30 min. 	A lower- 

dose ( 0.2 units ) produced no effect, whereas a higher dose 

( 4 units ) was no more potent than 0.8 units in bringing about 

hyperglycemia ( Table 1 ). 	It was found that adrenalin ( 100 Fg ) 

caused a prolonged hyperglycemia over the 90 min studies, 

whereas glucagon ( 1 pg ) did not induce hyperglycemia. 	When 

5 jig glucagon was given, again no hyperglycemia was observed; 

however, when rats were given a dose as high as 30 lig, then 

consistent hyperglycemia was observed. 
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• 
Time (min  ) 

Fig. 6 : Time course of the influence of hormones on 
blood glucose concentration. 
Fed rats received the following doses of hormones, 
intraperitoneally ( in 0.2 ml. ): Vasopressin 
800 mU (0), glucagon 1 jig (t.,.) or 30 y.g (0); 
adrenalin 100 p.g (4%), control rat ( 0) received 
water. After various times, glucose was 
measured in plasma. Results are expressed as 
the Mean S.E.M. of 3 to 6 measurements. 



** 

* * * 

61. 

Table 1 : 	Effect of various  concentration  of Vasopressin 

on plasma lucoce concentration. 

Condition plasma glucose 
( MM 

Control 	( 4 ) 7.30 + 0.25 

Vasopressin 

0.2 units ( 	3 ) 6.84 + 0.10 
*** 

0.8 units ( 4 ) 11.75 0.94 
*•* ;a 

4.0 units ( 	3) 11.68 + 0.39 

Fed female rats received doses of hormone. intraperitone- 

ally ( in 0.2 ml. water ), and control rats received 

water. 	After 7.5 min, glucose was measured in plasma. 

Results are expressed as means + S.E.M. of the number 

of observations in parenthesis. 

p , N.S. 

Statistical significance of the difference between 

vasopressin treated rats and control rats, 1)< 0.01 . 
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3.1.2. Effect ofIaEopressin Glucogon and Adrenal  in on 

plasma free FA concentration. 

The injected hormones also brought about 

changes in plasma free FA concentration. Fig. 7 shows the 

plasma free FA was increased markedly by adrenalin, whereas 

glucagon had no apparent effect. Vasopressin decreased the 

initial plasma free FA level followed by a rapid rise at 15 min . 

3.1.3. Effect ofyaulalujl,Laglamaj„rid Adrenalin on 

plasma TG concentration. 

A rapid decline in plasma TG concentration 

in both vasopressin and adrenalin treated rats was observed 

in Fig. 8 ; 	however glucagon ( 1 jig ) produced insignificant 

changes. 

3.1.4. 	Effect of Vasopressin on rlasma Insulin concentration. 

In experiments in vivo, there is always a 

possibility that effects are indirect, e.g. mediated via other 

hormones. Moreover, a key factor in the control of plasma 

glucose and free FA levels is plasma insulin. 	The effects 

of glucagon and adrenalin to increase an(3 decrep9e insulin 

concentrations respectively, are already known ( Mayhew et al., 

1969 ). Hence the level of plasma insulin was assayed in 

vasopressin-injected rats by using a double anti-body radio-

immunoassay technique. It was found that vasopressin caused 

a clear-cut increase of plasma insulin concentration 15 min 

after vasopressin was administered,(Fig. 9) . 



Time ( min ) 

Fig. 7 : Effect of Vasopressinr , Glucagon and Adrenalin 
on plasma free FA concentration. Details of 
symbols are given in Fig. 	Results are 
expressed as Mean 4- S.E.M. of 3 to 6 measure-
ments. 
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Time ( min ) 

Fig. 8 	Effect of Vasopressin, Glucagon and Adrenalin 

on plasma TG,concentration. Details of symbols 

are given in Fig. 6. Results are expressed as 
Mean S.E.M. of 3 to 6 observations. 
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Fig. 9 : Effect of Vasopressin on plasma insulin concen-
tration. Insulin was measured in plasma at 
various time following Vasopressin (0) or 
water ( 0 ) administration. Results are 
expressed as Mean+ S.E.M. of 3 experiments. 
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3.1.5. 	Effect of Vasopressin, Glucagon and Adrenalin on 

cardiac muscle glycogen concentration. 

Changes in tissue glycogen can occur in 

parallel with alterations in blood substrates. In view of 

this consideration, and the action of vasopressin on liver 

glycogen ( Hems and Whitton 1973 ), it was interesting to 

investigate its effects on glycogen in muscles. 	In these 

experiments, differences emerged between the effects of 

individual hormones, and in the response of various types of 

muscle. Vasopressin caused an increased in cardiac glycogen 

concentration; however, delayed decreases occured following 

administration of glucagon and adrenalin, ( Fig. 10 ). 

3.1.6. 	Effect of Vasopressin, Glucagon and Adrenalin on 

diaphragm glycogen concentration. 

The content of glycogen in diaphragm was 

not greatly altered by any hormone, as shown in Fig. 11, 

although several small effects were observed. Vasopressin 

caused diaphragm glycogen concentration to increase whereas 

adrenalin produced a decrease in glycogen content over 60 min. 

Glucagon did not alter the diaphragm glycogen concentration 

over a 90 min time course. 



30 	 60 	 90 
Minutes 

6rt. 

Fig. 10 : Effect of Vasopressin, Glucagon and 

Adrenalin on Cardiac muscle glycogen 

conceqtration. 
Results are expressed as Mean + S.E.M. 

of at least 3 observations. Details of 
symbols are given in Fig. 6. 
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minutes 

Fig-. 11: Effect of Vasopressin, Glucagon and 
Adrenalin on Diaphragm muscle glycogen 
concentration. 
Results are expressed as Mean of at least 
3 observations, bars indicate S.E.M. 
Details of symbols are given in Fig. b. 
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3.1,7. 	Effect of_yazonressin Glucar,on and Adrenalin on 

skeletal muscle l! cY open  

In contrast to cardiac tissue and 

diaphragm muscle, the glycogen concentration of skeletal 

muscle was decreaed by all three hormones)albeit not markedly, 

(Fig. 12.). 

3,51.8. Effect of Vaso ressin on fate of 53-14C lucose. 

  

In order to obtain more information 

about the effect of vasopressin on blood glucose on the 

breakdown of glycogen and fat, it would be interesting to 

follow the fate of glucose during vasopressin action. Rats 

were given a trace dose of .11-/IlTi]glucose ( about 0.3 11U ) 

intraperitoneally with or without 0.8 units of vasopressin. 

The results, expressed as % of injected dose per g tissue, 

showed that vasopressin induced an increase in the incorporation 

of[U-14C.] glucose into skeletal muscle and cardiac tissue 

glycogen after 30 min hormone injection,(Table 2,) whereas 

there was less isotope incorporated into hepatic glycogen. 

I
No consistent effect on FA synthesis from 

I 
U-14C glucose in 

the liver was observed,(Table 2); the. apparent stimulation of 

lipogenesis in liver or adipose tissue could have reflected the 

increase in both glucose and insulin in the blood. 
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minutes 

Fig. 12 : Effect of Vasopressin, Glucagon and 

Adrenalin on Skeletal muscle glycogen 
concentration. 
Results are expressed as Mean of at least 

3 observations, bars indicate B.E.M. 
Details of symbol3 are given in Fig. 6. 
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Table 2 Eifect of vaE;(1222tEsiaan the fate of 1 40 Glucose. 

Control 	Vasopressin 

15 min. 30 min. 15 min. 30 min. 

Glycogen : 

Skeletal muscle 202 + 28 ,964 + 137 408 + 175 1790 830 

Heart 77 4. 20 153 + 44 133 4.  37 237 60 

Liver 404 + 137 1890 4. 	315 463 -1- 	126 648 + 326-  

Fatty Acid : 

Adipose tissue 68 + 8 31 + 2 26 + 3 146 4- 24 

Liver 26 + 2 46 + 12 56 + 15 69 + 26 

Fed female rats received a trace dose of [U—daucose 
( about 0.3 1/Ci, intraperitoneally ) at about 10.00 h. In 
one group, the injection included vasopressin ( 800 mU ). 

Results are means + S.E.M, from three observations, and 
4 % are expressed as 10x /0 of injected dose per g fresh tissue. 
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3.1.9. 	Effect of Vasopressin on FA synthesis. 

In another experiment, the action of 

vasopressin on FA synthesis was followed. 	A trace dose of 

[U-14C:Iglucose ( about 1 p.Ci ) was injected in association 

with 3H20 ( about 10 mCi ). 
	The incorporation of 3H from 

3H20 into FA of both liver and adipose tissue was not altered 

20 min after injection of isotopes together, with or without 

0.8 units of vasopressin. However, the relative contribution 

of glucose C to lipogenesis in adipose tissue compared with liver 

was calculated from the ratio 14C / 3H, assuming that circulating 

CU-14C ]glucoseand 31120 of the same specific radioactivity was 
available to all tissues at any one time during the course of 

the experiment. 	It was shown in Table 3 that vasopressin- 

treated rats had a ratio of 14C / 3H greater in adipose tissue 

than in the liver by a factor of 7, which indicates that glucose 

is not a significant precursor of FA synthesis in the liver. 

3.2 Metabolic action of Vasopressin in intact mouse. 

3.2.1. 	Effect of Vasopressin on plasma glucose  

concentration. 

As a preliminary to later studies with 

genetically obese mice ( using in vitro system ), experiments 

with intact mice were carried out to examine the response 

to vasopressin. 	It has been shown, ( Table 4 ) that hyper- 

glycemia was immediately observed when mice were given 200 mUnits 

vasopressin intraperitoneally, whereas 10 and 50 mUnits 
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Table 3 : 	Effect of Vasopressin on Fatt -  Acid Synthesis. 

Control 

Liver 	Parametrial 
fat  

Vasopressin 

Liver 	Parametrial 

fat 

Total FA synthesis 
( lumol/g tissue ) 0.46 +0.12 0.16 +0.05 0.57 + 0.16 0.22+0.03 

Average ratio = 

140/ 3a,  in fat 
	

7.3 ± 3.1 
	7.7 4. 2.9 

14c/ -a in liver 

Female fed rats received intraperitoneally a trace dose of 

[U-14C]glucose ( about i uCi ) and 10 mCi of 3820, and, in 

one group 800mU of vasopressin. 	After 20 min FL--140 and 3H, 

and the specific radioactivity of serum 31120 were determined. 

Rates of total FA synthesis were calculated from the 3E1 values. 

* Results are means + S.E.M. of four observations. 



Table 4 : 	Effect of Vasopressin  on lasma glucose concentration 

in intact  mice. 

Plasma glucose ( MM 

Mice & 
Sex 

Untreated After 
mice 	control 

injection 

 

After vasonressin 

10mU 50mU 	200mU 

Lean (Ii) 9.7+0.4(4)*  10.8+0.5(5) 10.0+0.4(4) 12.8+0.3(7) 14.5+0.5( 

Lean ('?') 9.1+0.3(5) 9.7+0.2 (4) 9.7+0.4(8) 10.1+0.6(7) 15.2+0.6( 

ob/ob(e) 10.3+0.4(4) 12.1+0.3(4) 14.4+1.5(4) 13.8+0.4(4) 18.2+0.4( 

ob/ob(*) 8.6+0.3(4) 9.4+0.3(4) 11.4+0.4(4) 11.6+0.9(4) 16.0+0.6( 

Fed mice aged between 10 — 11 weeks received vasopressin 

intraperitoneally at about 11.00 h ( except in the untreated 

group ). 	After 7.5 min blood was rapidly removed, and glucose 

was measured in plasMa. 

* Results are means + S.E.M. of the number of observations In 

parenthesis. 
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showed less resporisc. 	Both male and, female mice responded 

to vasopressin,(Table 

3.2.2. 	Effect of Vaso ressin on FAsrnthesis in normal mice. 

In view of the interesting finding of 

a decrease in plasma lipid concentration in vasopressin 

injected rats, it was felt to be worthwhile to gain further 

insight into the action of hormone on lipogenesis. Although 

rats did not exhibit responses to the hormone, experiments 

were carried out in mice, again as a pilot study, with a view 

to eventual investigation of events in genetically obese mice. 

Mice were injected intraperitoneally with a trace dose of 

CU--14C] glucose ( about 5 	) in association with 3H20 

( about 1 mCi ); it was found that the FA synthesis, as revealed 

by 3H incorporation into FA, in the mouse liver was inhibited 

by vasopressin 30 min after injection, by as much as 50 %, 

(Table 5;) however no apparent effect of vasopressin on adipose 

tissue lipogenesis were detected as shown in Table 5. 	The 

glucose C contributed to hepatic FA synthesis (results expressed 

as % of injected dose per g tissue per 30 mine was also 

decreased by vasopressin, whereas vasopressin again had no 

effect on adipose tissue lipogenesis,(Table 6.). In these 

experiments, the quotient of 14C / 3H ratios in fat ovey• that 

in liver was somewhat lower in vasopressin-treated lean mice, 

(Table 7.). 
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Table 5 : EffecLof_Ilsonresolni 20,21unihtas in intact 

mice. ( total rate ). 

FA synthesis 
mol C2 units/ 30 min./ g tissue ) 

Liver Parametrial fat 

Lean : 

Control ( 6) 6.96 + 1.5 2.65 + 	1.1 

Vasopressin ( 7 ) 3.74 + 1.1+  2.03 + 0.4 

Obese : 

Control ( 4 ) 29.30 + 1.4 11.46 ± 	1.3 

Vasopressin (4) 30.26 +3.4 ++ 7.14 + 0.9++  

Fed female mice aged between 10 - 11 weeks received 55-120 and 

[5-1401 glucoSe in the summer, in one group with 200 mU 
vasopressin, intraperitoneally, at about 11.00 h. 	After 

30 min., liver and parametrial fat were analyses for the 3H 

content of FA. The specific radioactivity of serum 3H20 

were determined. 

* Results are expressed as means + S.E.M. of the number of 

observations in parenthesis. 

+ Statistical significance of the difference between 

vasopressin-treated mice and control mice, p< 0.01 

4.4. p = not significantly different from that of controls. 
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Table 6 : 	Effect of Vaso ressin on FA synthesis in intact 

nice. ( fram glucose carbon ). 

FA synthesis 

05x % of injected. dose/30 min/g tissue ) 

Liver Parametrial fat 

Lean : 

Control (6) 7.56 8.18 + 4.7 

Vasopressin (7) 1.75 + 0.4 9.50 -1- 	3.9 

Obese : 

Control (4) 9.30 4. 	3.5 26,00 10.1 

Vasopressin (4) 27.50 + 12.8 17.63 ± 5.5 

* Results are mean 4- S.L.M. of the number of observations 

in parenthesis. 	Details of experimental procedures are 

given in Table 5. 

** Statistical significance of the difference between 

vasopressin treated mice and control mice, p <0.01 . 
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Table 7 : 	Effect  of Vasopressin on Glucose C contribution  

toEALyn-liassis in intact mice. 

Control 

 

Vasopressin 

   

Lean 	ob/ob 	Lean 	ob b 

Average ratio= 

14 3., 
-C/-d in fat 	19.6 	3.9* 14.1 + 2.2 13.9+2.0 

14C/3H inliver 

15.8+7.8 

Resul'Gs are expressed as means + S.E.H. of at least four 

observations 	Details of experimental conditions are 

given in Table 5. 
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3.2.3. 	Effect of Vasopressin on FA synthesis in ob/ob mice. 

The inhibitory effect of vasopressin on 

hepatic FA synthesis was also studied in genetically obese mice 

in view of their metabolic abnormalities. Female ob/ob mice 

were given a trace dose of1-2-14Cilglucose ( about 5 	) in 

association with 3620 ( about 1 mCi ) intraperitoneally. 

It was revealed that in neither liver nor adipose tissue was 

lipogenesis altered by vasopressin 30min after injection of 

hormone, ( Table 5 ). 	On the other hand, the glucose—C 

contributed to hepatic F.A. synthesis, ( results expressed as% 

of injected dose per g per 30 min ) was apparently stimulated 

in vasopressin injected ob/ob mice, ( Table 6 ). This could 

be explained by the elevated blood glucose concentration, due 

to the hormone. However, no significant alteration was 

observed in adipose tissue. The ratio of 14C / 3H was greater 

in adipose tissue than in the liver, by a factor of about 14 

and 16 in the control and vasopressin respectively, ( Table 7 ). 

3.3. 	Direct effects of Vasopressin in perfusion of normal  

mouse liver. 

3.3.1. 	Effect of various concentrations of Vasopressin  

on glycogen breakdown and glucose output. 

From the above results, obtained in vivo, 

the question arises as to whether vasopressin exerts any direct 

hepatic actions on metabolic processes. 	In the present studies, 

vasopressin ( 0.2-4.0 mUints/ml. ) was added to a medium ( 120 ml ) 
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containing initially glucose at a concentration of 15 mM and 

lactate 10 mM. 	On addition of hormone to medium after 30 min 

recycling, the perfusion medium was no longer recirculated. 

This ensured that the concentration in the reservoir then 

remained constant; perfusion continued for 45-70 min until 

medium ran out. 	In all groups, vasopressin ( 0.2-4 mU/ml. ) 

did not cause any decrease in overall perfusate flow rate when 

measured by drop-counting. 	Glucose in perfusate entering the 

liver was measured after 30 min and in effluent medium at 5, 

15 and 30 min after vasopressin addition. 	It was found that 

over the concentration range 0.2-1.0 mU/mi., vasopressin 

stimulated the output of glucose and the breakdown of glycogen, 

( Fig.13 ). 	After hormone administration, the glucose concen- 

tration in effluent blood increased by 0.5-3 mM within 5 min 

and then remained constant; ( Fig 14 ). 	The amount of glucose 

released was dependent upon the concentration of vasopressin; 

as was glycogen breakdown, ( Fig. 13 ). 

3.3.2 Effect of various concentrations of vasopressin on 

FA synthesis. 

In the above experiments ( section 

3.3.1. ), a trace dose of [U-14C]glucose ( 5 iCi ) and 3E120 

( 8 mCi ) were added to the 120 ml. medium 30 min after recycling 

perfusion but prior to the addition of hormone. In one group, 

vasopressin ( 0.2-2 mU/ml. ) were added and perfusion was 

directed to non-recycling perfusion until input medium ran out 

( about 45-70 min ). Over the concentration range 0.2-2 mU/m1., 

vasopressin inhibited de novo FA synthesis from all sources 
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as revealed by 3H and 14C glucose incorporation, ( Fig.15 ). 

3. 3. 3. 	Effect of Vasopressin on glyceride md cholesterol  

synthesis. 

In a separate series of experiments, 

the synthesis of lipids was followed in perfusion where the 

perfusate medium ( 60 ml ) containing initial glucose ( 15 mM ) 

and lactate ( 10 mM ) was allowed to recirculate and contained 

[U-14C] lactate, a favoured precursor for FA synthesis in the 

liver ( Salmon et al.,1974 ). 	Vasopressin ( 4 mU/ml. ) was 

added to the medium after 45 min perfusion and subsequently at 

15 min intervals. [U-14Clap-tate ( 1 	) and 3H20 ( 2 mCi ) 

were added after 60 min perfusion. 	The synthesis of hepatic 

FA, expressed as pmol C2  units per 2 h per g fresh liver, was 

inhibited by vasopressin, ( Table 8 ). 	Cholesterol synthesis, 

calculated from 5H incorporation, was less affected, whereas 

the incorporation of lactate C into cholesterol was markedly 

inhibited, ( Table 8 ). 	The incorporation of lactate C into 

glucose was not altered by vasopressin, ( Table 8 ). The 

medium lactate concentration decreased by about 1 mM ( from 

11-12 mM initially ) in these perfusions and vasopressin did 

not affect this change, ( Fig 16 b ). 	Thus, the glucose 

output due to vasopressin ( about 50 pmol, Fig. 16 a ) was largely 

a result of glycogen breakdown ( rather than gluconeogenesis ). 
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Table 8 : 	Influence of Vasopressin on snthesis of lipids.  

and glucose. 

Total lipid synthesized 

( Mmol C2units/2h/g liver ) 

Lactate-C incorporated 

( lig atom /2h /g liver ) 

FA 	CHOLESTEROL 	FA CHOLESTEROL PERFUSATE 
GLUCOSE 

Control 79.7+2.9 	3.7+0.3 

VP 	37.3+3.9 ** 3.1+0.6 

76.1+13.6 1.46+0.27 241+20 
** 

20.7+3.7 ** 0.54+0.06 	243+19 

Mouse livers were perfused with re-circulating medium ( 60 ml. ) 

containing 3H20,[y-144actate ( initially about 12 mil ) and 

glucose ( initially about 15 mM ). 	Radioisotope-labelled 

water and lactate were added after 60 min. 	In one group, 

vasopressin ( VP ) was added after 45 min. Livers and perfusate 

were analyzed after 3 h. 

Results are means + S.E.M. of four control perfusions and 

six with vasopressin. 

* * Statistical significance of the difference between 

vasopressin treated mouse livers and control mouse 

livers, 1)0.002 . 
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lactate concentration. 
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3. 3. 4. 	Effect of Vasopressin on synthesis of different  

classes of lipids. 

The inhibition of FA synthesis by vasopressin 

in the mouse liver may be accompanied by a decrease in synthesis 

of various lipid classes. 	Thus livers were obtained after 

3h recycling perfusion ( section 3.3.3. ) and lipid classes 

were separated by t.l.c. 	Table 9 shows the % of 140 or 3H 

in phospholipid FA was about 45 ( of the total in FA ) in 

control perfusions and about 35 % in perfusions with vasopressin. 

Corresponding values for TGFA were 45 and 60 % respectively. 

The incorporation of 	or or 140 isotopes, into both major classes 

of hep and glycerides was inhibited by vasopressin, as is revealed 

by multiplying these values for the distribution of radioactivity 

( Table 9 ) by the results in Table 8. 

3.4 Action of Vasopressin in perfusions of genetically  

obese ( ob/ob ) mouse liver. 

3.4.1. 	Effect of Vasopressin on glycogen breakdown 

and glucose output. 

The effect of vasopressin on carbohydrate 

metabolism was again assessed by recycling perfusions ( section 

3.3.3.) of livers from genetically ob/ob mice. Over a concentration 

range 1.0-50 mU/ml. ( concentrations of hormone as added 9 times ), 

vasopressin produced less response in glucose output, ( Fig 17 ). 

Glycogen breakdown, in comparison to that in liver of lean mice, 
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Table 9 	Distribution of Radioacitivi.lyinlj.pids.  

Control 

311 

Vasopressin 

5.H 

 

14o  

Phospholipid 
	

48 + 3 	47 + 10 	37 	16 
	

31 	14 

Triglyceride 	47+ 3 
	

49+ 8 58± 12 
	

65 + 24 

Diglyceride 
	

4 
	

4 -1- 1 	6 	1 
	

5 + 1 

Hepatic glycerides were separated from livers for which other 

data are -1;resented in Table 8, and 14C and H in FA determined, 

as described in the text. 

Results, expressed as percnetages of total d.p.m. ( in FA ) 

recovered from the three lipid classes presented ( in which 

were located 950 of identified FA radioactivity ) are 

means S. 	from four control perfusions and three with 

vasopr:ssin. 
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was also reduced in response to vasopressin, ( Fig. 18 ). 

Only when 2.5 units vasopressin were added every 15 min did 

livers from Ob/Ob mice exhibit glycogen breakdown ( Fig. 18 ) 

and glucose output similar those in perfusions of livers from 

normal lean mice, ( Fig. 17 ). 

3.4.2. 	Effect of Vasopressin on glyceride and cholesterol  

synthesis. 

From in vivo studies ( section 3.2.3. ), 

vasopressin produced no apparent inhibition of FA synthesis 

in the intact ob/ob mouse liver. 	Since in vivo data are 

difficult to interpret in view of the complicated endocrine 

interrelationships, liver perfusion was employed to uncover 

any direct effects of vasopressin in the liver. 	Vasopressin 

( 1.0-10 mU/ml., added repetitively during perfusion ) exerted 

no inhibitory action on FA synthesis during a 3 h liver 

perfusion, ( Fig. 19 ). 	Only when• sequential doses of 2.5 units 

vasopressin were added each time, did livers from ob/ob mice 

exhibit a decrease in FA synthesis measured with 3H20and 

[U-14011actate, ( Fig. 19 ). 	This is in contrast to the 

responses in lean mice, in which 1 mU/ml. of vasopressin caused 

a 50 % inhibition of FA synthesis, ( Fig. 19 ). Cholesterol 

synthesis by ob/ob mice was not inhibited by vasopressin , 

( Table 10 ). 	When perfusion was carried out in the summer, 

there was no significant inhibition of the conversion of lactate 

carbon to cholesterol by vasopressin in normal lean mouse liver, 

( Table 10 ), which was in contrast to the results obtained 

duringwinter season, ( Table 8 ). 
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Table 10 : Cholestelo2LEDILIIJ111LLLIHULILEE. 

Mice & No. 
of 

perfusions 
Additions) ( mU/ml. Season Cholesterol synthesized 

( rmol 02  units/211/g ) 

Total From Lactate 

1 
Lean (4) Control Slimmer 1 .2 + 0.3 0.45 + 0.1 

Lean (4) VP (1) Summer 1.1 	+ 0.2 0.40 + 0.1 

Lean (3) VP (4) Summer 0.9 + 0.2 0.30-H+ 0.1 

ob/ob (6) Control SunLer 2.1 + 0.5 0.40 + 0.2 

ob/ob (3) VP (4) Summer 2.1 	+ 0.1 0,30 + 0.1 

ob/ob (4) VP (50) Summer 2.8 + 0.2 0.50 	"1 
DR-ob/ob (3) Control Summer 0.9 + 0.1 0.30 + 0.1 

DR-ob/ob (3) VP (1) Summer 0.8 + 0.1 0.30 + 0.1 

Lean (5) Control Winter 3.7 + 0.3 0.80 + 0.2 

Lean (6) VP (4) Winter 3.1 + 0.7 0.30 ± 0.1 

DR-ob/ob (7) Control Winter 2.5 + 0.4 0.80 + 0.1 

DR-ob/ob (3) VP (1) . Witter 1.9 + 0.3 0.70 + 0.2 
DR-ob/ob (3) VP (4) Winter 2.3 + 0.4 0.70 + 0.2 

Livers of fed female mice were perrased as described in the 

text. 	Cholesterol synthesis was calculated from the 511 

incorporated from 3H20, as described in the text. DR-ob/ob 

signiiies diet-restricted ob/ob mice, and VP represents 

vasopressin. 	Results are means + S.E.M. 

+ Significantly different from untreated controls, p<0.002. 
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3.4.3. 	Direct effect of Vasopressin in perfusion of diet- 

restricted ob/ob mouse liver.  

In view of the lack of response of vasopressin 

in livers of freely fed ob/ob mice, it was interesting to gain 

further insight into its actions in diet-restricted ob/ob mice. 

Fasting the ob/ob mouse can reduce body size and lower plasma 

insulin and glucose levels ( Abraham et al.,1971 ). Ob/Ob mice 

were fed 4 g. of food daily in the morning from the 4-5 weeks 

after birth until they were 10-11 weeks old. 	Experiments 

Showed that vasopressin ( 1-4 mU/ml. ) stimulated glucose out-

put and the glycogen breakdown which were similar to that found 

in lean mice, ( Fig.17 and 18, and Table 11 ). 

The persistence of impairment in the response 

to vasopressin of FA synthesis in ob/ob mice, even on food 

privation, lends greater interest to this characteristic, 

( contrasted with the normal response of glycogen metabolism), 

and implies that it may be closely reflect their inborn error. 

Thus diet-restricted ob/ob mice were investigated further. 

Perfusions of liver were conducted during the winter season, 

when the observed rates of FA synthesis in lean mice were faster 

( in agreement with observations made in rat liver perfusion : 

Kirk et al.,1976 ). 	Again, there was no inhibition of FA 

synthesis by vasopressin in livers from diet-restricted ob/ob 

mice as was shown in Fig. 19 and Table 11. 	Cholesterol synthesis 

was also followed, by determining 3H and 14C in cholesterol; 

diet-restricted ob/ob mice showed no response to vasopressin at 

the concentration tested in either summer or winter season, 

( Table 10 )• 
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Table 11. 	FA synthesis and lucose outralinRerfused livers 

of diet-restricted  ob ob mice. 

Mice & No. 
of 

perfusions 

Lean (4) 

Lean (6) 

DR-ob/ob (7) 

DR-ob/ob (3) 

DR-ob/ob (3) 

Additions 
( mU/m1.) 

Control 

Vasopressin 
( 4 ) 

Control . 

Vasopressin 
( 1  ) 

Vasopressin 
( 4 ) 	•  

FA synthesis 	Glucose 

( lamol C2  units/2h/g ) ( r
output
ol/g/min.) 

Total From Lactate 

79 + 3 38. 	7 0.6 + 0.2 

37 4+  10 +
+ 

4.0 + 0.3 

46 + 4 19 + 2 0.6 ± 0.1 

45 + 2 
 

18 + 2
++ 

2.1 + 0.6 

++ ++ 
40 + 8 19 -I- 	3 3.6 + 0.4 

Livers were perfused during the winter, for 3 h., in recycling 

perfusion. 	In some groups, vasopressin was added from 45 min., 

in 9 successive doses ( each dose as indicated ). 	FA synthesis 

was measured with 31120 and 40 lactate ( added after 60min. ) 

and glucose output was calculated from analysis of input and 

effluent blood, at 55 min. ( i.e. 10 min after vasopressin ). 

DR-ob/ob designates diet-restricted ob/ob mice. 

* Results are expressed as means + S.B.M, 

** Vasopressin at 2 mU/M1. 

+ Significantly different from untreated controls, p4,0.002 

++ p = not significantly different from that of controls. 
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3.5. 	Direct effect of Glucagon in perfusion of normal  

mouse liver. 

3.5.1. Effect of different concentrations of  

Glucagon on glucose output. 

The dose-response of glucagon action 

( 10-12- 10-6  M ) on glucose output, ( Fig. 20 ), was assessed 

in flow-through liver perfusions, as described in a previous 

paragraph ( section 3.3.1. ), where the concentration of 

glucagon was kept constant throughout a 40 min experiment. 

As shown in Fig. 20, the aoumnt of glucose released, ( pmol 

per min per g. fresh liver ) by the liver of fed mice was dependent 

on the concentration of glucagon added. Thus mouse livers 

appeared to be about sensitive as rat livers ( Exton et al., 

1971 ) to the glycogenolytic action of glucagon since clear 

cut effects were evident at 10-1°M glucagon, ( Fig. 20 ). 

The glucose release, calculated as pmol 

per 2 h per g. fresh liver, was increased by glucagon ( 10-10M ) 

during recycling perfusion with hormone added at 15 min 

intervals, ( section 3.3.3. ), ( Table 12 ). 	When the concen- 

tration of glucagon was increased to 10-9  M, glucose output was 

almost 9 times that of the control, ( Table 12 ). 	The glycogen 

concentration, ( pmol of glucose per g. fresh liver ) in the 

glucagon treated livers at the end of perfusion fell to a 

low level amounting to a 90 5) depletion of glycogen level 

when compared to control, ( Table 12 ). 
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Table 12 : 	Effect of Glucafon on glucose output a1_1dj212.9pgen 

breakdown. 

Conditions 

Mice 

Glucose output Final 
( 

glycogen 
liver ) rol/g 

umol/Min/g) (rmo1/2h/g) 

Lean 

Control 	(5) 0,44 ± 0.1 53.6 + 17.6
++ 

169.6 + 	30.4.  

Glucagon 10-1°M (3) 3.70 0.3 338.6 + 37,7 15.8 -I- 	1.3 

Glucagon 10-9M (5)  5.01 + 0.7 499.6 + 61.0 21.4 4- 	3.8 

Ob/Ob 

Control 	(3) 0.54 0.2 34.9 + 18.2 117.3 + 	2C'.0 

Glucagon 10-9M (3)  5.52 + 0.4 286.5 + 25.0 14.8 ± 3.2 

DR-ob/ob : 

Control (4) 0.59 4- 	0.1 44.5 ± 10.6 123.9 	25.1 

Glucagon 10-9M (4)  4.78 0.6 274.5 + 82.6 12.1 	+ 5.0 

Livers were perfused for 3 h in recirculating perfusion. 	In 

some groups, glucagon was added from 45 min., in 9 successive 

dose ( each dose as indicated ). 

Glucose output was calculated from analysis of input 

and effluent blood, at 55 min. ( i.e. 10 min after 

glucagon ). 

++ 	Glucose output was calculated from medium in the 

reservoir at the end of the perfusion. 

'Results are expressed as means + S.B.M. of the number 

of perfusions in parenthesis. 
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3.5.2. 	Effect of various concentrations of Glucagon on 

EAPZELL-fala. 

Despite 	the apparent lack of response 

to glucagon oP short term FA synthesis in the perfused rat 

liver ( Raskin et ala ,1974 ), it appeared worthwhile to 

reinvestigate this catabolic hormone in the perfused mouse 

liver system. 	Therefore, the effect of glucagon at different 

concentrations was assessed in non-recycling perfusions where 

the hormone concentrations would not alter during perfusion. 

Over a concentration range of 10
-12

- 10-9 M glucagon showed 

no apparent sign of inhibition of total rate of FA synthesis 

as measured by 3H incorporation from 3H20 into FA,(Fig.21), 

however lactate C contributed to FA synthesis was inhibited, 

(Fig. 22). When glucagon concentration was increased to 10-8- 

-7 10 M, de novo synthesis of FA was inhibited from all sources, 

(Fig. 21 and 22). 

During recycling mouse liver perfusion where 

glucagon at 10-1°M was added repetitively during perfusion, 

total FA synthesized, calculated as pmol of C2  units per 2 h 

per g fresh liver, was inhibited by about 60 %, (Table 13). 

However, when glucagon concentration at 10-9  M was used, 

inhibition of total FA synthesized was even greater ( about 

80 % inhibition compared to control ),(Table 13). Cholesterol 

synthesis was also followed in these experiments, it was found 

that inhibition of cholesterol synthesis by glucagon at 10-1°N 

and 10-9M was about 20 % and 60 % respectively, (Table 13). 

The lactate C contributed to FA and cholesterol synthesis, 

when expressed as Fg atom C per 2 h per g fresh liver, was 
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Table 13 : 	Effect of Glucgon  on 3ji incorporation into hepatic 

FA and Cholesterol snthesis. 

Conditions 

Nice 

Total lipids synthesized 

( pmol 02  units/2h/g liver ) 

Fatty acid Cholesterol 

44.4 + 3.7 2.28 + 0.4 

16.7 ± 	1.1 1.81 + 0.4 

9.1 + 2.0 0.85 + 0.1 

61.2 + 7.3 2.27 + 0.1 

44.5, + 2.2 2.03 + 0.1 

49.7 ± 4.1 2.19 + 0.4 

36.9 + 5.6 2.20 4. 0.2 

Lean : 

Control (5) 

Glucagon 10-1°M (3) 

Glucagon 10-9M (5) 

Ob/Ob 

Control (3) 

Glucagon 10-9M (3) 

DR,-ob/ob 

Control (4) 

• Glucagon 10- 
	

( 4) 

Livers were perfused during 3 h recycling. 	In some groups, 

glucagon was added from 45 min., in 9 successive doses ( each 

dose as indicated ). 	FA and cholesterol synthesis were 

measured with 31120  and 14C lactate ( added after 60 min. ). 

Livers were analyzed after 3 h. 

Results are means + S.E.M. of the number of observations 

in parenthesis. 
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also inhibited by glucagon, ( Table 14 ) to the same order of 

magnitude as those calculated by 5f1 incorporation. 	In contrast, 

the incorporation of lactate C into glucose was markedly 

increased by glucagon, ( Table 14 ). 

3.6. Direct effect of glucagon in perfusion of genetically 

obese ( ob/ob ) mouse liver.  

3.6.1. 	Effect of glucagon on glycogenolysis and  

glucose output. 

Livers from young ob/ob mice ( 10-11 weeks 

old ) are abnormal in appearance. They are infiltrated with 

fat, and they weigh twice as much as those of the thin littermates, 

despite of a differance of about 50 'A in total body weight. 

There was a dramatic increase in glucose output by glucagon 

( 10-9  M ) in livers after 2 h hormone addition in recycling 

perfusion, ( Table 12 ). 	Moreover, in these experiments, 

the effluent blood glucose concentration, pmol per min per g. 

fresh liver, rose by 10 fold over that of the control, ( Table 

12 ). 	The final glycogen concentration, expressed as pmol 

per g. fresh liver, fell by 90 % in the glucagon treated livers, 

( Table 12 ), as in normal mice. 

3.6.2. 	Effect of glucagon on FA and cholesterol synthesis. 

In the perfusions described above ( section 

3.6.1. ), FA and cholesterol synthesis were also followed , by 

determining 3H and 14C in lipid. It was found that glucagon (10-9M) 
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Table 14 : Effect  cf GlucgLon on 140 incorporation into FA, 

Cholesterol and Glucose. 

IIMMEM.101161.01•■••■=......p.,11.••••■■••■ 

Lean : 

Control (5) 42.1 	+ 	3.941  2.16 + 0.4 216.2 + 8.3 

Glucagon 10-1°M (3) 13.7 + 	1.5 1.44 + 0.5 

Glucagon 10-9M (5) 7.6 ± 1.5 0.59 + 0.1 295.1 + 19.7 

Ob/Ob 

Control ;3) 36.8 + 4.4 1.05 + 0.1 

Glucagon 10-9M (3) 30.0 	2.2 0.94 + 0.1 

DR-ob/ob 

Control (4) 37.4 ± 3.6 1.55 + 0.2 

Glucagon 10-9Y1 (4) 30.6. 	4.5 1.89 + 0.4 

Mouse livers were perfused with re-circulating medium ( 60 ml. ) 

containing 51120,1117-14011actate ( initially about 12 mM ) 

and glucose ( initially about 15 mM ). .Radioisotope-labelled 

water and lactate were added after 60 min. 	In one group, 

glucagon was added after 45 min., in 9 successive doses ( each 

dose as indicated ). Livers and perfusate were analyzed 

after 3 h. 

Results are means + S.E.M. of the number of perfusions 

in parenthesis. 
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caused a 30 % inhibition of total rate of FA. synthesis as 

measured with 3H20 and calculated as pmol C2  units per 2 h 

per g. fresh liver, ( Table 13 ). 	However, glucagon did not 

alter the synthesis of cholesterol, Table 13. 	The incorporation 

of lactate C into FA was also inhibited by glucagon ( 20 % ), 

but that of cholesterol was not inhibited, ( Table 14 ). 

3.6.3. 	Direct effect of glucagon in perfusion of diet- 

restricted ob/ob mouse liver. 

Food restriction in the ob/ob mice 

results in near normalization of body weight, blood glucose 

and insulin concentrations, and it restores the impaired insulin 

sensitivity ( Stauffacher et al.,1971 ). 	Therefore diet- 

restricted ob/ob mice were investigated. 	Again, glucagon 

( 10-9  M ) caused a 6 fold increase in medium glucose concen- 

tration, expressed as pmol per 2 h per g. fresh liver, during 

recycling liver perfusion, ( Table 12 ). 	This was accompanied 

by a 10 fold decrease in liver glycogen content, ( Table 12 ). 

The effluent blood glucose release, pmol per min per g. fresh 

liver, was also elevated to about 10 times that of the control, 

( Table 12 ). 

The effect of glucagon on liver FA and 

cholesterol synthesis was also studied by employing the 

incorporation of 	from from 3E120 and [U-14C] lactate into lipids. 

Results, ( Table 13 ) show that during 2 h recycling perfusion 

with isotopes, glucagon ( 10-9  M ) inhibited the total rate of 

FA synthesis, calculated as pmol C2  units per 2 h per g. fresh 

liver, by about 25 %, whereas cholesterol synthesis was not 
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affected. 	Incorporation of lactate C into FA, calculated as 

lag atom C per 2 h per g. fresh liver, was again inhibited 

by glucagon ( about 20 % ) but not that into cholesterol, 

( Table 14 ). 
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4. 	Discussion 

4.1 Hormonal control of metabolism in vivo. 

The general objective of the experiments 

presented here was to shed light on the hormonal control of 

carbohydrate and lipid metabolism in mice. 

As an initial approach, effects of hormones, 

administered in approximately ' equipotent ' dose. ( calculated 

from liver sensitivities ) were compared. 	These experiments 

yielded some novel findings, which may appropriately be 

considered in detail, before attempting to interpret the nature 

of direct hormonal actions on the liver. 

4.1.1 	Short—term hormone action on plasma glucose  

concentration. 

The transient hyperglycemia caused in intact rats 

by vasopressin could reflect a direct hepatic action of the injected 

hormone ( Hems and Whitton 1973 ). Nevertheless it was thought 

possible that this effect of vasopressin may also be mediated 

indirectly, e.g. by adrenalin and glucagon. 	But glucagon in 

particular at approximately equipotent doses did not cause any 

major changes of the plasma glucose concentration throughout 

the present studies. Moreover, it is unlikely that the action 

of vasopressin in vivo is mediated by adrenalin release as 

shown by studies of vasopressin action in adrenalectomized animals 

( von Losert 1972 ). 	Supporting this idea is the fact that 

insulin concentration in blood did not decrease after 

vasopressin ( since adrenalin tends to decrease insulin levels ), 
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in good agreement with results obtained in anaesthetized dogs 

( Kaneto et al.,1967 ). 	The rise in plasma insulin concen- 

tration, in response to vasopressin, may not reflect direct 

pancreatic action, since in rat pancreatic pieces vasopressin 

did not stimulate insulin release ( Malaisse et al.,1967 a ). 

The transient nature of the hyperglycemic effect of vasopressin, 

observed here, and reported in dogs and hamsters ( Heidenreich 

et al. 1963 ), could be due to a rapid destruction of the 

hormone or the onset of compensatory mechanisms ( e.g. insulin 

action ) or a combination of these two characteristics. 

The prolonged elevation of glucose in blood 

after adrenalin could be explained by the fact that adrenalin 

inhibits pancreatic insulin release ( Mayhew et al.,1969 ). 

Thus in vitro studies in the rat pancreas ( Malaisse et al., 

1967 b ) have revealed that adrenalin inhibits insulin output. 

There may be further mechanisms involved in adrenalin-induced 

hyperglycemia, in view of the observation in humans ( Porte 

et al.,1966 ) that infusion of adrenalin causes a gradual rise 

in the blood glucose concentration whereas the insulin level 

does not change. 	These mechanisms could include stimulation 

of gluconeogenesis, vasoconstriction-induced hepatic glycogenolysis 

and inhibition of glucose uptake by muscle. 

Both vasopressin and adrenalin can exert a 

direct vasoconstrictor action in liver 	In the 

case of vasopressin, the minimum dose which causes vasoconstri-

ction is greater by a factor of 100, than the minimum dose 

causing glycogenolysis ( Hems et al.,1976 ). nevertheless, in 

the present studies in vivo, it is probable that hepatic glycogeno-

lysis is due in part to a decrease in hepatic blood flow, 
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( causing hypoxia ) produced by vasoconstriction in gut 

vessels, and resulting in a reduced rate of splanchnic blood 

flow. Adrenalin's vasoconstrictor action in the rat liver 

is potent ( Hems et al.,1976 ) and would therefore be likely 

to be relevant in vivo. 

The failure to demonstrate any effect of glucagon 

( at an estimated equipotent dose ) on blood glucose concentration 

is surprising and would indicate that either the amount of 

glucagon injected is inadequate to influence significantly 

the hepatic and peripheral tissue responses, or a rapid 

destruction of this hormone e.g. by the gut tissues. Moreover, 

this in vivo finding of negligible glucagon action on blood 

glucose is not in line with the well established glycogenolytic 

action of glucagon in the perfused liver system ( Exton et al., 

1970 ) and must await further investigation. 

There have been other suggestions that glucagon 

does not appear to play a prime role in regulating the blood 

glucose level in the fed rat, as it does during starvation 

( e.g. Grey et al.,1970 ). Thus, in acute glucagon deficiency 

produced by injecting glucagon anti-bodies into fed rats ( Grey 

et al.,1970 ), no significant change in the blood glucose 

level was observed. 

The route of administration of hormones is important. 

Butcher and his co-workers ( 1971 ) have found that subcutaneous 

injections of glucagon into fed rats gave a greater, more 

prolonged and less variable elevation of hepatic cyclic-AMP 

levels than did the intraperitoneal injections. 	This 
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leads them to postulate that a degrading system present in 

the gut is responsible for the attenuated response of the rat 

to intraperitoneal injections of glucagon. 	The negligible 

effects of glucagon observed in the present studies after 

intraperitoneal injections of glucagon could also be explained 

in this manner. 

4.1.2 Control of plasma lipid concentration by hormones. 

The extensive and prolonged elevation of the 

plasma free FA concentration, obtained in the present studies, 

after adrenalin, is probably due to the well known action of 

adrenalin on adipose tissue to increase the hydrolysis of TG. 

The unexpected decline in plasma TG level ( about 0.30rmo1/ml. 

compared to control ) 15 min after adrenalin could ( theoretically ) 

contribute 0.90 ymol/ml. of extra free FA to plasma. If 

adrenalin exerts direct inhibitory effects on esterification of 

plasma free by the liver ( e.g. through local hypoxia ), then 

the increase in plasma free FA concentration ( about 0.50 ymol/ml. 

compared to control ) 15 min after hormone could be explained in 

this manner. This effect of adrenalin on plasma TG concentration 

in the intact rat is in contrast to the earlier observation made 

in rabbits that injection of adrenalin caused a definite increase 

in plasma TG concentration ( Drury 1957 ) accompanied by no 

accumulation of TG in tissues ( Drury and Di Luzio 1955 ). 

Vasopressin induced a rapid decrease 

in plasma free FA concentration which , ( although 

followed by higher levels 30 min after the injection ) perhaps 
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was due to the high levels in plasma of glucose and insulin 

after vasopressin. A reduction in free FA concentration in 

plasma after vasopressin was also observed in dogs ( Mirsky 

1963 ) and in humans ( Karp et al.,1968 ). However, this is 

in contrast to di Girdamo et al., ( 1961 ) who found that a 

slight increase in the plasma free FA concentration was observed 

in rabbit. There may be species differences in the response 

of adipose tissue to the posterior pituitary hormone ( Rudman 

et al.,1963 ). 

There has been a suggestion that ACTH released 

by vasopressin may contribute to the lowering of plasma free FA 

( Friedman et al.,1967 ). However, evidence against this is 

that intravenous injection of ACTH did not bring down plasma 

free FA concentration in human ( Karp et al.,1968 ). The possi- 

bility of vasopressin-induced hyperglycemia directly or indirectly 

suppressing the level of plasma free FA cannot be ruled out. 

Parallel to this suggestion comes evidence from Gordon and 

Cherkes ( 1958 ) who demonstrated a direct suppressive effect of 

glucose on free FA release in vitro; this anti-lipolytic effect 

has been confirmed many times since. 

Failure of vasopressin to stimulate the rate of release 

of free FA from adipose tissue has been reported by Rudman et al., 

( 1963 ), who found that lysine-vasopressin has no effect on the 

in vitro rate of release of free FA by adipose tissue of the rat 

and hamster although the rabbit and guinea pig responded to 

arginine-vasopressin. On the contrary, Vaughan (1964) claimed 

that Pitressin ( i.e. vasopressin ) stimulated the rate of 

release of glycerol and free FA by rat epididymal fat pad 

in vitro. In view of the reduction in plasma free FA concen- 
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and the absence of vasopressin action on the release of free FA 

from adipose tissue ( Rudman et al.,1963 ), further experiments 

appeared to be warranted to elucidate the effects of vasopressin 

on hepatic lipid metabolism. 	Such experiments were carried 

out in the present project, on FA synthesis in particular, and 

the results are discussed later. 

4.1.3 Actions of catabolic hormones on muscle glycogen. 

The effects of the three catabolic hormones 

on muscle glycogen levels observed in the present studies were 

complex. The cardiac and diaphragm muscle glycogen concentration 

after vasopressin were somewhat elevated in line with the increased 

incorporation of 14C-glucose into glycogen, which could be explained 

the heart after adrenalin could reflect a high rateJsupply of free 

FA in the blood to the heart for contractile activity. However, 

when the free FA concentration in the blood falls ( as it did 

in the present studies 15 min after vasopressin ) then the heart 

carries out glycogenolysis to obtain energy. 

In skeletal muscle, all three catabolic hormones 

stimulated adoreakdown of tissue glycogen ( see Villar-Palasi 1968 ), 

i.e. there was a decrease in glycogen concentration. The effect of 

adrenalin on skeletal muscle glycogen would be expected from 

the established action of adrenalin on muscle glycogen ( see 

by the marked increase in blood glucose and insulin concentrations. 

The heart uses FA preferentially for energy production and the 

FA can arise by lipolysis, either endogenously within the heart 

or from other sources. 	Thus the delayed fall in glycogen in 
of 
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Villar-Palasi 1968 ). 

On the three types of muscles studied in the 

present work, glucagon exerted negligible effects, except for 

a delayed decrease in glycogen content observed in the heart. 
level 

This fall in cardiac glycogen4is supported by indirect evidence 

obtained in perfused rat heart ( Cornblath et al.,1963 ) that 

glucagon at 0.1 pg/ml. caused an activation of phosphorylase 

activity. 	There is a suggestion that this hormone at physiol- 

ogical concentration does not seem to control glycogen metabolism 

in skeletal muscle ( Foa 1964 ). 	However, at present little 

is known about the direct effect of hormones, such as vasopressin 

and glucagon, on muscle,and this warrants further investigation. 

Based on the information accumulated from the 

present studies, it would emerge that the action of vasopressin 

in the intact rat, besides its well known anti-diuretic and 

pressor effects, is to shift the energy stores of the animal, 

i.e. from liver glycogen to other sites, e.g. adipose tissue 

lipid. 	Since the glycogen stores of the animals ( Fenn 1939 ) 

have a secondary function as a water reservoir, the purpose in 

its breakdown could be to supply plasma water, partly through 

the observed decrease in plasma lipid concentrations after 

vasopressin, which might make extrahepatic tissues metabolise 

glucose, and facilitate the breakdown of liver glycogen: 



113. 

4.2 Direct hepatic actions of Vasopressin. 

4.2.1 	Inhibition of FA synthesis and stimulation of  

glucose output by vasopressin in normal mouse  

The results obtained in the liver perfused 

in the present experimental conditions, which are optimal for 

hepatic FA synthesis ( Salmon et al., 1974 ) demonstrated 

that vasopressin at a constant concentration ranging between 

200-1000 pU/m1., ( or 0.5-2.5 ng/ml. ) inhibited de novo FA 

synthesis in the normal mouse liver and simultaneously 

accelerated the breakdown of liver glycogen, thus contributing 

to the increased glucose concentration in the perfusion medium. 

The latter finding parallels the previous observation made in 

perfused rat liver ( Hems and Whitton 1973 ) and in liver slices 

( Heidenreich et al., 1963 ). Inhibition of glycogen accumulation 

was also observed in the perfusion ( Hems and Whitton 1973 ) and 

during intravenous infusion of vasopressin in vivo ( Bergen et al., 

1960 ) showing that vasopressin can affect hepatic glycogen 

metabolism in the intact animal. 

Vasopressin exerts an anti-diuretic action, 

suggesting that one of its main roles may be in the conservation 

of body fluid. There is water stored in conjuction with glycogen 

( Fenn 1939 ) and this water, can be mobilized, such as during 

starvation ( Herrera and Freinkel 1968 ). Thus, stimulation of 

glycogenolysis by vasopressin can mobilise this water to the blood. 
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This action of vasopressin, in the maintance of plasma volume, 

could be particularly important especially in severe haemorrhagic 

shock where extracellular fluid volume falls. 

The present experiments depended on the use of 

5.E120 to measure total rates of FA synthesis. 
	At present, the 

validity of using 3:E20 to measure the total rate of FA synthesis 

seems to be acceptable, assuming that in particular that 76i and 

IH in the cell are mixed thoroughly before entry into FA 

( Windmueller and Spaeth, 1966; Wadke et al.,1973 ). The rates 

of FA synthesis calculated on this basis are minimum estimates, 

since there is presumed to be no delay in entry of 311 to FA 

( i.e. in any tissue pool ). Owing to the presence of glycogen 

and the rapid alteration in the rates of glycogen and glucose 

synthesis and glycolysis in the liver, the use of a 14C-precursor, 

such as glucose, for the calculation of total molar rates of FA 

synthesis would provide an underestimate. The difficulty of 

quantitative analysis of data with 14C-glucose has been stressed 

recently ( Clark et al.,1974 ). However, vasopressin inhibited 

the flow of both glucose or lactate C to FA. 

Under these conditions of liver perfusion, the 

prime sources of acetyl units for de novo FA synthesis in liver 

are glycogen and lactate ( Salmon et al.,1974 ). The inhibitory 

action of vasopressin on FA synthesis may perhaps involve both 

these sources in view of the similar inhibition of both 

incorporation of 31.1 and lactate or glucose C into FA following 

vasopressin. This may reflect the possible action of 

vasopressin on glycogen metabolism and actions at site(s) 
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between pyruvate and the FA product. 

Since the breakdown of liver glycogen after 

vasopressin coincided with the decrease in FA synthesis and 

both exhibited the same sensitivity to hormone, the ( inhibitory ) 

action of vasopressin on FA synthesis is associated with that 

on glycogen metabolism. 	Such a connection can not involve a 

direct effect of vasopressin on provision of acetyl residues 

from glycogen, but may be due to a channelling of glycogen— 

derived C away from FA synthesis and towards e.g. glucose form-

ation. This effect of vasopressin is rather different from 

the action of glucagon which has a powerful glycogenolytic effect 

but exerts no short—term effect on lipogenesis at least at 

physiological concentrations ( Raskin et al.,1974, and present 

work ). 

The possibility that vasopressin's inhibitory 

action on lipogenesis is a matter of prior glycogen depletion 

is certainly ruled out in view of the short time of perfusion 

and the fact that conversion of lactate C into lipids is also 

depressed. 	The difference between final glycogen concentrations 

in these groups of perfusions( about 801=01/liver) was of the 

same order as the extra glucose release ( about 90 pmol ) due 

to vasopressin. 	In this connection, the glucose output caused 

by vasopressin was much greater than could be accounted for by-

inhibition of FA synthesis, and was due to extra glycogen 

breakdown. 	Vasopressin did not stimulate gluconeogenesis as 

revealed from lactate C incorporated into perfusate glucose. 

This is in contrast to the findings of Hems and Whitton ( 1973 ) 
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that vasopressin stimulated gluconeogenesis in perfusion of liver 

from the starved rat. 

It is known that vasopressin stimulates lipolysis 

in adipose tissue ( Vaughan 1961, Rudman et al.,1963 ). If a 

similar effect occurs in the liver, inhibition of FA synthesis 

may result. The inhibitory effect of free FA on lipogenesis 

has been demonstrated ( van Harken et al.,1969, Mayes and Topping 

1974 ). 	However, such evidence is lacking in regard to the 

inhibitory action of vasopressin on hepatic FA synthesis. There 

is much information in the literature to show that acetyl CoA 

carboxylase is the rate limiting enzyme for FA synthesis ( for 

review see Lane and Moss 1971 ) and vasopressin may act either 

directly or indirectly on this enzyme, thereby inhibiting the 

rate of de novo synthesis of FA. 	From preliminary observations, 

Gove, C. and Hems, D.A. ( unpublished data ) have shown that 

vasopressin indeed may inhibit acetyl CoA carboxylase in the 

perfused mouse liver. 

The glycogenolytic action of vasopressin in the liver 

is brought about by immediate activation of glycogen phosphorylase 

( Hems et al.,1975 b, 1976; Keppens and De Wulf 1975 ) which is 

not mediated by an activation of protein kinase activity ( Keppens 

and De Wulf 1975 ) nor mediated by cyclic-AMP ( Kirk and Hems 

1974 ). 	The metabolic actions of vasopressin and possibly 

adrenalin can occur in the absence of any change in hepatic 

blood flow, but it may be that an explanation of the enhanced 

glycogenolysis via activation of phosphorylase ( involving no 

cyclic-AMP as second messenger for these hormones ) lies in 

hypoxia produced by re-distribution of blood flow, away from the 

periphery of the liver lobes. 	This has been shown recently 
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in experiments with adrenalin in the perfused liver ( Boobis 

and Powis 1974 ). The exact mechanism of the action of 

vasopressin on both glycogen and lipid metabolism in liver 

still has to be clarified. 

4.2.2 Resistance of Vasopressin action in obese ( ob/ob )  

mouse liver. 

The data presented in this series of studies 

suggest that in the genetically obese ( ob/ob ) mouse there is 

an impairment of vasopressin action in the liver. The result 

is, at most vasopressin concentrations, that the amount of 

glycogen breakdown of the ob/ob liver is significantly less 

than that of their lean littermates, whereas that of lipogenesis 

is not inhibited at all. However, the defect of vasopressin 

action in the ob/ob mice can not be considered as total since at 

a very high concentration of vasopressin FA synthesis was inhibited. 

Diet-restricted ob/ob mice also showed a lack of 

effect of vasopressin on the rate of FA synthesis; however that 

on the rate of glycogen breakdown and glucose output resumed 

normal proportions, compared to that in normal lean littermates. 

Such a normalization in the response of the rate of glucose 

output to vasopressin observed in the diet-restricted mice 

suggests'. that changes in hepatic carbohydrate metabolism in 

obese mice are secondary to obesity ( see also Elliott et al., 

1971; Abraham et al., 1971 ). 	The poor response to 

vasopressin of glycogen metabolism in the ob/ob 
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mice fed ad libitum provides a clue that these animals have 

a partially defective response to vasopressin, as there are 

substantially elevated phosphorylase activity in their livers 

( Das and Hems 1974 ). 

Since liver perfusions of the diet- 

restricted mice were carried out only 3-4 h after meal feeding, 

their blood insulin concentration would be higher than in 

lean mice although lower than in ob/ob mice fed ad libitum  

( Abraham et al.,1971 ). 	Thus the recorded failure of 

vasopressin action on hepatic lipogenesis in these diet-

restricted ob/ob mice could be merely a secondary effect due 

to meal feeding or elevated insulin action on the liver. 

However this seems unlikely in view of the fact that the 

lipogenic rate of the diet-restricted ob/ob livers was lower 

than in lean mice ( in winter ) or ob/ob mice fed ad libitum  

( in summer ) which suggests that insulin action on 

their liver was not excessive. 	Moreover, exogenous 

administration of insulin did not counteract the rapid action 

of vasopressin in normal mouse liver perfusions,(as data 

show in 	Table 15 ). 

From the present finding, it is not 

clear whether this lack of response to vasopressin in the 

ob/ob mice directly reflects the primary inherited defect 

in this strain of mice or whether it is acquired and second-

ary to obesity, hyperinsulinism or some other factor . At 

present, little is known about the actual mechanism of 

vasopressin action in the liver, so the nature of the defect 

in ob/ob mice cannot be described in specific terms. 
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Table 15 : 
	Effect of Insulin on Va o ressin action on 

liver fatt acid uaLl2esis. 

pmol C2  unite / 2h / g liver 

Treatment 
Total lipid 
	

Lactate.-C 
synthesized 
	

incorporated 

Control (4) 
	

38.1 	3.8 

VP ( 410/M1. ) (3) 
	

18.2 + 3.7 

VP ( 4mII/ml. ) + 

Insulin (6mU/M1.) (3) 	23.3 ±. 4.9 

14.2 + 1.0 

6.8 + 1.4 

6.3 + 0.8 

Mouse livers were perfused with recirculating medium (60m1.) 

containing 5H20, DJ-14Cillactate ( initially about 12 mM ) 

and glucose ( initially about 15 mM ). Radioisotope-labelled 

water and lactate were added after 60 min. In one group, 

insulin was added from the start of the perfusion, and 

subsequently every 60 min. until the end of the perfusion. 

However, vasopressin ( VP ) was added after 45 min. Livers 

were analyzed after 3h. 

Results are Means + S.E.M. with the numbers of 
perfusions in parenthesis. 
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There have been reports on insulin resistance 

in the liver of obese mice ( Kreutner et al.,1975 ). Moreover, 

obese mice can tolerate an excess amount of exogenous insulin 

without becoming hypoglycemic ( Chlouverakis and White:1969; 

Mahler and Szabo)1971 ). 	In vitro studies have demonstrated 

that skeletal muscle from obese mice does not respond to 

insulin added at concentrations that reveal a dramatic response 

in muscle from lean littermates ( Abraham and Beloff-Chain, 

1971, Mahler and Szabo,1971 ). 	Moreover, a defective response 

to catecholamines in adipose tissue has been reported ( Enser, 

1970; Laudat and Pairault,1975 ). 	Thus there is4Lgeneral 

group of hormone ' resistances ' in obese mouse tissues, 

which could be a direct manifestation of their inborn error. 

Although the exact cause of the apparent hepatic 

resistance to vasopressin on lipogenesis is not readily 

discernible from the present studies, it is of interest to 

suggest the possibilities. Hepatic metabolism is controlled 

in part, by changes in the level of cyclic-AMP, thereby 

altering the general metabolism. 	Recently, data have shown 

in rat ( Kirk and Hems 1974, Keppens and De Wulf 1975 ) or 

in mouse ( Siddle, Flockhart and Hems : unpublished data ) 

that vasopressin action on the liver does not involve cyclic- 

nucleotides: 	The action of vasopressin on the liver may 

involve other mechanisms, possibly through Ca2+  ion action 

( Stubbs and Hems : unpublished experiments ). 
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4.3 Control of liver metabolism by Glucagon. 

4.3.1 	The role of glucagon on hepatic metabolism  

in normal mouse liver. 

The physiology and function of glucagon 

have been reviewed extensively in recent years ( e.g. Lefebvre 

and Unger)1972 ); its hyperglycemic effect is well known to 

occur basically through glycogenolysis ( Miller)1961 ). 

The results presented here in perfusion of mouse liver have 

demonstrated that glucagon is capable of stimulating hepatic 

glucose output via glycogenolysis and gluconeogenesis. Thus, 

the marked increase of perfusate glucose concentration, when 

glucagon was added to the perfusate, could be explained by the 

fall in glycogen content, although the increase of perfusate 

glucose concentration could also be due to gluconeogenesis 

( Exton etaL, 1966; Williamson et al., 1966,and present work ). 

The dramatic efflux of glucose from the perfused mouse liver 

is elicited with a concentration of glucagon ( 10-1°  M ) 

that has been reported as the minimally effective dose for 

activation of glycogenolysis ( Lewis et al.,1970 ) and is 

probably within the physiological range in the portal blood 

( Unger et al., 1969; Unger0976 ). The release of hepatic 

lysosomal enzymes during rupture of the lysosomal membrane induced 

by glucagon action ( Deter and De Duve)1967 ) may bring about 

increased proteolysis and thence an increase in urea production 

and in provision of carbon for gluconeogenesis. The possibility 

also exists that stimulation of hepatic lipolysis and free PA 

release plays a role in the gluconeogenic action of glucagon 
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( Ross et al.,1967; Exton et al.,1969 ). 

Glucagon is known to inhibit FA synthesis in 

the liver either in slices ( Bricker and Levey)1972; Allred 

and Roehring )1972 ) or in perfusion ( present studies ) or 

in hepatocyte preparations ( Muller et al.,1976 ). However, 

during short-term ( 40 min ) flow-through perfusion at 

physiological concentration ( 10-12  - 10-9  M ) of glucagon, 

no apparent inhibition of the total rate of lipid synthesis 

measured with 3H20 in the liver was observed. It was only 

at high doses ( 10-7- 10-8  M ) or longer perfusions ( 3 h ) 

that inhibition of FA synthesis was discerned. Such a lack 

of response to glucagon of hepatic lipid synthesis has been 

stressed in two studies of rat liver. 	Thus, Raskin et al., 

( 1974 ) suggested that the apparent inhibition of FA synthesis 

by glucagon may be an artifact. Moreover, .tricker et al., 

( 1976 ) found from their recent experiments that glucagon 

did not reduce the rate of sterol synthesis in perfused rat 

liver, although cyclic-AMP production was elevated. The 

physiological importance of glucagon in short-term action on 

hepatic lipid metabolism may therefore be seriously questioned. 

The mechanism by which glucagon decreases FA 

synthesis in longer experiments may involve' cyclic-AMP. 

Hepatic levels of cyclic-AMP can be stimulated by glucagon 

( Robison et al.,1971 ), presumably secondary to a stimulation 

of adenyl cyclase by the hormone ( Birnbaumer and Rodbell)  

1969 ). A possible role for cyclic-ARP in the inhibition 

of FA synthesis in short-term experiments in vivo or in vitro 
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or in perfusions has been reported ( Goodridge 1973; Raskin 

et al.,1974; Allred and Roehrig,1973; Harrisj1975 ). Allred 

and Roehrig ( 1972 ) showed that cyclic-AMP inhibited acetate-

1-14C incorporation into total lipids of avian liver slices, and 

Bricker and Levey ( 1972 ) reported similarly an inhibition by 

cyclic-AMP of acetate-2-14C incorporation into liver FA and 

cholesterol from fed rats. 

There is considerable evidence to show that acetyl 

CoA carboxylase activity is probably the short-term control 

point of lipogenesis in liver ( Guynn et al.,1972 ); thus its 

activity is regulated not only by the tissue enzyme concentration 

( Numa et al.,1965 ) but by metabolic modulators ( Gregolin et 

al.,1966; Carlson and Kim,1974 ). 	The inhibition of acetyl CoA 

carboxylase by long chain acyl CoA derivatives therefore 

constitutes an example of end-product inhibition ( Goodridge)  

1973 ). Moreover, it is of interest to recall that increased 

flow of free FA in plasma to the liver is a common feature when 

there is depressed FA synthesis ( Fritz,1961 ). 	In this 

regard, glucagon may also stimulate the production of 

intracellular 	free FA and fatty acyl CoA derivatives 

through an action of cyclic-AMP on a liver lipase. 	The 

raised levels of intracellular fatty acyl CoA derivatives could 

therefore influence the conversion of acetyl CoA to FA through 

their action on acetyl CoA carboxylase. 	The rapid inhibition 

of hepatic lipogenesis that occurs after a fat meal ( Hill 

et al.,1960 ) may also be explained by a direct increase FA 

uptake in the liver that causes a rapid inhibition of FA 

biosynthesis. 
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From the present studies, cholesterol 

synthesis during long/hour perfusions with glucagon wac also 

inhibited. 	Such a decrease in incorporation of labelled 

precursors into cholesterol by glucagon may be due to an 

enhanced ketogenesis ( Haimberg et al.,1969 ), such that 

3-hydroxy-3-methylglutaryl CoA ( HMG-CoA ) is directed to 

ketone body foimatian rather than to cholesterol synthesis. 

In analogy to the action of glucagon on adipose tissue 

( Renold and Cahill 1965 ) it has been suggested that the 

ketogenic effect of glucagon on liver may result from 

endogenous hepatic lipolysis ( Bewsher and Ashmore 1966 ) 

which made more long chain fatty acyl CoA available for 

oxidation ( Bewsher and Ashmore 1966 ), and subsequently 

inhibited FA synthesis. 

FA synthesis is more pronouncedly inhibited 

by glucagon than is cholesterol synthesis. 	The smaller 

effect on cholesterol as compared to FA synthesis argues 

against the notion that cholesterol synthesis proceeds via 

malonyl-CoA as a major biosynthetic pathway. 	At present, 

the physiological importance of malonyl-PCoA in cholesterol 

synthesis is not clear. 	White and Rodney ( 1970 ) suggest 

that mevalonate synthesis in rat liver can take place via 

malonyl CoA with the aid of soluble enzyme-HMG CoA reductase. 

The activity of this enzyme is diminished in in vitro liver 

systems preincubated with cyclic AMP ( Beg et al.,1973 ). 

However, the dramatic elevation in cyclic AMP level in the 

intact liver after glucagon treatment clearly did not reduce 
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the HMG-CoA reductase activity ( Raskin et al.,1974 ). In 

a more physiological perfused preparation, Regen and Terrell 

( 1968 ) suggested that glucagon does not interfere directly 

and immediately with cholesterol synthesis in vivo. 

In this regard, the apparent inhibition of 

hepatic lipid synthesis by glucagon may reflect : a) a 

summation of small effects of glucagon; since lipogenesis 

requires a series of synchronized reactions, several may be 

inhibited to certain extent by glucagon. 	Then, effects on 

several reactions may account for the more marked inhibition 

of lipogenesis observed in a system, ( as in the long 

perfusions of the present studies ), b) an apparent effect 

• of glucagon, secondary to its effect on carbohydrate metabolism. 

Thus during short-term glucagon treatment, when the liver glycogen 

is high, lipogenesis is high as well; however in recycling 

perfusions where hormone was added repeatedly over time prescribed, 

when liver glycogen was almost depleted as a result of the 

marked glucose output and because of the low glycogen concen-

tration left in the liver, lipogenesis was much reduced. 

4.3.2 The effect of glucagon on hepatic metabolism in the  

ob/ob mouse liver. 

The results obtained in the present studies show 

that glucagon can stimulate the breakdown of glycogen and inhibit 
the 

FA biosynthesis in hour long perfusions of/genetically 

obese mouse liver. In view of the hyperglycemia ( in 

perfusate ) caused by glucagon in ob/ob mice, the data 
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suggest that increase hepatic glycogenolysis in this rodent, 

catalysed by glucagon, is seemingly unrestrained by excessive 

levels of insulin perhaps as a result of the generalized 

cellular insensitivity to insulin in this mutant strain 

( Abraham and Beloff-Chainj1971; Bray and York)1971 ). Also, 

no impairment of the adenyl cyclase has been found in ob/ob 

mouse liver ( Chang et al.,1975 ) or in the closely related 

db/db mouse liver ( Chan et al.,1975 ), although Kahn et al., 

( 1973 ) suggested that glucagon binding in the ob/ob mouse 

liver membrane was somewhat reduced. Moreover, an impaired 

response to adrenalin of the adenylate cyclase system in 

adipocyte preparations from ob/ob hyperglycemic mice as compared 

to their thin littermates has been claimed recently ( Laudat 

and Pairault;1975 ). 

The alterations in hepatic carbohydrate 

metabolism in the obese rodents, which include excessive 

glycogen synthesis and turnover, and hyperglycemia, are rapidly 

and completely reversible by starvation ( Abraham et al.,1971; 

Elliott et al.,1971 ). 	The present studies showed that 

glycogen breakdown and glucose output induced by glucagon in 

the perfusion of the diet-restricted ob/ob mouse liver was 

normal. 

The inhibitory effect of glucagon on hepatic 

lipogenesis in the ob/ob mice as well as in diet-restricted 

ob/ob mice might be due to a prior hepatic depletion of 

glycogen; this was quite obvious as the final glycogen in ob/ob 

mouse livers during long perfusions ( 3h ) with glucagon was 

only 15 pmol/g liver compared to 120 pmol/g liver in 
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non-glucagon treated liver. There is less inhibition of 

hepatic FA synthesis in ob/ob mice than in lean littermates by 

glucagon. The explanation might be related to a decreased 

FA or fatty acyl CoA accumulation in livers chronically 

stimulated by insulin. Thus high concentrations of glucagon 

or long-term liver perfusion with glucagon accelerates the 

accumulation of fatty acyl CoA derivatives ( Goodridge 1973 ) 

which could inhibit acetyl CoA carboxylase, the rate limiting 

enzyme for FA synthesis. 	Some aspects of the glucagon 

action on hepatic lipid metabolism have been discussed in a, 

previous section ( section 4.3.1 ). 	The present study cast 

some doubts on the short-term actions of glucagon on hepatic 

FA synthesis as reported by some other workers ( Regen and 

Terrell 1968; Bricker and Levey 1972; Muller et al.,1976 ). 

4.4 Summary of main conclusions. 

In summary, arginine-vasopressin can stimulate 

the breakdown of liver glycogen in the intact rat especially 

during haemorrhagic shock. The inhibition of FA synthesis 

by vasopressin in perfusion of normal mouse liver constitutes 

perhaps the first example of the short-term inhibitory action 

of an extracellular effector on hepatic FA synthesis . The 

failure of vasopressin action in the obese hyperglycemic mouse 

liver is the first evidence to show a defect in the process 

of FA synthesis, in its response to an inhibitory hormone. 
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The absence of a short-term action of glucagon in hepatic 

lipid synthesis has been reported. 	The apparent inhibition 

of lipogenesis in long-term perfusions with glucagon in 

normal lean mice, ob/ob mice and diet-restricted ob/ob mice 

could be merely secondary to a lack of substrates that supply 

FA synthesis. 

There are several major areas which require 

further work in this field in order to cast light on the 

mechanism of hormonal action. Firstly, vasopressin and 

adrenalin have similar actions on rat liver, in that hepatic 

cyclic-AMP does not rise in response to vasopressin ( Kirk 

and Hems 1974 ), or during 0C-receptor mediated adrenalin 

action on hepatic output of glucose ( Tolbert et al.,1973; 

Tolbert and Fain 1974 ). 	Thus the mechanisms of short- 

term action of vasopressin and probably adrenalin ( cyclic-

AMP independent route ) on the liver remain to be elucidated. 

Secondly, the jack of response to vasopressin in obese 

animals therefore becomes more interesting. More experiments 

are needed in order to uncover the actual mechanism of this 

hormone in controlling carbohydrate metabolism as well as 

lipid metabolism in liver. 
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