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ABSTRACT 

The hypothesis that the cellular effects of insulin may be mediated 

by changes in intracellular calcium concentration has been re-examined 

in vitro using isolated rat fat cells. The effects of alteration in 

extracellular and/or intracellular calcium concentration on insulin reg-

ulation of lipolysis, protein synthesis and lipoprotein lipase activity 

and their relation to c-AMP and c-GMP levels were studied. 

When fat cells were incubated with adrenaline an early and transient 

rise in c-AMP level was observed which was followed by a gradual increase 

in lipolysis. Insulin inhibited the adrenaline stimulated lipolysis but 

this occurred without any detectable reduction in c-AMP levels. Incuba-

tion of cells in media without added calcium did not alter the antilipo-

lytic effect of insulin whereas pretreatment of fat cells with EGTA to 

deplete intracellular calcium abolished the inhibitory effect of insulin 

on lipolysis. In addition, the calcium ionophore A23187 and lanthanum 

chloride, agents which facilitate an increase in cellular calcium con-

centration, like insulin, inhibited lipolysis in the fat cells. These 

results suggest that the anticatabolic effect (inhibition of lipolysis) 

of insulin on fat cells is  not associated with a reduction in c-AMP 

level while changes in intracellular calcium level markedly influence 

this response. 

Insulin produced a dose-dependent stimulation of protein synthesis 

and lipoprotein lipase activity in fat cells and fat tissue pieces, re-

spectively. Both processes were associated with an early and transient 

rise in c-GMP level. Omission of calcium from the medium did not alter 

the tissue's response to insulin while on depletion of intracellular 

calcium with EGTA, the effects of insulin were no longer discernible. 

Addition of calcium ionophore A23187 or lanthanum chloride to adipose 

tissue incubates, like insulin, stimulated protein synthesis and 
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lipoprotein lipase activity and caused a significant rise in c-GMP level. 

These findings indicate that the anabolic effects of insulin on protein 

synthesis and lipoprotein lipase activity are associated with a rise in 

adipose tissue c-GMP and that these effects are also mediated through 

alteration in cellular calcium level. 



CHAPTER I 

INTRODUCTION AND REVIEW OF LITERATURE 
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INTRODUCTION 

A. The Adipocyte as a Source of Fuel  

The adipose tissue consists of a variety of cells, among these it is 

the adipocytes which function as the storage compartment for fat. The 

major fraction of the cell is the single lipid droplet located in the 

center of the cell surrounded by a thin film of cytoplasm within which 

the nucleus lies (see Figure 1). The adipocytes have an organelle sys-

tem which is common to most mammalian cells. 

Fat tissue is a highly active organ, although its relative activity 

depends on the species and on the anatomical origin of the tissue within 

a given animal. Since the adipocyte is a major target cell for many hor-

mones such as adrenaline and insulin, the plasma membrane contains a 

variety of surface receptors for these hormones. 

It appears that the antilipolytic effects of insulin on adipose tis-

sue are specialized evolutionary development restricted primarily to pre-

datory animals which are adapted to sporadic feeding habits (Fritz 1961). 

Moreover, the need for an efficient storage organ as a source of energy 

during periods of food deprivation seems to have coincided with the de-

velopment of homoiothermy. To permit prolonged survival during a time 

of food deprivation, it is essential that certain cells store energy in 

a convenient form. This energy is obtained from the food ingested dur-

ing periods of caloric excess. The fuel reserve is primarily in the form 

of triacylglycerol, more than 98% of which is in the adipose tissue (Havel 

_ 1972). It is considerably more efficient to store energy as fat than as 

glycogen or protein. The triacylglycerol present in the lipid droplet of 

the adipocyte does not require the accumulation of water and ions. Fat 

not only occupies less volume, but weighs less per calorie of stored chem- 
k4 

ical energy than carbohydrate or protein. Thus, glycogen yields lkcalorie 
ao 

per 800 mg whereas ljc lorie is obtained from 125 mg of triacylglycerol. 



0 	f ***MM. 

FIGURE 1 • 
Electron micrographs of white adipose cell. Rat tissue pieces were pre- 

fixed in Karnowski's solution and post-fixed in 1% osmium tetroxide made up 
in 0.1 M PO4  buffer. 

The following structures are identified: bulk lipid storage compartment, 
L; cytoplasmic compartment, C; mitochondria, M; plasma membrane (PM), poor-
ly preserved due to fixation ārtifact; (Mag x 5Ō00). 
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Moreover, a 70 kg man has a total fuel reserve of approximately 166,000 

Kcal; 141,000 as lipid; 24,000 as protein; and 1,000 as carbohydrate 

(Cahill 1970), yet only 10% of his total body weight is made up as fat. 

From the above consideration, it appears that man can withstand severe 

caloric deprivation without total loss of metabolic activity. The de-

velopment of this highly efficient form of energy storage allows man to 

survive starvation for approximately 30 days provided he has a supply of 

water (Wertheimer 1965). 

During the fasting state fatty acids are the prime source of energy 

for metabolic activity (Gordon et al 1956). To mobil` e fuel stored in 

the adipose tissue for use elsewhere, the stored triacylglycerol is 

hydrolyzed to free fatty acid (FFA) and glycerol (Heindel et al 1975) 

(see Figure 2). Since the glycero-kinase (EC 2.7.1.30) activity in 

white adipose tissue is low, most of the glycerol formed during lipolysis 

cannot be re-utilized but is released to the blood (Persico et al 1975). 

In contrast, FFA can be released from the adipocyte or be re-esterified 

and re-deposited as triacylglycerol. The extent of the re-esterifica-

tion depends upon the availability of glycerophosphate from glucose or 

gluconeogenesis (Reshef et al 1970). The rate of blood flow to the adi-

pose tissue is probably another factor which influences the rate of re-

lease of the lipolytic products (Mayerle et al 1969, Neilsen et al 1969). 

The rate limiting step of lipolysis appears to be the conversion of 

triacylglycerol to diacylglycerol and FFA (Strand et al 1964). This step 

is catalysed by the hormone sensitive lipase(s) (EC 3.1.1.3). Other 

lipase enzymes complete the conversion to FFA and glycerol. Recently, a 

hormone sensitive diglyceride lipase has been isolated from the chicken 

adipose tissue and its properties have been described by Khoo et al (1978). 

The FFA released from the adipose tissue is transported in the blood 

bound to albumin and is taken up by the liver where it is rapidly oxidised 

to provide energy. The liver converts some of the incoming FFA into ketone 
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bodies which are then utilized by extrahepatic tissues (Fritz 1961) 

while the remainder is re-esterified to form triacylglycerol (Havel 

et al 1962). 

The glyceride stored in the adipose tissue can either originate from 

de novo synthesis or from clearance of fatty acid from the plasma. The 

relative contribution of the two processes to the fat globule in the 

storage organ, however, is still unclear. 	This is partly because the 

experimental results obtained are variable depending on the animal species 

studied. As mentioned above, the glycerol liberated during lipolysis in 

the adipocyte is not available for re-esterification. Accordingly, glyc-

eride synthesis in white adipose tissue is dependent upon an adequate 

supply of a-glycerophosphate resulting from the intermediary metabolism 

of glucose (see Figure 2 ). Moreover, since glyceride synthesis and 

degradation occur simultaneously, events participating in the dynamic 

equilibrium between these two processes, even the maintenance of constant 

glyceride stores, would appear to require the continuous supply of a-

glycerophosphate and thus glucose. 

The "soluble" fatty acid synthesizing enzyme system, acetyl CoA 

carboxylase (EC 6.4.1.2) and palmitate synthetase (EC 6.2.1.3), has been 

demonstrated in the adipose tissue of a number of species, including man. 

Purified preparations of these enzymes are available. The presence or 

absence of additional pathways of fatty acid synthesis, such as mito-

chondrial pathways, has not yet been established. In the adipose tissue, 

as in other tissues, the carboxylase appears to be the rate limiting 

enzyme. 

In mice and perhaps in rats, the adipose tissue is the major site of 

de novo synthesis for triacylglycerol (Faverger 1955, Leveille 1967). 

Patkin et al (1964) and deFreitas et al (1965) showed, however, that rats 
ac,d 

fed ad libitum had little fatty 	biosynthetic activity in the adipose 

tissue depot, and in normal mice, it would appear that the liver is the 
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Thick arrows indicate predominant metabolic activity. 

• FIGURE 2 
Metabolic pathways in the fat cell during lipolysis 
and lipogenesis. 
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major source of fatty acid synthesis. 

Moreover, de novo synthesis from glucose does not appear to be a 

major source of fat deposit in human adipose tissue (Bjōrntorp et al 

1971, Goldrick et al 1974, Shrago et al 1969). The liver plays a major 

role in fatty acid synthesis (Patel et al 1975). Glucose appears as 

glyceride glycerol and not as fatty acids. Also in man, unlike rat, the 

citrate cleavage enzyme required for the transport of acetyl CoA out of 

the mitochondria, is undetectable in the adipose tissue (Shrago et al 

1971) . 

In man, clearance of lipids from the circulation is probably the 

major pathway through which the adipose tissue accumulates fat. Fatty 

acids first enter the circulation from the thoracic duct as triacyl- 

glycerol in the chylomicra. These particles are rapidly removed from 
P ~ ,. 

the circulation and taken up 	by the liver while a 
,

' fraction 

is distributed to the adipose tissue and muscle. In the liver, the tri-

acylglycerol present in the chylomicra is apparently taken up from the 

blood as such (Olivecrona 1962). In the hepatocytes, the lipoprotein 

particles are rapidly hydrolyzed. The fatty acid fraction which is not 

directly utilized for energy by the liver is re-esterified to triacyl-

glycerol and eventually incorporated into very low density lipoproteins 

(VLDL). These particles are then transported to the adipose tissue where 

they are hydrolyzed by lipoprotein lipase (LPL) prior to the uptake into 

the adipocytes. 

The first indication that an enzyme with properties similar to those 

of lipases could be released into the circulation following a dose of 

heparin was reported 35 years ago. In 1943, Hahn observed that when 

dogs with gross alimentary lipemia were transfused with blood containing 

heparin, the turbidity of the plasma sample that had resulted from the 

high lipid levels disappeared. This eventually led Korn (1955a, 1955b) 

to propose the existence of an enzyme, the "clearing factor lipase" which 

could function to remove fatty acid from the circulation (Carlson et al 
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1957) . 

It is now known that heparin releases lipase enzymes from a site in 

or near the tissues and may be located at the surface of the endothelial 

cells which line the blood capillary walls. The evidence is as follows: 

a) there is a rapid appearance. of LPL in plasma and at the fat cell 

surface following the heparin injection (Ho et al 1967), b) electron 

microscopic studies with the adipose tissue perfused with chylomicra 

in vitro have indicated that the hydrolysis of the lipid particles 

occurs at the capillary endothelium. This suggests that the functioning 

LPL fraction must be translocated to this site (Blanchette-Mackie et al 

1971), c) the inhibition of this translocated fraction by the administra-

tion of a specific antibody which cannot cross beyond the capillary endo-

thelium produced an immediate reduction in lipoprotein triacylglycerol 

removal (Shafrir et al 1970) . 

• The mechanism of the heparin activation of LPL. is not known. It 

would appear that heparin acts by promoting a release of LPL from its 

storage site and by increasing binding of the enzyme to VLDL. Heparin 

also has a stabilizing function on the enzyme (Robinson 1956). The re-

lease of LPL can be induced by a wide variety of organic and inorganic 

polyanions, e.g. sodium polymetaphosphate. It has been suggested that 

these compounds interfere with the electrostatic binding of the anionic 

enzyme to the cationic binding sites on tissues, but the nature of these 

sites is unknown and their location in tissues uncertain. Heparin pro-

bably activates LPL by forming additional binding sites on the enzyme 

molecule for combination with chylomicra (see Figure 3). 

Adipose tissue LPL (EC 3.1.1.3) can be inhibited by a variety of 

agents. Protamine and sodium chloride interfere with the action of LPL 

both during and after the formation of the enzyme substrate complex. The 

inhibitors may perhaps act on a heparin-like region of the LPL required for 

binding chylomicra or they could act on these particles to reduce their 
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affinity for the enzymes. Moreover, LPL in adipose tissue is inactivated 

by bacterial heparinase (Korn et al 1957). 

Adipose tissue LPL appears to have low specificity with regard to 

the nature of the fatty acids present on the triacylglycerol, this is 

specially applicable when the fatty acid moiety on the substrate is made 

up of long chain fatty acids (Korn 1961). Moreover, the enzyme has no 

positional specificity. In this respect, LPL differs from pancreatic 

lipase which preferentially attacks fatty acids esterified at the a 

position of the triacylglycerol molecules (Mattson et al 1956, Savary 

et al 1956). 

The properties of LPL can be differentiated from other lipases by its 

sensitivity to strong salt solutions (prolamine sulphate, pyrophosphate) 

and by its requirement for activated triacylglycerol substrate. LPL is 

quite distinct from the hormone sensitive lipase. Adipose tissue LPL 

has been purified from tissue extracts and postheparin plasma of several 

animal species. In contrast to the hormone sensitive lipase which cat-

alyzes the mobilization of fat cell triglycerides, the LPL is only highly 

reactive with protein-bound triglycerides (chylomicra and VLDL). Studies 

with purified preparations from chicken adipose tissue also suggest that 

the two enzymes are immunochemically distinct (Khoo et al 1976). 

Moreover, samples obtained following an intravenous injection of 

heparin contain, hydrolase activity from various tissue sources (Robinson 

1970). Two triacylglycerol lipases contributing to this hydrolase activ-

ity have been separated and characterized (Greten et al 1972). One is 

identical to the adipose tissue lipoprotein lipase and is inhibited by 

high concentration of NaC1 and its activity against long chain triacyl-

glycerol is enhanced by factors in the serum identified as the apolipo 

proteins of VLDL (Havel et al 1970) or LDL (LaRosa et al 1970). The 

other closely resembles a lipase present in the liver with maximal activi-

ty with 1.0 M NaC1 and without requirement for a serum activator. 
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The two lipases are immunologically distinct (Jansen et al 1973). 

The hepatic lipase is precipitated by antibodies produced against puri-

fied peak I triacylglycerol lipase from human post-heparin plasma 

(Ehnholm et al 1974). 

Direct experimental evidence from several laboratories indicates 

that the uptake of triacylglycerol by the adipose tissue is dependent 

on the activity of LPL. One such experiment was reported by Bezman et 

al (1962a, 1962b). These investigators studied the LPL activity in the 

adipose tissue obtained from rats that were maintained under various 

nutritional conditions. The animals were sacrificed at different in-

tervals and the adipose tissue was incubated in a medium containing 14C 

triacylglycerol which had been labeled from 1-14C palmitate by an in vivo 

technique. After a 1 hour incubation the LPL enzyme was extracted from 

the tissue and the activity measured. The results showed that the mean 

incorporation of labeled triacylglycerol was 5 fold higher in the adipose 

tissue from the fed and re-fed animals than in the fasted rats. More-

over, the incorporation was positively correlated with the LPL activity. 

It was, therefore, concluded that the triacylglycerol degradation catalysed 

by LPL is a necessary step prior to the incorporation of at contained in 

the lipoprotein particles into the adipose tissue. 

The LPL activity of some tissues varies with the nutritional and 

hormonal state of the animal. The enzyme activity is high in the adipose 

tissue in the fed state, but it decreases on fasting. In contrast, the 

enzyme activity in the heart and the skeletal muscle responds in the 

opposite way (Scholtz et al 1972). Moreover, the alteration in LPL ac-

tivity in the adipose tissue induced by fasting and refeeding actually 

correlates inversely with the concomitant effects on the fatty acid re-

leased from the intact tissue (Cherkes et al 1959, Hollenberg 1959, 

Robinson 1960 ). 

It is not certain whether it is the hydrolytic reaction that is the 
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rate limiting step in the incorporation of triacylglycerol into adipose 

tissue. The regulation could be exerted at the step of esterification 

of the fatty acid products of lipolysis. The rate of this reaction is 

reduced by fasting and enhanced by re-feeding (Shapiro et al 1957); these 

alterations parallel those of LPL activity. 

The molecular mechanism involved in the regulation of LPL activity 

is not known. Recent experiments have, however, provided models for the 

probable intracellular distribution and transport of the enzyme (See 

Figure 3). LPL activity in the adipose tissue can be enhanced either by 

an activation process (Steward et al 1971) and/or by synthesis of new 

enzyme proteins (Schotz et al 1965). Two fractions of LPL activity, LPLa  

and LPLb, have been isolated from extracts of rat adipose tissue by gel 

chromatography (Garfinkel et al 1972). The enzyme activity in each frac-

tion increases when fasted animals are re-fed (Schotz et al 1972). The 

"a" fraction is mainly outside the adipocyte; this is the activated frac-

tion. The "b" fraction results from protein synthesis within the adipose 

cell (Garfinkel et al 1973). The endogenous fat cell LPL enzyme appears 

to act as a precursor for the enzyme of the endothelial cell surface 

(Robinson et al 1970, Robinson et al 1971). It has also been shown that 

the enzyme associated with the fat cell is not physiologically active in 

the uptake of triglyceride fatty acid (Steward et al 1971; Wing et al 1968a, 

Cunningham et al 1969). The functional form of the enzyme is located at 

the luminal surfaces where plasma chylomicra , and VLDL are sequestered 

and their triglyceride moieties are hydrolysed (Robinson 1970). 

Davies et al (1974) have recently proposed that at least three forms 

of the enzyme LPL exist in the adipose tissue: b, b' and a. The b 

form is initially synthesized in the adipose cell and is rapidly con-

verted to the b' form. The two b forms have the same molecular weight, 

but b' is of lower specific activity than b. The conversion from bto b' 

appears to be rapid under hormonal control. Lastly, form b' is converted 
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activation of LPL in the adipose tissue. 
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into form a. The a form has a high specific activity, high molecular 

weight and probably protein synthesis is involved in the conversion from 

b' to a. The LPL in the a form is finally transported from the adipose 

cell to the endothelium capillary bed (Wing et al 1968a). It appears 

that the activity of the a enzyme is increased by heparin and in rats 

re-fed after fasting, there is a progressive enhancement of this form 

of the enzyme. 

B. Hormonal Regulation of Fat Mobilization and Storage  

1. The Catecholamines 

The catecholamines are probably the most important hormones in the 

in vivo regulation of fat mobilization from the adipose tissue storage 

depot. These hormones (See Figure 4) function by interaction with 

specific receptors on the plasma membrane of the adipocyte (Venter et al 

1973, Verlander et al 1976), thereby enhancing the activity of adenylate 

cyclase (Sutherland et al 1965, Robison et al 1971, Murad et al 1962). 

The enzyme, through the catalytic conversion of ATP, increases the intra-

cellular c-AMP levels. The cyclic nucleotide produced then interacts 

with and activates c-AMP-dependent protein kinase which catalyses the 

activation of hormone sensitive lipase (see Figure8.). Other hormones 

such as glucagon and ACTH, also stimulate the degradation of adipose 

tissue triacylglycerol by a similar mechanism (Vaughan et al 1969). 

These hormones, however, interact with different receptors on the plasma 

membrane of the fat cell but their relative effectiveness, like that of 

the catecholamines in promoting lipolysis depends on the species under 

study. 

a. Adrenergic Receptors  

The direct innervation of the adipose tissue by the sympathetic 

post-ganglionic fibres which release noradrenaline plays an important 

role in the regulation of fat mobilization in vivo. The post-synaptic 
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events resulting from noradrenaline release leads to interaction with 

specific hormone membrane receptors. The molecular configuration of 

adrenergic receptors determines the structural specificity and activity 

of both agonists and antagonists. The existence of multiple types of 

adrenergic receptors was first revealed by the results of Dale (1906). 

He demonstrated that some effects of adrenaline or of sympathetic nerve 

stimulation were antagonized by ergot alkaloids while other responses 

were unaffected. In 1948, Ahiquist classified the adrenergic receptors 

into two main groups based on the effect elicited by a series of cate-

cholamines. The first class of receptors, alpha (a), were stimulated by 

agonists with the potency order of adrenaline > noradrenaline,> iso-

prenaline. The stimulation of these receptors led to contraction of the 

nictitating membrane, to vasoconstriction, and to contraction of smooth 

muscle in the uterus and ureter. The second class of adrenergic receptors, 

(a),respcnded to agonist with°the potency order of isoprenaline > adrenaline, 

> noradrenaline (see Figure 5). Stimulation of these receptors resulted in 

positive cardiac inotropy and chronotropy, vasodilation and relaxation 

of uterine and smooth muscle. 

The response of a and adrenergic receptors have been further char-

acterised recently by use of specific agonists and antagonists (Furchgott 

1972, Moran 1967). It is now recognised that at least two receptors, 

Oland 02, are located in the plasma membrane of certain cells (Lands 

et al 1966, 1967). In the human adipose cell, it appears that lipolysis 

is mediated by both the 01  and the 02  receptors (Vydelingum, unpublished 

observations) for the following reasons: Salbutamol, a p.2  receptor agonist, 

increased both lipolysis and c-AMP levels in human adipose tissue pieces 

in vitro. These effects were not inhibited by the 01  receptor antagonist, 

practolol. In contrast, the antagonist inhibited the lipolytic effect 

due to adrenaline to a significant extent. 
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b. Adrenergic Effects and C-AMP  

Since there is clear evidence that catecholamine-stimulated adenylate 

cycalse activity in fat cells is invariably restricted to the plasma mem-

brane, it is thought that the a-adrenergic receptors are also located in 

this membrane (Davoren et al 1963, Robison et al 1971). Moreover, studies 

utilizing catecholamines attached to glass beads or covalently linked to 

amino acid polymers have provided some information to indicate that the 

s-receptors are present on the outer surface of the cell membrane (Venter 

et al 1973, Verlander et al 1976). Thus catecholamines need not enter 

the cells to exert their lipolytic effects. A second messenger is there-

fore necessary for the transmission of the adrenergic hormone signal from 

the plasma membrane to the interior of the cell. The c-AMP second messen-

ger concept introduced by Sutherland et al (1957) provided a mechanism for the 

function of adrenergic hormones (Figure 5). Since adrenaline stimulates the 
(,, eke. 69a~ 

synthesis of intracellular c-AA v, the activation of the catalytic unit 

of the adenylate cyclase by this hormone can serve as a measure of s-

adrenergic receptor function and allow an indirect biochemical char-

acterization of these receptors. 

2. Insulin  

Insulin is an anabolic hormone. Under appropriate conditions, it 

stimulates lipogenesis, glycogen synthesis and protein synthesis. During 

fasting, there is a low prevailing insulin concentration in the circula-

tion. Consequently, a whole sequence of events is "switched on" to ensure 

the survival of the organism. Fatty acid release from the adipose tissue is 

enhanced. This permits an increased uptake of fatty acid into tissues 

(e.g. muscle) which can utilize this substrate as an energy source (Fritz 

1961). The oxidation of fatty acids by the muscle, the adipose tissue 

and the liver, supplies nearly all the energy requirements for these 

organs when insulin is lacking. However, glucose utilization is decreased 

not only because of the lowered insulin levels but also as a consequence 
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of the high level of fatty acids and the inhibition of glycogen utiliza-

tion by cardiac and skeletal muscle (Randle et al 1963). Consequently, 

the availability of fatty acid from the adipose tissue has a sparing ef-

fect on circulating glucose which is essential for vital organs such as 

blood cells and brain tissue. 

a. Insulin Receptors 

In 1949, Stadie et al provided the first indirect evidence that 

insulin binds to hormone sensitive tissues. They incubated rat diaphragm 

with insulin and found increases in glycogen synthesis even after the mus-

cle preparation had been washed. Similar results were obtained with rat 

epididymal fat pads by Haugaard et al (1952). Levine et al (1952, 1955) 

during their pioneering work on the action of insulin, demonstrated that 

insulin acts to facilitate glucose transport across certain cell membranes. 

On this basis, these investigators proposed that insulin receptors are 

localized in the cell membrane of muscle and adipose tissue. Moreover, 

early studies by Rodbell (1965) demonstrated that fat cells are highly 

sensitive to insulin. Maximum binding capacity of isolated fat cell:, is 

about 10,000 molecules of insulin per intact fat cell (Cuatrecasas 1971b). 

The relationship between insulin binding and biological activation has 

been examined in intact fat cells (Cuatrecasas 1971a). There is good 

evidence that the high affinity binding is indeed a reflection of inter-

action with a biologically active structure (for review see Cuatrecasas 1974). 

More recently, experiments performed in several laboratories have 

confirmed that the insulin receptors are located on the cell surface. 

Trypsin impairs the responsiveness of the fat cells to insulin, an effect 

observed at very low concentrations of trypsin (Cuatrecasas 1971d). It 

appears that the protease causes a selective fall in the affinity of the 

binding of the insulin molecules to its receptors. It has also been shown 

that phospholipases exert insulin-like effects on the fat cells (Rodbell 

1966, Blecher 1966). Such effects are abolished if the catalytic integrity 
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of  the enzymes is`  impaired. This suggests that insulin produces its 

intracellular effects by interacting with a membrane component. Moreover, 

the theory that insulin receptors are located on the surface of the cell 

is supported by the classical demonstration that insulin attached covalent-

ly to insoluble polymers such as agarose, retainsbiological activity. 

In addition to these investigations on the insulin receptors, ex-

tensive binding studies have been performed on isolated fat cells utiliz-

ing 125I labeled insulin of very high specific radioactivity. The results 

show that insulin need not enter the adipocyte to exert its intracellular 

responses. Several reports have been published, however, which challenge 

the insulin receptor model described above. The recent data suggests that 

insulin is capable of penetrating the plasma membrane of eukaryotic cells 

and that the intracellular membrane structures possess specific receptor 

sites for the hormone. This has been demonstrated in isolated fat cells 

(Cuatrecasas 1971b, ElkAllawy et al 1972), in fat cell membranes 

(Cuatrecasas 1971c, Hammond et al 1972) and in liver cell membranes (House 

1971, Freychet et al 1972). Most of these reports refer to experiments 

utilizing 125I tracer insulin to study the uptake of the hormone into the 

cell. The intracellular distribution of insulin is then assessed using an 

autoradiography technique coupled with electron microscopy. Because of 

the many difficult technical problems associated with insulin binding experi-

ments, however, the data obtained from such experiments cannot yet be ful-' 

ly interpreted. Moreover, Cuatrecasas(1971b) has demonstrated that insulin 

bound to intact isolated fat cells can be qualitatively recovered in the 

particulate fraction of the cell homogenate. If, however, the intact fat 

cells are treated with trypsin agarose to abolish the binding of insulin 

to the plasma membrane then no insulin binding activity is recoved in the 

particulate fraction following homogenisation. This suggests that there 

is no intracellular structure distal to the plasma membrane in the adipo-

cyte which is capable of binding insulin molecules specifically to any 

significant extent (Cuatrecasas 1972). 
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b. Adipose Tissue Response to Insulin  

The physiological response to insulin which is bound to the surface 

receptors of fat cells may be measured in vitro by the extent to which 

the hormone inhibits lipolysis or in vivo by the effect of insulin on 

the clearance of lipoproteins from the circulation. The evidence obtained 

from in vivo and in vitro experiments using various species of animals, 

indicates that the uptake of lipoprotein fatty acids and LPL activity in 

adipose tissue varies with the hormonal status of the animal. 

In untreated diabetic dogs, the activity of LPL is greatly reduced 

and these diabetic animals are less able to clear infused artificial fat 

emulsion than insulin treated control animals (Kessler 1962). Brown et al 

(1966) showed that the uptake by adipose tissue of infused chylomicra can 

be potentiated by insulin in normal and diabetic rats. Borensztajn et al 

(1972) and Garfinkel et al (1976) demonstrated that injection of insulin 

into starved rats produces a marked increase in adipose tissue LPL. Sim-

ilarly, when adipose tissue of starved rats is incubated in vitro with 

insulin and glucose, a progressive rise in LPL activity occurs and after 

several hours, approaches the level of activity of the fed animals 

(Robinson et al 1971). Since the concentration of glucose necessary for 

maximal increases in activity of the enzyme is only between 0.1 and 0.2 

mg/ml which is well below the concentration in starved animals, it is 

concluded that changes in glucose levels are not likely to account for the 

increase in LPL activity and that insulin plays the major role. 

Furthermore, in rats made diabetic, the LPL activity is reduced. 

This reduction, however, can be prevented by the administration of the 

insulin in vivo or by pre-incubation of adipose tissue pieces with insulin 

in vitro (Kessler 1963). Under certain conditions, a rise in LPL activity 

observed in vitro in the presence of glucose and insulin can be inhibited 

by puromycin. This antibiotic arrests protein synthesis by causing the 

premature release of peptide chains from polyribosomes (see Figure 6). 
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Illustrates the similarities between aminoacyl-t-RNA and puromycin. The 
peptidyl puromycin formed during protein synthesis is discharged from the poly-
ribosomes, thereby inhibiting the formation of complete peptide chains. 
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Therefore, it is likely that new enzyme synthesis is stimulated by the 

hormone (Zieer et al 1964) . 

C. Subcellular Mode of Insulin Action  

1. The Modulation of Plasma Membrane by Insulin 

The unitary hypothesis proposed by Levine and Goldstein in 1955 was 

found to be incomplete since various influences of insulin which were 

later discovered could not fit the unitary hypothesis. The latter proposed 

that all the actions of insulin were indirect consequences of facilitative 

glucose transport or entry through the membranes of insulin sensitive 

tissues. It is now accepted that antilipolysis is promoted by insulin in 

the absence of glucose (Ball et al 1964). Also, the enhancement of protein 

synthesis from amino acid or pyruvate does not appear to require the pres-

ence of glucose (Wool et al 1959, 1968). 

Rodbell showed that phospholipase C at low concentrations1  like insulin, 

increases glucose utilization and the incorporation of labeled glucose 

into CO2, fatty acids and protein by isolated adipocytes (Rodbell 1964, 

Rodbell et al 1966, 1968). This indicates that phospholipase and insulin 

are able to alter some property of the cell membrane. 	Alterations 

in the configuration of the plasma membrane could enhance glucose entry • 
A 

the antilipolytic effect of insulin on adipocytes incubated in the ab- 
sence of glucose could be _ 	by the action of phospholipase C 

(Rodbell et al 1966). 

2. Insulin Second Messenger 

From the work of Cuatrecasas (1969) and others (Mono 1969, Rodbell 

1966, Suzuki et al 1972), it is evident that insulin exerts its intra-

cellular effects in the adipocyte while it remains at the plasma membrane. 

It is now known that insulin receptors on the adipocyte plasma membrane 

function to trigger a second metabolic event. This is analogousXbut not 

necessarily involving the activity of the adenylate cyclase system 

(Sutherland et al 1965, Butcher et al 1968). Three possible intracellular 
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messengers  have been proposed that may participate in insulin action: 

c-AMP, c-GMP and Ca2+ion. These will be discussed below. 

The concept of the role of c-AMP as a second messenger in hormone 

action was proposed by Sutherland (Sutherland et al 1957, 1958). The 

hypothesis states that the effects of many hormones and biological sub-

stances which are unable to cross the cell membrane are mediated by a 

"heat stable factor", c-AMP. Indeed, many such factors have been studied 

and found to exert their effects either through the stimulation of aden-

ylate cyclase or the inhibition of phosphodiesterase. 
~rC~y 

The formation of c-AMP 	ATP is catalyzed by adenylate cyclase, 

EC.4.6.1.1 (Sutherland et al 1962) (see Figure 7), an enzyme which is 

mainly located in the plasma membrane of the cell. The presence of this 

enzyme has been demonstrated in the bacteria (Ide 1969, Tao et al 1969), 

in higher plants (Duffus 1969, Pollard 1970) in animal tissues (Robison et 
i9Eq 

al 1971; Birnbaumer etal I969a
A
b; Lef :kowitz et al 1970a,b) and in different 

cell types. Adenylate cyclase may exist in different molecular forms 

within the same cell (Bitensky et al 1968). The enzyme is associated 

with either the cytoplasmic, mitochondrial, or endoplasmic membrane. In 

the fat cell, like the liver and kidney cells, the cyclase is present in 

the cytoplasmic membrane (Bar et al 1969; Birnbaumer et al 1971a,b; Rodbell 

1967) and the endoplasmic reticulum (Vaughan et al 1969). 

The activity of the enzyme is controlled by various hormones includ-

ing adrenaline (Cooper et al 1975) and ACTH(Vaughan et al 1969), and pharma-

cological compounds such as ouabain (Shimizu et al 1970), sodium fluoride 

(Schramm et al 1970) and histamine (Kakiuchi et al 1968). The mechanism 

whereby the enzyme is activated by a hormone is not understood, but is 

thought to involve an allosteric interaction between the hormone and the 

cyclase or the membrane with which the enzyme is associated. Catecholamines 

have been shown to stimulate cyclase preparations purified by 200-fold in 

frog erythrocytes (Rosen et al 1969). Because of its particulate location, 
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however,  the adenylate cyclase is a difficult enzyme to study. In ad-

dition, it appears that the regulatory site is either an integral part 

of the cell membrane or depends on the total integrity of the membrane 

for its function. 

The fat cell plasma membrane is a very useful organelle for the study 

of hormonal action. Several investigators have demonstrated that the mem-

branes obtained from the fat cell "ghost" contain only one species of 

adenylate cyclase and the stimulation by effectors such as adrenaline and 

glucagon is mediated by specific receptors at the outer surface of the 

plasma membrane (Rodbell et al 1970; Birnbaumer et al 1969a,b; Bar et al 

1969). Because the/receptors are sensitive to trypsin, it is concluded 

that a protein component is an integral part of the structure. The stim-

ulation of "ghost" adenylate cyclase by fluoride. and adrenaline, however, 

is not affected by the protease. 

Information regarding agents which inhibit the adenylate cyclase en- 

zyme activity is sparse. Recently, Guellan et al (1977) demonstrated that 

a substance, coded as RMI 12330A, is an effective inhibitor of the cyclase 

in the rat liver. It appears that insulin also inhibits the activation of 

liver adenylate cyclase (Hepp et al 1969a,b and 1972; Menahan et al 1969),In... 

addition, fat cell adenylate cyclase is markedly reduced by prostaglandin 

E (Blecher et al 1969) . 

The physiological level of c-AMP in a cell is controlled by a balance 

between its formation by adenylate cyclase and its degradation by c-AMP 

phosphodiesterase (EC 3.1.4.17). The latter enzyme specifically cleaves 

the 3'5' diester bond of the nucleotide and c-AMP upon hydrolysis yields 

5'-AMP (see Figure 7 ). The degrading enzymes have been found in a number 

of specific tissues and cells (Drummond et al 1961, Cheung 1967, Nair 1966). It 

would appear that in any one cell phosphodiesterase, unlike adenylate cyclase, 

can be present in the same cell in the soluble as well as in the particulate 

form (DeRobertis et al 1967, Butcher et al 1962, Cheung 1967). Various 
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compounds  both natural and synthetic have been found to either activate 

or inhibit c-AMP phosphodiesterase. Sutherland et al (1958) reported 

on a Mg2+  dependent enzyme from bovine brain and heart that could gen-

erate 5'-AMP from c-AMP. Phosphodiesterase activity is stimulated by 

Imidazole and inhibited by caffeine and theophylline (Butcher et al 

1962) . 

There are conflicting reports on the effects of insulin on phospho-

diesterase. It has been shown that insulin has a stimulatory effect on 

c-AMP phosphodiesterase (Senft et al 1968), since reduced activity was 

found in liver and adipose tissue of starved rats or alloxan-diabetic 

rats. The phosphodiesterase activity could be increased by an intra-

venous dose of insulin and this effect could be blocked by actinomycin D. 

This suggests that insulin stimulates the synthesis of the diesterase. 

In contrast, several investigators (Blecher et al 1968, Hepp et al 1969a,b) 

have failed to find an activation of c-AMP phosphodiesterase by insulin. 

Thus, whether insulin exerts its antilipolytic effects on the fat cells 

by inhibiting the adenylate cyclase or by activating the c-AMP phospho-

diesterase is still uncertain. It is also possible that the action 

of insulin does not involve the c-AMP system. 

The interaction of a hormone such as adrenaline with the cell membrane 

receptor, elicits the formation of c-AMP. The nucleotide then triggers 

a series of enzyme reactions in a "cascade-like" sequence (Figure 8 ). 

The enzyme protein kinase plays a key role in this cascade. Protein 

kinase (EC 2.7.1.37) is a class of relatively non-specific enzymes which 

catalyze the phosphorylation of different proteins. The first report on 

the activity of protein kinase was by Burnett and Kennedy in 1954 when 

they demonstrated that a liver enzyme was able to catalyze the phosphory-

lation of casein. After this observation, it became necessary to classify 

protein kinases into c-A'IP-dependent and c-AMP-independent protein kinases 

so that the hormone related and hormone unrelated processes could be 
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distinguished. However, the distinction based on this classification 

can be confusing unless the properties of the protein kinases in question 

are well characterised since c-AMP-dependent protein kinase can be con-

verted into independent forms by dissociation of their subunits. 

The role of protein kinase in the c-AMP mediated activation of 

adipose tissue hormone sensitive lipase (Huttenen et al 1971, Huttenen 

et al 1970), and in the inactivation of glycogen synthesis is well 

documented (Lamer et al 1971). The c-AMP-dependent protein kinase was 

discovered by Walsh et al in 1968 as the intracellular component with 

which c-AMP interacts to initiate the sequence of events leading to glyco-

genolysis. The presence of c-AMP-dependent protein kinases have been 

detected throughout the vertebrate and invertebrate phyla. E. coli also 

has a c-AMP-dependent protein kinase(Kuo et al 1969b) but as yet, the en-

zyme has not been identified in higher plants. The natural substrate for 

protein kinase is unknown. Routinely, histones, protamines or casein are 

used as substrates in the measurements of protein kinase activity. The 

c-AMP-dependent protein kinase from muscle (Walsh et al 1968), brain 

(Miyamoto et al 1969), adipose tissue (Corbin et al 1969,1973), and liver 

(Langan 1969) have been identified and characterised. 

The protein kinase activity in the cell is controlled by an activation-

inactivation mechanism. c-AMP is the key regulator for this process. The 

control of glycogen metabolism by adrenaline provides a classical example 

of the regulation by the activator-inactivator mechanism. The regulation 

involves a series of phosphorylation reactions catalysed by c-AMP-dependent 

protein kinase and phosphorylase kinase. This leads to an activation of 

glycogen phosphorylase which in turn catalyses phosphorolysis of glycogen. 

The synthesis of glycogen is blocked concurrently by the phosphorylation 

of glycogen synthe 
iz.se 

 which converts the enzyme into a less active form 

that depends on glucose-6-phosphate for full activtiy. There appears to 

be a close analogy between the function of c-AMP-dependent protein kinase 



-30- 

in the liver with that in the adipose tissue. In the latter tissue, the 

phosphorylated and the activated protein kinase catalyses the 

of a lipase from an inactive to an active unit. The active enzyme in 

turn catalyses the hydrolysis of the stored triacylglycerol to produce 

free fatty acid and glycerol. The hormone sensitive lipase system in 

the adipose tissue has been characterised by Khoo et al(1974 and 1976) 

but unlike the c-AMP-dependent protein kinase, detailed information on 

the mechanism of the lipase activation is not available. 

The elucidation of the molecular mechanisms by which c-AMP activates 

c-AMP-dependent protein kinase has been facilitated by the studies of 

Gill et al (1970) and other investigators (Kumon et al 1970, Brostrom 

et al 1970, Tao 1971 ) who have studied the interaction between the 

two components. The inactive enzyme (RC) is made up of two different 

functional subunits: catalytic (C) subunit and a regulatory (R) or in-

hibitory subunit that binds c-AMP. The binding of the nucleotide to the 

regulatory subunit (R) makes the complex unstable and this results in 

the dissociation of the catalytic subunit (C) for enzyme activity (Figure 

8). There is no evidence of catalytic activity in the R subunit. 

The results from studies on protein kinases reveal new possibilities 

as to how the hormonal function may be regulated at the intracellular 

level. It would appear, however, that the protein kinases may be reg-

ulated by factors other than cyclic nucleotides. It is conceivable that 

a change in intracellular ionic environment could elicit changes in 

protein kinase activity. Within the nucleus of the cell, components such 

as histones could bind to the regulatory subunit of the protein kinase 

and thereby regulate the activity of the enzyme. A protein inhibitor, 

similar to the one described by Walsh et al (1971), could 

also modulate the protein kinase activity within the cell. Lastly, 
a~►g1•~ 

certain polypeptide hormones • interact directly with the c-AMP-dependent 
A 

protein kinase resulting in the inhibition or activation of the enzyme. 

LorevefrsiOn 
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Whereas  there is sufficient evidence to indicate that an increase 

in c-AMP mediates the activities of many hormones on adipose tissue 

lipolysis, the antilipolytic effects of insulin, however, are not simply 

the result of-the reversal of raised c-AMP levels. Indeed, at insulin 

concentrations of 100 uU/ml which reduced lipolysis markedly, changes 

in c-AMP levels are not readily discernible (Kissebah et al 1974b). 

Furthermore, the correlation between c-AMP levels and the rate of lipo-

lysis in isolated fat cells incubated with increasing concentrations of 

adrenaline with and without insulin, has shown that the inhibition of 

lipolysis caused. by insulin was much greater than the decrease in c-AMP 

(Siddle et al 1974). These results suggested that factors in addition 

to c-AMP almost certainly are involved in mediating the intracellular 

effects of insulin. 

The discovery by Ashman et al (1963) of yet another cyclic nucleo-

tide, 3'5' guanosine monophosphate (c-GMP) (Figure 9 ) in mammalian tis-

sues, marked the beginning of a new phase in cyclic nucleotide research. 

Also, the proposal by Goldberg et al (1975) which relates the function 

of c-AMP and c-GMP to the control of cellular metabolism, indicates that 

the two nucleotides have opposing regulatory roles in many cellular sys-

tems that have been examined. 

c-GMP has been detected in all the phyla of the animal kingdom and 

prokaryotes (Ishikawa et al 1969), but has not yet been detected in plants. 

In mammalian tissues, the presence of c-GMP has been reported in the kid-

neys (Goldberg et al 1975), brain (Ishikawa et al 1969), liver and adipose 

tissue (Kuo et al 1972). However, inspite of the extensive literature on 

the nucleotide, the function of c-GMP in biological tissue remains to be 

defined. 

The level of c-GMP varies in mammalian tissues between 10
-8 
 and 10-6  

mol/kg wet weight. In any one tissue, the c-GMP concentration is between 

1/10 and 1/100 that of c-AMP, whereas in some tissues such as lung or 
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sperm,  the level of the two nucleotides is about the same. 

In the cell, c-GMP is synthesized from GTP. This reaction is cat-

alysed by guanylate cyclase (EC 4.6.1.2) (Vhite et al 1969a,b; Hardman et al 

1969). The guanylate cyclase, unlike adenylate cyclase, is present in 

the cell either loosely bound to membrane components or in the soluble 

fraction of the cell. The enzyme appears to require Ca
2+ 
 ions for c- 

tivation whereas adenylate cyclase is generally inhibited by the cation/ 

Gx The breakdown of 3'S'-c-MP to 5'-GMP is controlled by a c-GMP /\ 

phosphodiesterase. The latter, unlike the c-AMP hydrolytic enzyme resides 

in the soluble fraction of the cell and the activity of the enzyme has been 

detected in hepatocytes (Kakiuchi et al 1970). 

Russels et al (1973) using a preparation of liver tissue, attempted the 

partial separation of the different enzyme species by column chromatography. 

The first enzyme peak eluted from the column had hydrolytic activity spec-

ific for c-GMP and was identified in the soluble fraction of the cell. 

Various hol-mones have been found to increase c-GMP level in tissues. 

George et al (1970) reported that the perfusion of isolated rat heart 

with acetylcholine (0.37 pM) produced an elevation of myocardial c-GMP 

concentration coincident with the first signs of cholinergic-induced de-

pression of cardiac function. Since this report, a similar relationship 

has been shown to operate in a number of mammalian tissues and cells 

both in vitro and in vivo (George et al 1970, Kuo et al 1972). However, 

the coupling mechanism of c-GMP formed within the cells with other intra- 

cellular components to evoke the requisite physiological responses has not 

been identified. 

In 1970, Kuo and Greengard isolated a crude protein kinase from the 

tail muscle of the lobster, This enzyme was more selective \ c-GMP than 

c-AMP. A c-GMP-dependent protein kinase has also been identified in the 

mammalian brain and lung tissue ( 

dependent protein kinase, the c-GMP-dependent enzyme also appears to 

Kuo et al 1969b, 1970) . 	Like c-AMP- 
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function  in the cytoplasm compartment of the cell. Further experiments 

from several laboratories have revealed c-GMP specific kinases in mam-

malian tissues (Lincoln et al 1977, Gill et al 1976, Kuo 1974, Shoji et 

al 1977). It is at present not certain whether the c-GMP-dependent pro-

tein kinase (EC 2.7.1.37) is regulated by a similar mechanism to that of 

c- AMP-dependent protein kinase (s). At least two investigators (Lincoln 

et al 1977, Gill et al 1976) have reported that the c-GMP-dependent pro-

tein kinase, unlike the c-AMP-dependent protein kinase, is not dissociable 

into a regulatory and catalytic subunits. This, however, is controversial 

since Kuo (1974) and Shoji et al (1977) have demonstrated that c-GMP 

protein kinase is indeed regulated in an analogous manner to the c-AMP-

dependent enzyme. The physiological function for c-GMP protein kinase, 

however, has not yet been elucidated. 

D. The Role of Calcium Ions  

The functionsof c- IP, and to a lesser extent c-1  4P, as intracellular 

regulators cannot be fully explained by their known action on protein 

kinases. More information is required about the action of cyclic nucleo-

tides at specific intracellular sites. There is indirect evidence that 

Ca2+  is involved in the activation of many biological reactions in a var-

iety of cells (Friedmann 1974, Steinhardt et al 1974, Prince et al 1972, 

Rasmussen et al 1975) besides the skeletal muscle (Bianchi 1973, Ebashi 

et al 1968, Weber et al 1973). There is also increasing evidence that 

the divalent cation plays an important role in the regulation of cell 

functions mediated by c-AMP and c-GMP. These two cyclic nucleotides 

have been proposed as mediators of hormone action and as modulators of 

calcium ion distribution within the cell. Indeed, in many cases, only 

when the role of Ca2+  ions as cofactors in intracellular events are im-

plicated can the regulatory roles of cyclic nucleotides and hence, the 

hormones, be clarified. 
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The importance of Cat+  in tissue metabolism was first observed in the 

control of muscle contraction following the experiments of Ringer in 1883a,b. 

The ions were found to mediate the excitable contraction coupling in 

skeletal muscle. It soon became evident that the cation functions as a 

physiological coregulator for many cellular reactions and that the intra-

cellular free calcium concentration can be regulated with extreme pre-

cision. Three main cellular structures have been proposed as possible 

sites for the regulation of.Ca2+: 	the plasma membrane, the endo- 

plasmic reticulum and the mitochondria. The role of Cat+  has already 

been elucidated in the specialized endoplasmic reticulum (ER) of various 

types of muscle. The sarcoplasmic reticulum functions as an efficient 

calcium regulator in skeletal muscle cells (Martonosi 1972). The ER of 

many other mammalian cells, however, appears to have a low capacity for 

calcium uptake, thus the function of this organelle as a calcium regula-

tor remains unresolved, although Hales et al (1974) have provided direct 

evidence that the ER is an important site for Cat+  localization in the 

fat cell cytoplasm (Figure 10) . 

The cytoplasmic Cat+  concentration depends partly on the regulation 

of Ca2+  exchange at the plasma membrane, between the cell and the extra-

cellular compartment. In addition, the intracellular Cat+  ion distribu-

tion throughout the various microcompartments contribute significantly 

to the control of the calcium level. This is achieved in several ways: 

a) Cat+  ions bind to cytoplasmic constituents, b) there is an energy-

dependent uptake into the organelles such as the mitochondria concurrently 

with a passive movement of the cation out of the mitochondria, c) calcium 

is deposited as a phosphate complex in the matrix of the organelle, d) in 

the endoplasmic reticulum there is an energy-dependent uptake and passive 

release of Cat+  ions. It is generally agreed that the calcium pool within 

the mitochondria forms the major fraction of stored calcium in mammalian 

cells. About 10 years ago, it was established that the mitochondria can 
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FIGURE 10 
EM sections of isolated fat cell showing the cytoplasmic region 

after glutaraldehyde-osmium pyroantimonate fixation. 1, central lipid 
droplet; pm, plasma membrane. 

a. There is dense precipitate along the lipid droplet which 
appears into the cytoplasm (arrows) as well as precipitate in associa-
tion with the plasma membrane (x 120,000). 

b. The dense precipitate is bound by membrane (arrows) of smooth 
endoplasmic reticulum (x 120,000). 

These EM analyses of antimonate deposits illustrate that the smooth 
ER of adipocytes may be structurally and functionally analogous to the 
sarcoplasmic reticulum of skeletal muscle and that the redistribution 
of Ca from a Ca-store inside the ER may be a consequence of the action 
of certain hormones (Hales et al 1974). 
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accumulate  large amounts of various divalent cations against a concentra-

tion gradient. Lehninger (1949) was the first to report that the ad-

dition of calcium ions to a suspension of isolated liver mitochondria 

caused uncoupling of respiration. Direct estimate of the mitochondrial 

calcium concentration has not yet been possible because of technical 

limitations. Indirect measurements would indicate, however, that the 

concentration of Ca2+  ions in this organelle is about 10-4M. It has 

been demonstrated that there is a regulated exchange between H4  ions 

and the Ca2+  ions, such that as the intramitochondrial calcium-phosphate 

complex is formed, H+  ions are released concurrently. This system acts 

as a buffer, regulating the intracellular concentration of hydrogen ions, 

calcium ions and phosphate ions (Bygrave et al 1971; Vainio et al 1970). 

There is much information available on the mechanisms whereby iso-

lated mitochondria accumulate. Ca2+  ions and there is little doubt that 

this process is of major physiological importance. However, the sig-

nificance of these experimental results to the understanding of the 

mechanism regulating mitochondrial uptake of Ca2+  in the cell is still 

obscure. 

Two different mechanisms, both energy-dependent, have been identified 

for the regulation of Ca2+  efflux. The specific Ca2+  activated ATP 

(calcium pump) has been well studied especially in the red blood cell 

(Sarkadi et al 1976) and in the muscle (Scarpa et al 1972). The other 

mechanism is based on the Na+-Ca2+  exchange whereby extracellular sodium 

ions exchange for intracellular Ca2+  ions. The energy required for the 

maintenance of the latter is apparently obtained from the sodium gradient 
-ate 

created by the Na/K pump activated ATP1(WVhitfield et al 1973, Blaustein 

1974, Baker et al 1971, Baker et al 1973). The Ca ATPase is present both 

at the plasma membrane and at the inner mitochondrial membrane. Calcium 

ions pass passively through the plasma membrane of the cell down a con-

centration gradient from an extracellular concentration of 10-3  M to a 
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cytosolic  level of 10-6  M. The calcium pump regulates the intracellular 

calcium concentration by actively removing the ions. This pump is 

structurally very complex and although much detailed work has been per-

formed on the ATPase system, little is known about the exact organization 

of this enzyme complex (Boyle 1973, Dreifuss et al 1975, Rasmussen et al 

1976, Rink et al 1974) . 

From the foregoing presentation, it is clear that an investigation 

into the roles of Cali' ions and cyclic nucleotides in the adipocyte may 

provide a better understanding of the molecular processes involved in 

the regulation of fat metabolism and enzyme induction by insulin. 



G'HAPTER II 

MATERIALS AND METHODS 
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MATERIALS  

Epididymal adipose tissue pads were obtained from normal male Wistar 

rats fed regular chow ad lib. Adenosine-8-3H,3'5'-cyclic monophosphate 

(27 ci/mmol); L-leucine-4,5-3H (1.0 ci/mmol); glycerol tri [9,10(n)3H]-

oleate (300 mCi/mmol); oleic acid [9,103H(n) (2.0 ci/mmol) were obtained 

from Radiochemical Centre, Amersham, England. The fat emulsion (20% 

intralipid labeled with glycerol tri [9,10(n)-3H] oleate was a gift from 

Dr. I. Hakansson, King Gustaf V Research Institute, Sweden. 

The efficiency of the systems used to determine radioactivity of a 

radiation was qsed using an internal standard technique; carbon-14, n-

hexadecane (1.115 x 106  DPM) and tritium (H-3), n-hexadecane (5.04 x 106  

DPM were both obtained from Amersham, England. Reagents for radioactive 

analysis were obtained from Packard. The c-GMP antibody and tracer (I125- 

Sc-(SIP-TME, 600 ci/mmol) were from Collaborative Research (CR), Waltham, 

Massachusetts, U.S.A. Amino acids, puromycin, EGTA (ethylene glycol-bd 2rn«:wey 

efke)N,N'- tetra-acetic acid) and triolein standard were obtained from Sigma Chem-

ical Co., London. Lanthanum chloride, ferric perchlorate (non-yellow), 

triethanolamine, tris (acid and base) hydroxylammonium chloride were pur-

chased from BDH Chemical Company, London. Bovine serum albumin (re-

crystallised) was from Armour (London). 

The collagenase (164 u/mg) was obtained from Cambian Chemical Co., 

Ltd., London and the fibre glass discs (GF/C) from Whatman. All the other 

agents used were of analar grade (AR) (where applicable) and were obtained 

from either BDH or Sigma. The enzymes for the glycerol estimation were 

obtained from Boeliringer Corporation, England. All stock solutions and 

buffers were made up in double distilled, deionised water. 

Adrenaline was obtained from Parke-Davis Co. Injection ampoules 

contained adrenaline hydrochloride (1 mg/ml) dissolved in isotonic NaCl 

solution with <0.1% sodium bisulfite as a preservative. Since this sol-

ution is sensitive to light and to oxidising agents, it was diluted 
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fresh  prior to each experiment and added immediately to the incubation 

buffer. The insulin and Ca ionophore A23187 were gifts from Eli Lilly, 

Indianapolis, Indiana, U.S.A. The insulin (porcine) was available as 

crystalline solid, and was glucagon free. Since the crystals are in-

soluble in water at neutral pH, dilute HC1 was added to the stock pre-

paration (1 mg/ml = 24 u/ml) to produce a clear solution with a pH of 

2.5 - 3.0. This solution was stable for at least 1 year at 4°C as mea-

sured spectrophotometrically (using A
Ō71~ 

= 1.05) and by bio-assay. 

The ionophore (mol wt 523) was obtained as a crystalline solid 

which was insoluble in water. The stock solution (0.1 11) was made up 

in absolute ethyl alcohol. Prior to the addition of A23187 to the in-

cubation buffer, an aliquot of the stock solution was added to a measured 

volume of water and the mixture was rapidly mixed. Aliquots of this sol-

ution were then immediately added to the buffer. The time factor for the 

addition was important-, since the ionophore forms aggregates, and on 

standing, the concentrated solution tends to form a gel. 
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METHODS 

A. Fat Cells  

1. Preparation of Cells 

The adipose cells are connected in situ by collagen-like fibres. 
um 

Collagenase, an enzyme produced by the bacterie Clostridium histolyticum  

is used to catalyse the degradation of the collagen and separate white 

adipose tissue into free fat cells and stromal vascular cells. Since 

fat cells have a high fat content, they can easily be separated by 

flotation from the more dense stromal cells following centrifugation 

at low speed. 

The isolated fat cells are prepared by a modification of the 

method originated by Rodbell(1964a,b). Rodbell investigated the metabol-

ism of the fat cells extensively and demonstrated conclusively that the 

cells, when separated from adipose tissue by the collagenase method, 

maintain intrinsic metabolic activity of this tissue. Moreover, the 

fat cells are often more responsive to certain hormones than adipose 

tissue pieces in vitro. 

Male Wistar rats (150-185 g) are  fed ad libitum with regular rat 

chow. The animals are killed by decapitation and the epididymal fat 

pads are removed and rinsed in 0.9% NaCl solution. The distal portion 

of each pad which weighed about 0.9 g is blotted and cut into small 

pieces with a pair of scissors. The pieces of tissue are then transferred 

to small plastic vials containing collagenase (1 mg/ml) dissolved in Krebs' 

albumin bicarbonate buffer at 37°C. The constitution of this buffer is 

the same as that described in Section B.2. 	Plastic containers are 

used throughout this isolation procedure because glass 

surfaces tend to break up fat cells. Usually 3 adipose pads were in-

cubated per 3 ml of the digestive preparation. The cell suspension is 

gassed with 02/CO2 (95/5%) and incubated for 45 min. Digestion of the 

tissue is usually considered complete by subjective assessment. The 
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cell suspension in the digesting medium should appear viscous following 

a brief agitation of the incubation vial. Thereafter, the incubation 

buffer normally requires a few seconds to clear. The viscosity and the 

cloudiness is due to the isolated cells and the collagenous nature of 

the preparation. After adequate digestion, I volume of Krebs' albumin 

buffer is added to the suspension and the vial is shaken sharply once 

to liberate the fat cells from tissue fragments. The undigested lumps 

of tissue are removed with fine siliconised forceps and the remaining 

suspension is poured into a 50 ml plastic syringe. The end of the syringe 

had been modified so that a flat rounded piece of fine nylon (pore size: 

200 dun) could be "heat fused" across the cylinder head. The fat cell 

suspension is gently passed through the sieve with the aid of the piston. 

In this way, all the harvested cells are pooled into a plastic beaker. 

The suspension is then centrifuged in polyethylene tubes for I5 sec 

at 400 g in a bench (NSE) centrifuge. The isolated fat cells float 

rapidly to the surface and the stromal vascular cells sediment to the 

bottom. The sediment together with the reddish supernatant are removed 

by aspiration through a glass siliconized pasteur pipette which is con-

nected to a vacuum pump; thus, the disturbance of the fat cell layer is 

kept to a minimum. The cells are washed in this manner three times using 

fresh Krebs' albumin buffer kept at 37°c. This procedure efficiently 

separates the stromal vascular cells from the fat cells, leaving a white 

fat cell layer above a colored infranatant. The fat droplets which are 

invariably formed due to cell damage, float more rapidly to the surface 

than the fat cells. These droplets are removed by suction from 

the surface of the cells after gentle stirring of the suspension. 

2. Tncubation Conditions 

The pooled epididymal adipose tissue from 10 young rats (140-180 g) 

provided sufficient cells to prepare a 30 ml suspension. The suspension 
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is transferred to a narrow, 50 ml capacity, plastic cylinder containing 

a teflon-coated bar magnet. While the suspension is being gently stirred, 

quantitative aliquots of the cell preparation are transferred to the plas-

tic incubation tubes with a "Finn" pipette. The measured aliquots are 

always drawn from the middle of the suspension so that a representative 

and homogeneous population of cells is contained in each incubation tube. 

In addition, the last 10 ml of the suspension which inevitably contains 

some cellular debris, is discarded. The plastic tubes containing the 

cells are placed in a 37°C water bath. A small bar magnet is placed in 

each tube. The preparation is gassed with O2/CO2  (95/5%) and shaken at 

the rate of 30 oscillations per min. 

The quantity of cells added to each tube is monitored by the measure-

ment of total hydroxamate-reactive ester extracted from an aliquot of the 

incubated suspension (see Section H 	). Owing to the small differences 

in the number of cells incubated in each aliquot, the standard error in 

the measurements of the metabolic products is normally small. 

The incubation conditions for the experiments involving c-GMP and 

protein synthesis were as follows: to some tubes, CaC12 was added to pro-

duce a final Ca concentration of 1.25 mM while to other tubes, EGTA was 

added to a final concentration of 1 mM. The buffer also contained bovine 

serum albumin 2%, glucose 5 mmol/1 and a balanced amino acid mixture, the 

proportions of which was chosen to correspond to the approximate amino 

acid concentration and constitution of rat plasma. A stock solution was 

diluted 1:100 such that the final concentration of total amino acid in 

the incubation medium was039 mM (Minemura et al 1970). The flasks were 

pre-incubated at 37°C for 30 min in a water bath. At the end of the pre-

incubation period, the appropriate hormone or agent was added, followed 

by the immediate addition of 3H-leucine (1 uCi/tube). The incubation con-

ditions for the experiments on lipolysis were essentially similar to those 

described above with the major exception that neither glucose nor amino 
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acid was present in the incubation medium. At the appropriate intervals, 

quantitative aliquots of the fat cell suspension are removed from the in-

cubation tube while the suspension is kept stirring gently. The sample 

is transferred to a glass homogeniser containing absolute alcohol (final 

conc. 80%). The cells are homogenised immediately. The alcohol stops 

any further metabolic reaction instaneously and precipitates the cellular 

proteins and the albumin present in the incubation medium. The alcohol ex-

tract is then centrifuged at 400 g for 15 min to remove the precipitated 

proteins and the clear supernatant is transferred to glass test tubes. 

The tubes are placed in a water bath at 37°C and with the aid of a gentle 

jet of nitrogen, the content is evaporated to dryness. The white residue 

is reconstituted in the appropriate buffer, mixed on a vortex and stored 

at -20°C. 

The alcohol extraction method has many advantages over other methods 

for the separation of protein from other cellular constituents. The pro-

ducts of lipolysis are present at low concentrations in fat cells. The 

products from the alcohol extract may be reconstituted in small volumes 

of the assay buffer, thus, the products may be obtained in a concentrated 

form. Moreover, this method of extraction avoids the use of chemicals 

such as TCA which interferes with many of the methods used to measure the 

metabolic products from fat cells. 

The recovery of c-AMP and c-GMP by this isolation method ranged from 

86-95% and that of glycerol ranged from 89-94%. 

B. Fat Tissue  

1. Preparation of the Tissue Pieces 

The method adopted for the incubation of fat pad pieces in vitro for 

the study of insulin on LPL activity is similar to that used by Winegrad 

et al (1958) . 

Young male rats are fed ad lib and 12 hours prior to the experiment, 

the rats are allowed access to a 5% glucose solution instead of the usual 
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tap water. These nutritional conditions are found to be the most suitable for 
cewrca-L 

experiments on LPL. The rats are killed by, dislocation. The two epididy-

mal fat pads from each rat are excised and placed in a petri dish contain-

ing 0. 9 . /,saline maintained at room temperature. The use of cold saline 

is avoided as this causes "clumping" of the fat present in the tissue 

which consequently interferes with the normal physiology of the cells. 

The two pads from each rat are incubated in parallel such that the 

metabolic activity in the left pad serves as a control for the activity 

in the right pad. This method ("paitbd fat body technique") purports to 

cancel out differences in tissue metabolism from one rat to the other. 

Although Wing et al (1966) showed that the differences in LPL activity 

between paired fat bodies are small. They failed to find any significant 

variation in metabolic activities between the left and right adipose pads 

taken from rats. 

The epididymal fat pads are taken after an incision along the midline 

of the rat abdominal wall. Each pad is handled gently by fine forceps and 

a lateral cut is made between the epididymus and the base of the pad leav-

ing all the connecting veins untouched. The pads are washed in physio-

logical saline, dried on a filter paper and weighed. Before the pads are 

placed in the incubation buffer, each pad is cut into small flat pieces. 

The pieces, weighing about 50 mg each, are placed in plastic tubes contain-

ing the incubation buffer, the composition of which is described below. 

The division of the fat pad in this fashion is crucial for two reasons: 

a) it increases the surface area of the tissue and allows substances pres-

ent in the incubation buffer to diffuse efficiently in and out of the tis-

sue mass and allows maximum area for access of the hormone to the receptor sites 

on the cell surface; b) to treat each fat pad in a similar way as the 

thickness of the pad varies from the base to the tip, tissue pieces 

equivalent to one fat pad are incubated in 2 ml of buffer and distributed 

in such a way that each incubation tube contained more or less the same 



-46- 

weight  of tissue. The tissue pieces are incubated for various periods at 

37°C in a metabolic shaker (30 cycles/min). 

2. Incubation Conditions 

The medium used for the incubation of the tissue pieces is a Krebs' 

ringer bicarbonate buffer at pH 7.4. 	The buffer has the following 

composition: NaC1 (109 mM), KCe. (4.0 mM), CaC12 (1.27 BM), KH2PO4  

(1.19 niM), MgSO4-7H2O (1.19 nM), NaHCO3  (24.64 mM). This medium contained 

2% re-crystallized bovine serum albumin (BSA), glucose 5 mM, and an amino 

acid mixture (see Section A.2  ). Insulin and other agents were added 

at the beginning of the incubation phase. The final concentration of the 

inorganic ion composition of the medium was similar to that of rat plasma. 

The Krebs' salt is prepared as follows: the salts excluding NaHCO3 

are made up x5 concentrated in deionized distilled water and autoclaved 

in 100 ml dots. A concentrated solution is prepared so that only a rel-

atively small volume of stock solution is required. The autoclaving allows 

the salt mixture to be kept at room temperature. The bicarbonate is kept 

separate to avoid the formation of the white precipitate due to the Ca 

salts present in the mixture. NaHCO3  is made up fresh each week and stored 

in an air tight container to minimize the loss of CO2. 

To make 100 ml of the incubation buffer, 20 ml of the concentrated salt 

mixture is added to 2g of re-crystallized BSA and 60 ml of water. The 

albumin is dissolved and the solution gassed gently with 02/CO2  (95/5%) 

for five min. 20 ml of NaHCO3  is gassed in a similar way and the two 

solutions are mixed. The pH of the completed incubation mixture is adjust-

ed to 7.4±0.1 with 2 drops of 0.1 N NaOH. It is important to gas the buf-

fer before the pH is adjusted since the CO2 in the gas mixture tends to 

acidify the buffer slightly. Krebs' bicarbonate buffer is not a very 

strong buffer and the pH is altered by slight shifts in the H+  and OH 

ratio. However, the buffering capacity of the bicarbonate buffer is not 

as acutely affected by changes in temperature as compared to Tris HCl buffer. 
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The change in pH of the Krebs' buffer throughout the incubation period 
v.2-o.3 

was minimal (between 	pH units). 

The incubation medium containing the tissue pieces in the plastic 

tubes is gassed briefly with O2/CO2  (95/5%) during the pre-incubation 

period of 15 min. Then the hormone and/or other agents are added. This 

marks the start of the incubation period. The incubation tubes are shaken 

well to ensure thorough mixing of the hormone with the medium. 

3. Preparation of Samples for Nucleotide Assay 

At the end of the incubation, fat tissue pieces are removed from the 

medium, blotted and transferred immediately to small hollow compartments 

shaped in the surfaces of a metal clamp which had  been precooled in liquid 

nitrogen. The tissue pieces are "sandwiched" between the two metal sur-

faces and the clamp is returned to the liquid nitrogen. The whole clamp 

is then stored in a -711C freezer until the samples are assayed. This pro-

cedure ensures that the metabolic reaction in all the tissue pieces is 

stopped instantaneously. This is specially important because in many of the 

experiments described, the time intervals between sampling is very short. 

As required the frozen tissue pieces are removed from the freezer and 

homogenised in 5% cold TCA to extract the cyclic nucleotides. The acidity of 

the preparation is partially neutralized by three washes with 20 vol of 

water saturated diethyl-ether. This process increases the pH of the extract 

sufficiently so that when 50 pl aliquot of the extract sample is assayed 

in the nucleotide-assay buffer, the final pH of 7.6 in this buffer is not 

altered. 

C. Cyclic-AMP Assay  

1. Principles of Procedure 

The c-AMP present in the adipose cells is measured by a competitive 

protein binding technique based on the methods of Gillman (1970) and Brown 

et al (1971). A tritiated tracer (3H-c-AMP) is used which reacts re-

versibly with a specific binding protein to c-AMP to form a labeled protein 
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complex. The addition of unlabeled c-AMP (standard or unknown) to this

complex results in competitive displacement of the tracer from the tracer

protein complex (Figure 1 ). The extent of the displacement is pro

portional to the amount of c-AMP added to the incubation mixture. When

the displacement reaction has reached equilibritnn, the remaining tracer

protein complex is separated from the unbound 3H- c-AMP with an albumin

coated charcoal mixture. Following centrifugation, the amount of bound

tracer to the protein is detennined by counting an aliquot of the super-

natant in a beta liquid scintillation spectrometer. A standard curve is

prepared relating the percent of the bound tracer (%B) in the supernatant

to the concentration of the c-AMP added to the reaction mixture. This

curve is subsequently used to detennine the amount of c-MIP in the unknown

samples.

;W~

111&
D
D
D

D c- AMP Binding Proteina Labeled (3H) c- .A1'-'lP

~ c-.A1"W Unlabeled

FIGURE 1

LABELED AND UNLABELED c-Ar~1P COr·1PETE FOR THE BINDING SITES ON THE
c-AMP BINDING PROTEIN. THE AMOUNT OF LABELED c-ArtP BOUND TO THE
PROTEIN IS INVERSELY PROPORTIONAL TO THE AMOUNT OF UNLABELED c-Ar~p
PRESENT IN THE SAMPLE.

C-A~lP is measured in the fat cell suspension follrnving the reconstitu-

tion of the dried alcohol extract with 200 111 of assay buffer. The recovery

of the nucleotide from alcohol by ~lis method averages 87±lO%.

2. Details of Procedure

TIle competitive binding protein technique provides a sensitive,
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accurate  and simple estimate of c-AMP content in fat cells at the pmol 

level. The isolation of the c-AMP from the cells by elaborate and time 

consuming procedures were found to be unnecessary because interference 

from related compounds, e.g. ATP, was not significant. 

The binding protein is isolated from fresh bovine adrenal cortex. 

All the procedures described below are performed at 4°C. The adrenal bodies 

are dissected and the yellowish medulla is separated from the cortex. The 

cortex is minced in small fragments and these are homogenised in a motor 

driven tissue grinder in a buffer at pH 7.6. The buffer contains: tris 

(HC1) 50 mM; sucrose 250 mM; KC1 25 mM, and MgC12  5.0 mM. The homo-

genate is centrifuged at 2000 g for 20 min after which the precipitate is 

discarded and the supernatant is centrifuged at 5000 g for 20 min. The 

5000 g supernatant is equivalent to the fraction used for c-AMP assay by 

Brown et al (1971). Since our group demonstrated that this crude adrenal 

preparation contained significant levels of both adenylate cyclase and 

phosphodiesterase activity (Tulloch, et al 1972), a two-stage purification 

procedure was adopted by Kissebah et al(unpublished). This procedure involved 

the following steps: the 5000 g supernatant is centrifuged at 16,000 g 

for 30 min. The pH of the supernatant obtained from the 16,000 g spin is 
Ja 

adjusted with glacial acetic acid to 	. This preparation is allowed 

to settle for 10 min. The precipitate is removed  by centrifugation for 

30 min at 16,000 g. The clear supernatant is collected and the pH is ad-

justed to 6.5 using a 1M solution of potassium phosphate buffer (pH 7.2). 

To this preparation is added solid (N114)2SO4  (40 g/100 ml) and this is 

stirred for 30 min followed by centrifugation at 16,000 g for 20 min. The 

supernatant is discarded and the precipitate is dissolved in a "working" 

buffer (pH 7.6) which contains tris (HC1) 50 mM, theophylline 8 mM, and 13-

mercaptoethanol 6.0 mM. Finally the protein preparation is transferred to 

a dialysis bag and dialysed for 20 hours at 4°C against 20 vols of the same 

buffer. 1.0 ml aliquots of the dialysed binding protein preparation is 
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distributed  in small glass vials and stored at -20°C. Under this con-

dition, the c-AMP binding property of the protein is maintained for 

several months. 

3. The Assay Conditions 

The sensitivity of the assay is mainly determined by the specific 

activity of the radiolabeled tracer. Thus, it is essential to select a 

preparation of 3H-c-AMP with high specific activity for this assay. 

Accordingly, 50 pl of the diluted 3H-c-AMP solution contains an equivalent of 

only 0.09 pmol c AMP. This allows the detection of 1.0 pmol of the nucleo-

tide in the cell extracts with a high degree of accuracy and reproducibility. 

The binding protein is diluted in the working buffer so that the 

percentage of 31-1-c-AMP bound to the protein in the absence of nonlabeled 

c-AMP does not exceed 30%. Depending on the protein preparation,1 vol of the 

protein solution is usually mixed with 8 vols of the assay buffer to pro-

duce the required initial binding. If the initial binding is higher than 

30%, the kinetics of the displacement is altered so that the linear re-

lationship between the fraction of 311-c-AMP bound and the concentration of 

added standard is no longer maintained. This results in a decrease in the 

sensitivity of the assay. 

The assay is performed at 4°C in small plastic tubes. The mixture 

contains: "working" buffer 100 pl; standard c-AMP (0.5-40 pmol) or un-

known sample 50 pl; 3-I-c-AMP (tracer) 50 ul; binding protein dif (1:8) 

100 pl. In addition, two sets of tubes are included one of which contains 
cAiz,-cm/ 	 c-~zr ti 

no 	. and the other contains no • 	.. The former is used for 

the estimation of total radioactivity added to the mixture (TCPM tube con- 

tains no charcoal). The 	1 is used to estimate the background (Bg) 

radioactivity and does not contain any binding protein. 

The content of the incubation tubes is mixed using a vortex mixer and 

the tubes are incubated at 4°C for 1 1/2 hours. At the end of this period, 

a suspension of albumin coated charcoal (100 ul) is added to each tube at 
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FIGURE 2 

THE EFFECT OF ALBUMIN-COATED CHARCOAL ON C-AMP BOUND 

TO PROTEIN IN THE SUPERNATANT. 
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4°c (albumin 200 mg, charcoal 1.1 g, buffer 10 ml). The charcoal is 

coated with albumin so that the adsorbent surfaces of the carbon particles 

only adsorb the free 3H-c-AMP and not the bound tracer. However, if the 

assay mixture is exposed to the charcoal for too long before centrifuga-

tion is started, the equilibrium between bound 3H-c-AMP and free 3H-c-AMP 

is disturbed. This results in the loss of 3H-c-ANP from the binding pro- 

tein. Consequently, the radioactivity level in the bound fraction is 

markedly reduced (Figure 2). 

On the addition of the charcoal preparation to the tubes, the content 

is thoroughly mixed. The tubes are then immediately centrifuged at 3000 g 

for 30 min at 4°C. 250 p1 aliquots from the clear supernatant are trans-

ferred to plastic vials containing 10 ml of Kinnard solution made up of 
76-0 ' 	7ōa ( 	/70,9 

dioxane, xylene, naphthalene, alcohol d PP . After vigorous mixing, the 

radioactivity in the vials is measured in a P, scintillation spectrometer. 

4. Calculation of Results 

The background count(BG) is subtracted from the counts in all the other 

tubes (CPM). The percentage of 3H-c-AMP bound (%B) is expressed according 

to the formula below: 

The standard curve is constructed by plotting %B against the concentration 

of known standard c-AMP in the assay mixture (0.5-40 pmol) (Figure 3). 

The unknown samples are determined from this curve. 

5. Modifications 

High concentration of Ca2+  ions, in excess of 1.25 mM,interferes with 

the binding of c-AMP to the protein. Thus, when fat cells are incubated in 

Krebs' buffer which contains a high concentration of calcium, EDTA is added 

to the reconstituted alcohol extract to chelate the Ca2+  present. 
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cAMP standard curve. 
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FIGURE 3 

DISPLACEMENT OF 3H-CAMP BY NON-RADIOACTIVE CAMP 

FROM THE BINDING PROTEIN OF BOVINE ADRENAL CORTEX. 
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D. C-GMP Assay  

1. Principles of Procedure 

The concentration of c-GMP in the adipose tissue and cell extracts is 

determined by a modification of the radioimmunoassay technique described 

by Steiner et al (1972a,b). 

An iodinated antigen (tracer), I125  —c-GMP reacts reversibly with the 

specific antibody to c-GMP and an antigen-antibody complex (Ag -Ab) is 

formed. The addition of unlabeled c-GMP to the assay mixture competes 

with and displaces the iodinated tracer from the (Ag*-Ab) complex. The 

extent of the displacement is directly proportional to the concentration 

of c-GMP in the incubation medium. When the binding to the Ligand reaches 

equilibrium, the complex containing the remaining tracer is precipitated 

with ammonium sulphate (50%). From the radioactivity counts in the pre- 

cipitate, a displacement curve is constructed from which the concentra-

tions of c-GMP in the samples can be calculated. The reactions may be 

expressed as follows: 

Ag 
(Labeled Antigen) 

Ab 	Ag*-Ab 
(Specific Antibody) t (Labeled Antigen-Antibody 

Complex) 

Ag 
(Unlabeled Antigen) 

Ag-Ab 
(Unlabeled Antigen-Antibody Complex) 

2. Reagents 

a. Working Solutions and Buffers  

All the solutions used in this assay are prepared in a sodium acetate 

buffer (NaAc), pH 6.2, 0.05 M. Anhydrous NaAc is used for the preparation 

of a stock solution xl0 concentration (0.5 M. The pH is adjusted with 

glacial acetate to 6.2. The buffer is stored at 4°C and used within 4 

weeks of preparation. When required, the buffer is freshly diluted for 

each assay. 
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Ammonium sulphate [(NI-14)2SO4] solution is prepared as a 60% saturated 

solution. 195 g of solid is added to 500 ml of distilled water and this is 

made up to a final vol of 600 ml. This solution is stored at 4°C until re-

quired. 

b. Preparation of Rabbit IgG  

Rabbit IgG is prepared by a modification of the method of William 

et al (1971). 50 ml of rabbit plasma is added to 50 ml of phosphate buf-

fered saline (PBS). To this solution, 50 ml of saturated (NH4)2SO4 is ad-

ded and the mixture is left to floculate for 2 hours. The preparation is 

then centrifuged at 25,000 g for 20 min. The supernatant is discarded and 

the precipitate is dissolved in 50 ml of water. 25 ml of (NH4)2SO4  is ad-

ded to the suspension followed by centrifugation at 25,000 g. This pro-

cedure is repeated four times. The final precipitate is dissolved in a 

known volume of the NaAc buffer. A minimum volume of buffer is added to 

the precipitate to avoid swelling of the dialysis bag. The preparation 

is dialysed against 20 ml of the same buffer for 20 hr at 4°C with con-

stant stirring. Dialysis is essential because the process removes 

(NH4)2SO4  from the protein preparation. To test whether the dialysis is 

complete, the dialysis bag is transferred to a beaker containing a small 

volume of water. After approximately 1 hour, barium chloride (BaC12) is 

added to the water. If no white precipitate is visible due to the forma-

tion of insoluble BaSO4, dialysis is assumed to be complete. 

The weight of the precipitated protein from 50 ml of plasma by this 

technique, is about 1.5 g. When this precipitate is reconstituted in 50 ml 

of buffer, the concentration of total protein recovered is 30 mg/ml. Since 

approximately 33% of this protein is rabbit IgG, the concentration of the 

globulin in the final preparation is 10/gg/ml. Hence to each assay tube, 

prior to the addition of (NH4)2SO4  to precipitate the bound c-GMP, 20 U1 

of the IgG preparation is added as a carrier. This volume is equivalent 

to 200 Ug of rabbit IgG as used by Kipnis et al (1971). 
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c. C-GMP Antibody  

Antibody cannot be raised against the native c-GMP molecule. Hence, 

c-GMP is converted chemically to an immunogenic component by conjugation 

with.a protein of high molecular weight. In this assay, the antigen is 

prepared by the method of Steiner et al(1972a) obtained from Collaborative 

Research (CR) . 

The c-GMP molecule is succinylated to yield a 21-0-succinyl-cyclic-

GMP derivative (ScGMP). This ScGMP derivative is finally conjugated to 

human serum albumin and the conjugate is injected into several rabbits to 

induce antibody formation. The antibody produced is highly specific for 

c-GMP and has been shown to have no significant cross reactivity with c-AMP 

and other nucleotides unless these are present at supraphysiological con-

centrations. Thus, c-AMP interferes with the c-GMP binding to the anti-

body only when the concentration of the former is between 2 x 103  and 

1 x 104  higher than c-GMP (CR). Therefore it is not necessary to isolate 

c-GNP from the other nucleotides present in the tissue extract. The titre 

of the working dilution for the antibody is 1:5000. 

The frozen antibody preparation is preserved in gelatin. It must, 

therefore, be warmed to 37°C in a water bath to ensure complete solubiliza-

tion. In practice, this preparation is stored frozen in aliquots of 20 pl. 

As required, each aliquot is diluted 1:100 with the NaAc buffer. This 

dilution is chosen to produce 40-60% binding of labeled c-GMP to the anti-

body in the absence of c-GMP (Figure 4). 

d. I125-ScGMP-TNE  

The iodinated compound is obtained from CR and is prepared by the 

method of Steiner et al (1972a). I125-succinyl-cyclic-3'S'guanosine mono-

phosphate tyrosine methyl ester (I125-ScGMP-TNE) is prepared by a chemical 

procedure involving 3 major steps. A succinyl derivative of c-GMP (2'-0- 

ScGMP) is first obtained followed by the synthesis of a tyrosine methyl 

ester derivative. Then the tyrosine molecule is iodinated with I
125 

to 
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produce a preparation which is stable for 4 to 6 weeks. 

The radiolabeled derivative is obtained as a frozen sample in 0.5 ml 

gnantities. As required, 1.9 ml NaAc buffer is added to 0.1 ml of the 

tracer solution. This volume is sufficient for the assay of 20 samples. 

Since the specific activity of I125-Sc-GMP RIE is 600 nCi/pmol, the final 

activity of the tracer in each assay tube is 10 nci. This is equivalent 

to 0.016 pmol of unlabeled c-GMP. Thus, the high specific activity of 

the 1125_c-G'MP-TRIE preparation allows for the detection of minute quan-

tities of c-GMP (0.05 pmol) in the cell extracts. The estimation is both 

reproducible and highly sensitive. The most sensitive region of the stand-

ard curve is between 0.05 pmol and 5.0 pmol. Hence, the samples are pre-

pared such that the concentrations of c-GMP present in each aliquot of 

the reconstituted extract fall between these values. 

3. Details of Procedure 

The incubation is performed in duplicate in a total assay volume of 

0.5 ml. The mixture contains the following additions: NaAc buffer 0.2 ml, 

pH 6.2, I125-Sc-CHIP-TME 0.1 ml, c-GMP antiserum 0.1 ml, unknown sample or 

standard c-GMP (0.01-10.0 pmol) 0.1 ml. Several additional tubes are in-

cluded in each assay. Two tubes contain no antiserum. Instead, normal 

rabbit serum (diluted to the same working dilution as the c-GMP anti-serum) 

is added. This provides a measure of non-specific binding of tracer to 

extraneous protein (A = background of incubation mixture). Two tubes con-

tain only 0.5 ml buffer and are used to monitor the spectrometer back-

ground (B) radiation. Two tubes contain 0.4 ml buffer and 0.1 ml of I125-

c-GRIP-TbIE, the activity in this tube indicates the total counts (C) per 

tube used in the assay (100%) 	(No ammonium sulphate was added to the 

latter). Finally, two tubes are included to provide an estimate of maximum 

concentration of I125  antigen (CPI) bound by c-GMP specific antibody (D = 
e-vaue 

total bound 	) and these contained no added unlabeled c-GRIP. 

The tubes are shaken on a vortex mixer and are then incubated for 22 
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hours  at 4°C. At the end of this period, 20 ul of rabbit IgG 

(200 pg) is added to each tube as carrier, followed by 2.5 ml 

ammonium sulphate (60%) at 4°C. To maintain precision, each 

tube is mixed immediately after the addition of the (NH4)2SO4  

solution before proceeding with the addition to the next tube. 

The addition of (NH4)2SO4  to the assay mixture precipitates 

the tracer antibody complex. The tubes are then centrifuged 

at 2000 g for 15 min at 4°C. The whole supernatant is de-

canted from the incubation tube into counting vials. The radio-

activity in both the supernatant and the precipitated frac-

tions is counted in a Wallac gamma spectrometer. 

The percentage of tracer bound to the antibody. present 

in the precipitate is calculated by this formula: 

%B = 	(D
-.A)  X 100 • (C- B) 

The standard curve is plotted as %B against known concentrations 

of c-GMP (Figure 4) and the c-GMP levels in the unknown samples 

are calculated from this standard curve. 

E. Glycerol Assay  

At the end of the incubation period, measured aliquots of the fat 

cell suspension are transferred to absolute ethyl alcohol. The cells 

are homogenised in a micro-glass homogeniser with a hand driven piston. 

The precipitated protein is removed following centrifugation at 500 g 

for 10 min. The clear supernatant is evaporated with a jet of nitrogen. 

The dried residue is then reconstituted with the glycerol assay buffer.. 

The method adopted for the estimation of glycerol is that devised by 
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Garland et al (1962). Essentially, it involves the formation of glycerol 

phosphate by glycerokinase and the coupling of two glycolytic reactions 

with the eventual oxidation of NADH and the formation of lactic acid. The 

equations are shown below: 

Glycerokinase 
I Glycerol + ATP 	 > Glycerol-l-phosphate + ADP 

II ADP + PEP Pyruvatekinase 	ATP + Pyruvate 

III Pyruvate + NADH2 LDH  Lactate + NAD 

The proportion of the substances present in the reaction mixture is 

such that the concentration of glycerol is rate limiting. NADH absorbs 

ultraviolet light maximally at wavelengths between 300-366 nM at pH 7.6 

whereas NAD+  absorbs light at 250 n'I. Thus, the extinction. of NADH can 

be measured by recording the decrease in absorbance due to the oxidation 

of NADH at a fixed wavelength of 340 nI1. The reaction is measured using 

an SP800 spectrophotometer (Unlearn) with a deuterium light so ice and a 

scale expander (x2-x20). The rate of the enzymatic reaction is convenient- 

ly followed on a chart recorder. 

This method is sensitive and allows the measurement of glycerol con- 

centration in the range of 5 to 100 nmol/ml. A typical standard curve is 

shown in Figure S. Thus, the basal glycerol values can be discriminated 

from stimulated values with a good degree of reproducibility when the scale 

expander setting of the spectrophotometer is adjusted to 5. Since excessive 

"electronic noise" develops when the expander is set between 15-20, this 

prevents the measurement of glycerol below 5.0 nmol/ml as the results ob- 

tained would not be reliable. 

The major advantage of this glycerol assay over the methods of 

Wieland (1957) or Hagen (1962) is that these two investigators used meth-

ods which are based on glycerol dehydrogenase and glycerokinase reactions 

(respectively) coupled with L-glycerol-l-phosphate dehydrogenase reaction 

with the reduction of. NAD to NADH2, The reduced nicotinamide is estimated 
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by change in extinction at 340 nM. These methods are time consuming as 

the reaction time required before equilibrium is achieved is in excess of 

30 min as compared to the method of Garland et al (1962) in which the re-

action is completed within 4 min (see Figure 6 ). The shorter reaction 

time allows the estimation of glycerol concentration more efficiently 

and does not expose the reaction mixture which contains compounds that 

are sensitive to light and heat 	to remain too long before the 

actual readings. 

The preparation of the glycerol assay components is made as follows 

(deionised-idistilledwater is used in making up all solutions) : a sol-

ution of ATP (75 mM), disodium salt, is made up in water and the pH ad-

justed to 7.6 with 0.1 N NaOH. This solution is stable at -20°C for 

several weeks and is thawed and used as required. NADH (3 mM) is dis-

solved in water fresh on the day of the assay. Because of the hygro-

scopic nature. of NADH, the solid crystals are stored in a dessicator at 

4°C. In addition, the NADH solution is very sensitive to light and to weak 

acid, hence, appropriate precautions are taken to minimize oxidation. The 
big  

triethanolamine(TEAM)buffer is prepared by addL. 0.7 ml of TEAM (equiv. 

0.72 g) to 50 ml of water to give a final concentration of 0.1 M MgSo4 

(6.0 m1) and KCL (2 mM) are added to the TEAM solution and the pH 

adjusted to 7.6 with dilute HCl prior to the completion of the required 

volume. This buffer is stored at -20°C in aliquots of 25 ml. On the 

day of the assay, the buffer is thawed and PEP is added to a concentra-

tion of 7 mM (73 mg/50 ml) . The glycerol standard (AR) is made up in 

water to a concentration such that 1 ul  of the standard solution is 

equivalent to 1 nmol of glycerol. 

The assay mixture contains 250 pl ATP; 50 ul pyruvate kinase; 40 ul 

LDH; 10 ml buffer, NADH2 1 ml. The concentration of NADH2 added to the 

latter is chosen to give an initial absorbance of 0.8 (see Figure 7). The 

assay reaction is performed in a 1 cn/lcm quartz glass cuYette containing 
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1 ml reaction mixture at a constant temperature (37°C). The samples 

(200-500 ul) and distilled water are added to give a final of 2 ml. 

The base line (zero) on the recorder is adjusted and when equilibration 

is achieved, glycerokinase (10 ul) is added to the curette and the con-

tent is stirred. The rate of oxidation of NAD(-I to NAD is represented 

on the recording graph paper and the change in extinction (decrease) 

is allowed to proceed until no further change in absorbance is apparent 

for at least 30 sec. 

F. Lipoprotein Lipase (LPL) Assay  

1. Introduction 

TWo lipase enzymes with different properties have been identified 

in the rat adipose tissue. The hormone sensitive lipase hydrolyzes tri-

acylglycerol during lipolysis whereas the lipoprotein lipase (LPL) 

hydrolyses lipoproteins present in the plasma during lipogenesis 

(Robinson 1963). 	Only the LPL is stable, however, in the extrac- 

tion procedures outlined below. 

In this study, LPL in the epididymal tissue pieces and the incuba-

tion medium is extracted with acetone and diethyl ether and a dried 

powder preparation is obtained. The activity of the enzyme in the ex-

tract of the homogenate represents the activity of LPL present in the 

tissue. This is so because heparin is absent from the incubation med-

ium. Under this condition, no more than 10% LPL activity is detectable 

in the medium (Wing et al 1968a). However, the medium is included with 

the tissue as a carrier during the homogenisation process; in this way, 

both the handling of the samples and the recovery are improved. 

The characterization of the enzyme is based on the criteria that 

a) the lipase present in the homogenate cannot hydrolyse artificial tri-

acylglycerol emulsion in the absence of serum protein; the  C-peptide 

contained in the serum is an essent}'u1 co-factor for LPL activity. 

b) More than 70% of the insulin stimulated LPL activity is inhibited by 
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0.6 M NaCl. Table I illustrates the results obtained for LPL activity 

in the presence and absence of these two factors. 

2. Extraction of LPL 

Immediately after incubation, each group of adipose tissue pieces 

is removed from the medium. They are minced in small pieces and then 

homogenised in a hand driven glass homogeniser, in cold acetone at 4°C. 

The incubation medium is added at this stage and the mixture is re-

homogenised. The homogenate is then transferred onto a Whatman filter 

paper arranged in a sintered glass Būchner funnel. Filtration is aided 

with a water pump and the funnel's contents are washed three times with 

80 ml cold acetone. This is followed by two washes with 80 ml aliquots 

of cold diethyl ether. During this procedure, the residue on the filter 

paper is not allowed to dry out but is washed successively with the organic 

solvents. Lastly, excess ether is allowed to evaporate and the extract 

is gently dried and stored for 12 hr at -20°C. It has previously been 

reported that less than 5% of the activity of this preparation is lost 

on storage overnight at 4°C (Salaman et al 1966). 

3. Preparation of Acetone Powder Paper 

The acetone powder paper containing the enzyme is processed at 4°C 

for the LPL assay as follows: homogenates are prepared by the addition 

of 0.025 mM amnoniumm chloride/ammonium hydroxide buffer (pH 8.1) at 4°C 

to small pieces of acetone powder. The equivalent of 500 mg of tissue, 

in acetone-ether extract, is homogenised in 2 ml of buffer at 4°C. The 

homogenisation is performed in two steps. First, the pieces of filter 

paper are placed in a container and are further minced by motor driven 

metal blades. The second step is completed in a motor driven homo-

geniser with a teflon tip replacing the metal blades of the plunger. This 

procedure is important, otherwise, it is difficult to obtain a reasonably 

fine preparation. The resulting mixture is centrifuged at 3000 g for 30 

min. The supernatant still contains a coarse suspension which is 



-68- 

homogenised and the resulting preparation re-centrifuged. The super-

natant from the second centrifugation step is used for the assay. The 

enzyme activity is stable for at least 2 hr under this condition at 

4°C. Therefore, the LPL assay is started within this period. 

4. The Assay Condition 

The assay is based on the hydrolysis by LPL of 3H-triolein present 

in the form of an emulsion. A 20% intralipid labeled with glycerol tri-

[9,10 (n)-3H)-oleate (300 mCi/mmol) is used as the substrate. The assay 

mixture for the LPL estimation is essentially similar to that used by 

Riley et al (1974). The total incubation volume of 200 pl contains two 

vols of 20% (w/v) solution of albumin in water, pH 8.1; 1 vol of 0.7 M 

Tris HC1 buffer, pH 8.1; 0.5 vol of 3H-intralipid emulsion (40 mg/ml, 

0.5 uCi/ml); 0.5 vol of fresh rat serum; 1 vol of water or 1 vol of 5 M 

sodium chloride. Following a preincubation period of 10 min, an aliquot 

of the enzyme preparation is added to the mixture. 

The incubation tubes are left in a shaking water bath for 1 hr at 

37°C. The pH of the medium which is initially 8.1 does not fall below 

8.0 during the incubation period. Incubation tubes are prepared in 

duplicates. One set of the latter contains NaC1 instead of water. This 

serves as a control since the salt inhibits the LPL activity. During each 

assay, two tubes are incubated with no enzyme added as an extra control. 

Neither the substrate nor the albumin is rate limiting during the 

hydrolytic process. The concentration of the substrate, trioleate, is 

chosen in order to sustain maximal rates of hydrolysis over 1-2 hr, 

during which time approximately 20% of the substrate would be hydrolysed. 

The enzyme concentration used allows between 1-2 umol of FFA to be re-

leased per mol of albumin per hour. This concentration of FFA can be 

bound by the albumin without any decrease in the rate of hydrolysis. 

Under these conditions, FFA release is linear for at least 90 min at 37°C. 

Lastly, tris (hydroxy-methyl aminomethane) is used in this assay as 
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opposed  to a phosphate buffer because the latter inhibits the enzyme 

activity (Korn et al 1957). 

To prepare rat serum, rat blood is collected in 7.6% (w/v) tri- 

sodium citrate solution (final proportion 10 ml of blood to 0.5 ml of 

citrate). After centrifugation and separation of the plasma from the 

red blood cells, a CaC12 solution is added to yield a final concentra-

tion of 25 mM Ca. Once clotting has occurred after one incubation per-

iod of 30 min at 37°C, the serum is separated from the fibre clot. 

Dialysis is then carried out at 4°C against a large vol of 0.9% NaC1 

solution at pH 7.7 with constant stirring. This procedure is performed 

because of reports that serum prepared by clotting whole blood contains 

inhibitors of LPL activity (Mitchell 1959, Hollett et al 1960). 

5. Isolation and Quantification of the Hydrolytic Products 

The hydrolytic product, 3H-oleate, is separated from other radio-

labeled compounds(mainly substrate) by the method of Belfrage et al 

(1969). At the end of the incubation, 16.5 vol (3.25 ml) of an organic 

mixture is added to 200 pl of the incubation volume. This mixture con-

tains methanol/chloroform/heptane in the ratio of 1.41:1.25:1 v/v/v. 

The addition stops any further hydrolase activity by LPL and extracts 

the lipids. 5.25 vol (1.05 ml) of 0.05 M potassium carbonate buffer at 

pH 9.5 is then added to the tubes. The buffer is prepared with potassium 

carbonate, borate and potassium hydroxide. After vigorous shaking, the 

tubes are left at room temperature for one hour. The organic phase is 

further separated from the aqueous (polar) phase after centrifugation at 

1000 g for 10 min. Under these extraction conditions, the upper phase 

(more polar) is made up of McOH/H20 (1:1) and contains the free fatty 

acid; whereas the lower phase (less polar) is made up of chloroform and 

heptane (5:4) and contains the unhydrolysed substrate (H-trioleate). 

Table II illustrates the efficiency of the extraction procedures used to 

isolate the radioactive hydrolytic products. 



Table II 	 RECOVERY OF 3H FFA AND 3HTG CONTAMINATION 
IN THE UPPER PHASE OF LIQUID/LIQUID PARTITION 
OF ESTER FROM FREE FATTY ACID 

3H Oleic Acid Recovery From UPPer Phase 
No. of Expt. Upper Phase Tube No. Mean Range 

1 2 3 4 5 6 

1  CPM  1489  1426  1430 1484 	 1451 1383  1443 

86 

_11383-14891  

82-88 % Recovery 88 84 85 88 86 82 

2 CPM 885 	 860 831  914  889  968 886  	831-968  

% Recovery 84 85 82 90 88 89 88.9 90-82 

3H'IG Contamination of UPPer Phase 

No. of Expt. Upper Phase Tube No. Mean Range 

1 2 3 14 5 

1(3H Triolein) CPM  22.5  12.3 10.3  39.7  15.3   20   	10.3-39.7 	 

% Recovery 3 1.7 1.4 5.5 2.15 2.75 1.4-5.5 

2(3H Triolein) CPM  27.0  8.8  18.1  -_6.9-__ 7.2 13.6 6.9-27.0  

Recovery 3.5 1.1 2.3 0.8 0.9 1.7 0.8-3.5 

3(3mulsion) -  CPM  21.0 36.4 41.9 55.9 70.0  45  21-70  

% Recovery 0.45 0.78 0.9 1.2 0.966 0.86 0.45-1.2 

For experimental details see text (Section '.5). 3H Triolein is used for comparison. 
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An  aliquot of the upper phase is then removed and added to a 

counting vial which contains 10 ml scintillation liquid (dioxane, xylene, 

ethyl alcohol, naphthalene and PPO). 

G. Measurement of 3H-Leucine Incorporation into Fat Cell Protein 

1. Introduction 

The rate of incorporation of 3H-leucine into total fat cell protein 

is determined by a modification of the method of Mans et al (1961). The 

earlier methods used for the isolation and quantitation of protein in 

tissue extracts, following the incorporation of labeled amino acid into 

protein, are tedious and time consuming. The precipitation of protein by 

acid is performed in test tubes. This involves a number of steps which 

necessitate much handling of the samples during the washing, transfering 

and centrifugation procedures. Consequently, the recovery of the label-

ed protein is often poor and highly variable. 

In contrast, the solation of proteins from the fat cell preparation is fac- 

ilitated by the use of Whatman glass fibre discs (GF/A 2.5 cm dia); 

following precipitation of the applied protein solution by cold tri-

chloacetic acid (TCA). The labeled protein is trapped within the micro-

mesh formed by the fibres. After a series of washes, the level of radio-

activity is measured with a high degree of efficiency in a beta-spectrometer. 

2. Details of Procedure 

At the end of the incubation period, fat cell aliquots (100 pl) are 

transferred from the incubation tube onto the fibre glass discs. The 

discs are arranged in the recesses of a peiex rack. This arrangement 

is a modification of existing techniques. The original method of Mans 

et al (1961) utilized Whatman chromatographic paper discs. These were 

mounted onto pins prior to the addition of the protein sample and TCA. 

The use of fibre discs arranged in perrpex racks has distinct advantages 

over the "pin" method for the following reasons: a) the counting ef-

ficiency is increased by 3 fold when fibre discs are used to trap the 
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labeled  protein (C/F paper discs). 	The reason for this is not 

clear but the fibre discs become transparent on contact with the tolu-

ene based counting medium while the paper discs remain opaque, b) the 

10% TCA solution used in the initial washing procedure tends to er ode 

a quenchable material from the outer coating of the pins which becomes 

trapped in the filter paper (this reduces the radioactive counts, 

c) the pew ex rack arrangement allows the handling of many samples with 

little difficulty. As many as 30 fibre discs can be handled per rack. 

This arrangement reduces the problem of damage to the discs and losses 

of the protein precipitate from the discs is kept to a minimum. More-

over, the "rack" method ensures uniform exposure of the discs to the 

washing medium. The discs are sandwiched between two racks which are 

held together securely by four non-corrodable, acid resistant, screws 

and nuts at each. corner. When the "sandwich" is placed in the washing 

dish, a space of 3 mm is left between the screw heads and the lower 

surface of the rack. This allows efficient circulation of the washing 

medium over both surfaces of the discs. 

As soon as the protein samples are added to the discs they are 

dried under a jet of warm air to facilitate complete absorption of the 

sample onto the disc. The racks are then immediately immersed into a 

solution of cold TCA (10%) containing an excess amount of non-radioactive 

leucine as carrier. The acid stops any further metabolic reaction and 

precipitates the protein into the matrix of the fibre disc. 

The dish containing the peitpex rack is held on top of the moving 

frame of a metabolic shaker. This allows the washing solution continous 

circulation over the surfaces of the discs. The first wash lasts for 15 

min. Then the 10% TCA is replaced by 5% TCA and washing is carried out 

for another 15 min at room temperature. This is followed by a third 
aky atu tit4 atoy!C RNA- 

wash for 10 min in hot TCA 5% (90°C ± 2°C) to hydrolyse4and extract any 

labeled RNA. The rack is then transferred to a dish containing 5% TCA 
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Protein estimation by the Lowry method. 
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and the discs are washed for 15 min at room temperature. Then the TCA 

is replaced by an ethanol/ether mixture (1:1) to wash off the TCA and 

remove any labeled lipid. Washing in this mixture is repeated. This 

step is important as TCA induces chemoluminescence in the scintillation 

cocktail and false high radioactivity counts may be recorded. The discs 

are then rinsed with two washes of diethyl ether for 15 min to remove - 

traces of TCA, lipids and polar solvents which would tend to quench the 

radioactive radiation. Finally, the discs are gormpletely dried under a 

jet of cold air for 15 min. 

The screws are removed and the "sandwich" is prised open to expose 

the discs. The discs are carefully removed with a pair of fine forceps 

and placed in the bottom of an empty plastic scintillation vial with the 

protein surface facing upwards. 10 m1 toluene PPO is added to each vial. 

The discs remain flat at the bottom of the vials as the diameter of the 

former corresponds to the internal diameter of the vial. All the radio-

activity present in the vial remains on the disc because on removal of 

the disc from the scintillation vial, the radioactivity in the vial is 

no higher than background. 

3. Assessment of the Method 

A fat cell preparation is incubated with 3H-leucine. After 90 min 

of incubation, sample aliquots of the suspension (between 10-150 pl) are 

transferred to the fibre discs. An equal volume of the suspension is 

transferred simultaneously to test tubes for estimation of protein con-

tent by the method of Lowry (1951). The standard curve for the latter 

procedure is shown in Figure 8. The amount of protein measured rep-

resents labeled and unlabeled fat cell protein and bovine serum albumin 

from the incubation medium. The discs are washed and treated as pre-

viously described. Figure 9 shows the results of this experiment. As 

the volume of suspension applied to the fibre disc is increased, the 

quantity of TCA precipitable protein is also increased. Furthermore, 
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Measurement of 3H Leucine incorporation into protein: 

Assessment of linearity of the method. 
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the  increase in protein content of the disc is directly proportional 

to the radioactivity counts due to the incorporation of 3H-leucine. 

Hence, the counts detected by the disc method are linear and the amount 

of radioactivity added to the disc is independent of the total amount of 

protein used or the volume of sample added (within a certain limit). 

These results also show, indirectly, that the percentage recovery of 

labeled protein by this technique is reproducible. 

H. Ester Assay  

The total ester present in the fat cell preparations is measured 

by a simple, rapid and highly sensitive method (Snyder et al 1959). It 

is based on a hydroxylaminolysis in which an ester reacts with alkaline 

hydroxylamine to form a hydroxamic acid (see equations below). The 

latter forms a purple iron-chelate complex in the presence of acid fer-

ric perchlorate (Goddu et al 1955). The coloured product obtained is 

quantified colorimetrically in the visible range. The purple colour devel-

ops within ?0 min following the addition of ferric perchlorate to the assay mix-

ture and the samples read at 530 mp within the hour. The conditions of 

this assay are not favorable for any free fatty acid present in the sam-

ple to participate in the reaction. 

I. RCOOR' + NH2OH 
(ester) (amine) 

 

0 
ri 

	 R-C-NHOH + R'OH 
(hydroxamic acid) 

 

0 
II. R-C-NHOH + Fe3+ 

 

 

	-> H+  + [R-C-N-H] purple complex chelate 

0 0 

Fe 

 

To prepare the sample for the assay, aliquots of the fat cell suspen-

sion are extracted with an organic mixture (Dole 1956) containing isopropyl 

alcohol 800 ml; heptane 200 ml, and 1 N H2SO4 200 ml. 5 ml of the Dole 

mixture is added to 1 ml of the sample in a quick fit extraction tube and 
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the content is mixed on a vortex. The tubes are left at 4°C for 12 hr. 

Then 3 ml of heptane and 2 ml of water are added to each tube. The con- 

tent is mixed and the upper(nonpolar) phase and the lower (polar) phase 

are allowed to separate. A measured aliquot of the organic phase is 

removed and the heptane from this sample is evaporated under a jet of nitro- 

gen to dryness. The ester assay mixture is added directly to the dried 

samples and the procedure is continued as described below. 

The assay mixture is prepared as follows: S g of ferric perchlorate 

crystals (non-yellow) is dissolved in 10 ml,70% perchloric acid and 10 ml 

of water. Cold absolute ethyl alcohol is added to give a final volume of 

100 ml. This solution is stored in an air tight container at 4°C because 

solid ferric perchlorate is very unstable when in contact with air. 

The alcoholic alka- 

line hydroxylamine (solution A) is prepared by dissolving 2 g of hydroxyl-

ammonium chloride in 2.5 ml of water and then the solution is made up to 

a volume of 50 ml with absolute ethyl alcohol. This is stored at 4°C. 

The 8% ethanolic NaOH (solution B) is prepared first by partially dis-

solving 4 g of the solid in 2.5 ml of water. Absolute alcohol is added 

to make the volume up to 50 ml. This preparation is left stirring over 

a magnetic stirrer until a uniform suspension is obtained. It is then 

left for 24 hours at 4°C and the supernatant is used as required. Al-

coholic NaOH is best prepared fresh because on standing, it decolorizes 

due to a process of polymerization. 

On the day of the assay, 4 ml of the stock ferric perchlorate sol-

ution is added to 3 ml of 70% perchloric acid and cold absolute alcohol 

is used to give a final volume of 100 ml (solution D). Solution A is 

mixed with solution B (1:1) to give solution C. The NaCl formed as a 

white precipitate by the reaction mixture is separated by centrifugation 

at 500 g for 5 min at room temperature. It is important to ensure that 

the supernatant is absolutely clear following this procedure, otherwise 
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a brownish green precipitate, due to Fe(OH)3  develops in the tube on 

the addition of ferric perchlorate to the hydroxylammonium chloride 

mixture. 1 ml of the supernatant of solution C is added to the dry 

sample(prepared as described above). The mixture is left in a 

water bath for 2 min at 65°C after which it is allowed to cool. 2x5 ml 

of solution D is added to the latter and mixed. The mixture is left 

at room temperature for 30 min and the absorbance 	read at 530 n»i. 

The standard curve is constructed using glycerol trioleate (tri- 
aKtccwtC- 67 env f%u5 

olein) dissolved in heptane to give a,, _ - 	between 0.1-5.00 

aquiv ester. The triolein is treated identically to the samples except 

the dole extraction step is omitted. A typical curve is shown in Figure 

10. Because of the unstable nature of the chemicals used in this assay, 

the variability in the measurements of samples from week to week is mon-

itored by using a large pool extract of adipose cell diluted and ali-

quoted separately as described above and stored at -20°C. During each 

assay, one tube of the latter is used as a quality control.  

e9 'J 4-  /r-, 9 alt. 
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HORMONAL REGULATION OF FAT CELL LIPOLYSIS: 

RELATION OF C-AMP AND CALCIUM TO  

THE EFFECTS OF ADRENALINE AND INSULIN  

I. BACKGROUND AND OBJECTIVES 

The hormonal regulation of lipolysis is effected by the "cascade" of 

enzyme interactions, a process which leads to the ultimate activation or 

inactivation of the hormone sensitive lipase. The lipase initiates the 

breakdown of the adipocyte triacylglycerol stores, thus, determining the 

rate of fatty acid mobilization. The degradation of stored triacylglycerol 

is promoted by adrenaline whereas insulin inhibits this effect. 

Recent evidence suggests that the hormonal signal results from the 

interaction of hormones with structures located at the cell membrane and 

that adrenaline and insulin regulate the lipolytic sequence while remain-

ing extracellular. Mediation of the hormonal effects must therefore in-

volve "second messenger(s)" which couple the membrane signal to the 

lipolytic "cascade" within the fat cell (Figure 1). 

The initial hypothesis suggested that the interaction of adrenaline 

and insulin with the adipocyte plasma membrane elicits changes in the 

intracellular level of 3',5'-cyclic-AMP (c-AFT). The nucleotide acts as a 

modulator of a specific enzyme, the c-AMP-dependent protein kinase. The 

c-AMP binds the regulatory subunit of the kinase, a process which leads 

to the dissociation and release of an active or catalytic subunit. The 

latter is able to catalyze the phosphorylation and activation of the 

hormone sensitive lipase. Whether the lipase is in an activated or 

inactivated state is thus dependent upon the intracellular level of c-AMP. 

When the mechanism of action of adrenaline was first proposed, the 

"c-AMP theory" received unanimous support for the following reasons: 

1) The effects of adrenaline on lipolysis were preceded by a 

rise in intracellular c-AMP levels. 



PDE 
3':5'-CYCLIC- 	5~-AMP 

R + C ATP 
RC 

PLASMA MEMBRANE 
OF THE 

ADIPOCYTE 

INACTIVE 
LIPASE. 

FIGURE 1 

THE ROLE OF C-AMP IN THE LIPOLYTIC "CASCADE"1 

TRIACYLGLYCEROL 

FFA + DG 

2FFA~+ .GLYCEROL 
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2) Exogenous c-AMP or its derivative, dibutyryl c-AMP (DBc-AMP), 

mimicked the lipolytic response of adrenaline in vitro. 

3) The activation of the semipurified hormone sensitive lipase 

was effected via a protein kinase, the activity of which was dependent 

upon the concentration of c-AMP. 

Recently, evidence has emerged to suggest that Ca ions also mod- 

ulate the activation of the lipolytic "cascade", and that the ions may 

participate in mediating the effects of adrenaline on lipolysis. Further-

more, the cation may operate as the second messenger for the antilipolytic 

function of insulin. The evidence in support of the "calcium theory" can 

be summarized as follows: 

1) When fat cells are perfused in vitro, the effects of adrenaline 

on lipolysis are prece ded by a rapid extrusion of Ca2+  from intracellular 

pools. The effects of adrenaline on lipolysis and on Ca2+  movement are 

suppressed to the same extent by insulin0Gsjebak eied PVT) 

2) Adrenaline increases the Ca2+  binding to fat cell "ghosts", 

while this process is decreased by insulin. The effects of the hormones 

on Ca2+  binding are dose-dependent and correlate with their effects on 

glycerol release(Kisse6n& e - -f /915:)- 

3) In partially purified preparations of the adipose tissue enzyme, 

increases of free calcium concentration within the calculated cytoplasmic 

range (10-8  to 10-3  M) inhibit the c-AMP-dependent protein kinase and 

prevent the activation of the hormone sensitive lipase. Increased Ca2+ 
 

levels promote the stimulation of a phosphoprotein phosphatase which 

favors the dephosphorylation and inactivation of the hormone sensitive 

lipase(<;sseha/t e/- 41 /4774ct> 

The evidence cited above indicates that c-AMP and Ca2+  ions might 

function as the intracellular mediators of the lipolytic process. A 

decrease of intracellular Ca2+  associated with an increase in c-AMP, 
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induced by adrenaline, would lead to enhanced activity of the hormone 

sensitive lipase and the stimulation of lipolysis. In contrast, an 

increase in intracellular calcium by insulin could override the effects 

of c-AMP on the lipolytic "cascade" and effectively inhibit lipolysis 

with or without significant alterations in the nucleotide levels. 

The objectives of the present study are: 

'1) To evaluate critically: 

a. the dependence of adrenaline stimulated lipolysis on c-AMP 

in the isolated rat fat cell, 

b. the reversibility of the lipolytic process by insulin and the 

relation of this function to changes in the adipocyte c-AMP levels. 

2) To examine the extent to which intact adipocytes require extra-

cellular and intracellular Cat+  ions in mediating the respective effects of 

adrenaline and insulin on lipolysis. 

3) To evaluate the similarities between the insulin effects on 

lipolysis and the effects of agents that increase intracellular Cat+  con-

centration. 
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II. EXPERIMENTAL PROCEDURES 

A. Effect of Adrenaline on Adipose Tissue Lipolysis, Relation to  

c-AMP  

To evaluate the dependence of lipolysis on c-AMP, fat cells are iso-

lated from the epididymal fat pads of young rats with 120-150 g body 

weight. Incubation is performed in Krebs' bicarbonate buffer containing 

calcium (1.25 mM). The isolated cells are incubated with and without hor-

mones, and aliquots of the cell suspension are removed for measurement of 

c-AMP and glycerol. The fat cell content per incubate is determined by 

measurement of the lipid esters in aliquots of the cell suspension. Studies 

are performed to assess the following: 

(1) Time Course 

Fat cells are preincubated for 30 min prior to the addition of the 

hormones. Adrenaline is added to one incubation tube to give a final hor-

mone concentration of 0.2 pg/ml. To ensure adequate mixing of the adren-

aline with the fat cells, the cell suspension is stirred by a small plastic 

bar magnet. The second incubation tube serves as a control and contains no 

hormone. Both tubes are then incubated at 37°C for 30 min. At 10 minute 

intervals, an aliquot of fat cell suspension is removed for estimation of 

c-AMP and glycerol. 

(2) Dose Response 

The dose response effects of adrenaline are assessed by incubating 

equal aliquots of fat cells in separate tubes containing increasing con-

centrations of the hormone between 0.05 and 10 pg/ml. Samples are re-

moved after 30 min of incubation for glycerol measurement. 

B. Effects of Insulin on Glycerol Production and C-AMP Levels  

Experiments are performed to study whether the antilipolytic action 

of insulin in the fat cell is related to a reduction in c-AMP levels. 

(1) Time Course 

Fat cells are prepared and preincubated as described above. For the 
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time  course experiment, cells are incubated as follows: with adrenaline 

0.2 pg/ml, with adrenaline and insulin 100 pU/ml and without any added 

hormone. At appropriate intervals, samples are removed for c-AMP and 

glycerol measurements. 

(2) Dose Response 

To study the effects of increasing concentrations of insulin on 

adrenaline stimulated lipolysis and c-AMP levels, the fat cells are 

incubated in separate tubes with a fixed concentration of adrenaline 

(0.2 pg/ml), and varying concentrations of insulin (10-5,000 pU/ml). 

Incubation samples are removed at 2.5 min for c-AMP measurements and 

at 30 min for glycerol measurements. 

C. Relation of Calcium to the Effects of Adrenaline on Lipolysis  

and C-AMP Levels  

Experiments are performed to examine whether the effects of adrenaline 

are dependent upon extracellular calcium concentrations. For this purpose, 

two sets of experiments are performed. First, fat cells are preincubated 

in a calcium free buffer for 30 min wilkout any added EGTA. Adrenaline 

(0.2 pg/ml) is then added and incubation is continued in the absence of 

calcium. In the second set of experiments, cells are preincubated in the 

absence of calcium and the calcium concentration of the medium is then 

raised from 1.25 to 5 mM prior to the addition of adrenaline. 

To examine whether the effects of adrenaline are dependent upon the 

availability of intracellular calcium, another experiment is performed. 

Fat cells are preincubated in a calcium free buffer containing EGTA 1 mM. 

After 30 min adrenaline (0.2 pg/ml) is added and incubation is continued 

in the same buffer. To assess the reversibility of the antilipolytic ef-

fect of EGTA and the dependence of this effect upon EGTA calcium chelating 

action, fat cells are preincubated with EGTA. The calcium concentration 

of the incubation buffer is then raised from 1.25 to 5 mM and adrenaline 
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is added to the experimental flasks. Incubation is then performed as 

described above. 

D. Relation of Calcium ions to the Effects of Insulin on Lipolysis  

and C-AMP Levels  

Experiments are performed to assess the extent to which the omission 

of calcium from the incubation medium, the depletion of intracellular cal-

cium by EGTA, and increases in cellular calcium by calcium active agents 

may alter the effect of insulin on lipolysis and c-AMP levels in rat fat 

cells. 

In the first series of experiments, isolated cells are incubated in 

Kreb's bicarbonate buffer from which calcium has been omitted (calcium 

free buffer). Adrenaline (0.2 pg/ml)is added to the fat cell suspension; 

this is followed by the addition of insulin at varying concentrations 

between 10 and 5,000 pU/ml. 

In the second series of experiments, fat cells are incubated in a 

calcium free buffer containing EGTA at a final concentration of 1 nti'vi. 

E. Effect of Calcium Active Agents on Adrenaline Stimulated Lipolysis  

and C-AMP Levels  

"Calcium active agents" which apparently increase the intracellular 

concentration of calcium, are used as probes to study the consequences 

of high levels of cellular calcium on lipolysis and c-AMP. For this pur-

pose, the effects of lanthanum chloride (50 to 1,000 pM) and the calcium 

ionophore A23187 (0.2 to 2 pM) on adrenaline stimulated lipolysis and c-  

AMP levels are examined. 
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III. RESULTS 

A. Effects of Adrenaline  

(1) Glycerol Production 

Figure 2 illustrates the time course of glycerol production by rat 

fat cells incubated in vitro. Fat cells are incubated with adrenaline at 

a concentration of 0.2 pg/m1. After 10 minutes of incubation with adren-

aline, glycerol production was significantly higher than basal. This ef-

fect of the hormone was progressive and linear as the incubation continued. 

At 30 min, there was a 3-fold increase in lipolysis over the basal value 

(Table I). This increase was highly significant (p <0.001). 

Figure 3 shows the effect of increasing concentrations of adrenaline 

on glycerol production. Fat cells were incubated with increasing con-

centrations of adrenaline (0.05 to 10 pg/ml) and glycerol was measured 

after 30 min incubation. At the lowest concentration of adrenaline (0.05 

pg/ml), there was little difference in glycerol production between the 

cells exposed to the hormone and the control cells. The increase in 

adrenaline concentration resulted in a progressive increment in lipolysis. 

The addition of 0.2 pg/ml of adrenaline elicited a 2-fold rise in glycerol 

production above the basal value (p <0.001). No further increase in 

lipolysis occurred when the hormone concentration added to the suspension 

exceeded 1.0 pg/ml. 

(2) C-AMP Level 

Figure 4 illustrates the changes in c-AMP content in fat cells in-

cubated with and without adrenaline (0.2 pg/ml). Adrenaline caused a 3-

fold increase in c-AMP content after an incubation period of 2.5 min. As 

shown in Table I, the increment in nucleotide level due to the hormone was 

highly significant (p <0.001). During this time interval, the c-AMP con-

tent of cells incubated without adrenaline increased only slightly. After 

2.5 min of incubation with adrenaline, the c-AMP level fell sharply and 

approached the basal level at 5 min. Thereafter, the c-AMP levels in both 

hormone treated and control cells remained steady. 
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EFFECT OF ADRENALINE (0.2 JJG/ML) ON 

GLYCEROL PRODUCTION IN FAT CELLS 

FIGURE 2 

FAT CELLS WERE PREINCUBATED FOR 30 MIN PRIOR TO THE 

ADDITION OF ADRENALINE (0.2 )1G/ML) OR SALINE. AT 5 

MIN INTERVALS, AN ALIQUOT OF THE CELL SUSPENSION WAS 

ADDED TO ETHYL ALCOHOL TO STOP THE LIPOLYTIC REACTION 

AND TO PRECIPITATE THE PROTEIN IN THE PREPARATION. 

RESULTS ARE MEANS + SEM OF 6 EXPERIMENTS. 
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Adrenaline stimulation of glycerol 

production in fat cells. 

Concentration curve 
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Adrenaline conch (p.gIml) 

FIGURE 3 
THE CELL SUSPENSION WAS DISTRIBUTED IN SEPARATE 

INCUBATION TUBES. THE ADRENALINE STOCK WAS SER- 

IALLY DILUTED WITH PHYSIOLOGICAL SALINE. THIS 

SOLUTION (0.05 — lO).JG/ML) WAS IMMEDIATELY ADDED 

TO THE SUSPENSION AND INCUBATION WAS CONTINUED ' 

FOR 30 MIN. 	
,/
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EnT,CT OF ADRENALINE AND INSULIN ON cAMP LEVELS AND 
LIPOLYSIS IN ISOLATED FAT CELLS INCUBATED WITH CALCIUM 

Table 

Cat+ 
Conc. mM 

Addition to 
the medium 

cAMP 
pmol/g cell 

Significance 
"p" 

Glycerol 
nmal/g cell 

Significance 
"p" 

A 1.25 None 11.0 + 3 45.1 + 16 

B 1.25 Adrenaline 
(0.2 /1g/m1) 43.2 + 7 *p<0.001 167.0 + 31 *p 40.001 

C 

1.25 Adrenaline 
(0.2 frig/ml) 

+ 
Insulin 
(100,µU/ml) 

47.5 + 5 *p <0.001 
+NS 78.4 + 12 +p<0.02 

Each value represents the mean + SEM of 5 experiments. 

*Indicates significance of an adrenaline effect over the control levels (B vs A; C vs A) 

+Indicates significance of an effect by insulin c/f an adrenaline effect (C vs B) 

NS denotes p >0.05. ,S7a,,,,& 	c / vP 	j cewta kt.e..~cu-tik. tvh' 6 fre ,mou al ,2 qui y aK & 30 #kI A  
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Effect of adrenaline (0.211g/m1) on 

cAMP levels in fat cells. 

Time curve 

FIGURE 4 

FAT CELLS OBTAINED FROM 12 EPIDIDYMAL FAT PADS 

WERE INCUBATED IN 2 TUBES..AT TFIE END OF EACH 

INCUBATION INTERVAL, THE FAT CELLS FROM EACH 

TUBE WERE TRANSFERRED TO ALCOHOL, THE RESIDUE 

OBTAINED FOLLOWING EVAPORATION OF THE ALCOHOL 

WAS RECONSTITUTED IN THE ASSAY BUFFER. FAT 

CELL CAMP WAS MEASURED BY A COMPETITIVE BINDING 

PROTEIN TECHNIQUE. 6,4,-e-, afre 	t s'EA.c 	6'.0,71)e,e/4KtJ 
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Adrenaline stimulation of cAMP levels 

in fat cells. 

Concentration curve 

0 	0.1 	0.2 	0.3 	1 
	

10 

Adrenaline conch (µglml) 

FIGURE 5 
INCUBATION CONDITIONS WERE THE SAME AS THOSE 

DESCRIBED IN FIGURE 4 1 V 	 f SES 

/ 
3_ 2}C~1~+irtieZa• 
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Correlation between lipolysis and cAMP: 
Effect of insulin. 
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FIGURE 6 
CELLS WERE INCUBATED WITH VARIOUS CONCENTRATIONS OF 
ADRENALINE (0.05-10 PG/ML) WITH OR WITHOUT INSULIN (100 
PU/ML), LIPOLYSIS, MEASURED BY THE AMOUNT OF GLYCEROL 

PRODUCED AT 30 MIN, IS PLOTTED AS A FUNCīION OF CAMP 

CONTENT, MEASURED AT2.5 MIN. 

RESULTS ARE MEANS ± SEMp 	 I/t4QU S 
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The effect of increasing adrenaline concentrations (0.2 to 10 pg/ml) 

on c-AMP level in the fat cell is shown in Figure 5. Incubation was ter-

minated at 2.5 min following the addition of the hormone. The addition 

of adrenaline at a concentration of 0.1 pg/ml, produced a detectable but 

insignificant increase in the cyclic nucleotide level. Higher concentra-

tions of adrenaline (0.2 to 10 pg/ml) however, caused gradual and linear 

increases in fat cell c-AMP content. 

(3) Correlation Between Glycerol Production and c-AMP Levels 

To assess the correlation between the effects of adrenaline on c-AMP 

and glycerol production, fat cells were incubated with increasing con-

centrations of the hormone (0.05 to 10 pg/ml). Fat cell samples were re-

moved from the incubation tubes at 2.5 min for c-AMP estimation and at 30 

min for measurement of glycerol production. The results shown in Figure 

6 represent the mean increments in c-AMP and glycerol obtained from five 

experiments. The graph shows that as the adrenaline concentration was in-

creased, the increments in both the c-AMP level and glycerol production 

were proportionate. This relationship was maintained until the adrenaline 

concentration reached 1.0 pg/ml. Thereafter, any further increase in the 

concentration of the catecholamine did not cause further stimulation of 

glycerol production although the c-AMP level continued to rise. 

B. Effects of Insulin  

(1) Glycerol Production 

Figure 7 illustrates the temporal changes in lipolysis in cells in-

cubated with adrenaline. Adrenaline (0.2 pg/m1) produced a linear in-

crease in the production of glycerol over the 30 min period of incubation. 

After the first 10 min, insulin (100 pU/ml) effected a significant de-

crease in adrenaline stimulated glycerol production. At the end of 30 min 

incubation, the stimulated lipolysis was inhibited by .573% (p <0.001) 

(Table I). The glycerol production in the cells not incubated with hormone 

increased slightly with time. ik2 beYceu-tof 	1.:67 - 	ti co-- 	-fed a; 

a 	cuc el 	e-le  t&t 05e-e4 /rte-/ 
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EFFECT OF INSULIN (100.JU/ML) ON 

ADRENALINE STIMULATED GLYCEROL PRODUCTION 

IN FAT CELLS 

0 
	

10 	1 	20 	25 	30 

TIME (MIN) 

FIGURE 7 

INCUBATION CONDITIONS WERE THE SAME AS THOSE 

DESCRIBED IN FIGURES 2 AND 1. 
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FIGURE 8 

The effect of insulin on adrenaline stimulated 

cAMP levelsand glycerol production in rat fat cells. 

Insulin conch curve 
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Insulin (RU/ml) 
CELLS WERE INCUBATED WITH ADRENALINE (0 .2 1-IG/ML) + 
VARYING CONCENTRATIONS OF INSULIN (10-5000 jU/ML)IN 
A MEDIUM CONTAINING CA (1.25 MM), ALIQUOTS OF THE 
SUSPENSION WERE REMOVED FOR CAMP AND GLYCEROL MEA-
SUREMENTS, 

VALUES ARE PLOTTED AS MEANS (LESS BASAL) 	SEMOis0` ie"'''"4" 
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FIGURE 9' 

EFFECT OF INSULIN (100 A/ML) ON 
ADRENALINE STIMULATED cAMP LEVELS IN 

FAT CELLS 

2,5 	5 	7.5 	10 
TIME (MIN) 

THE INCUBATION CONDITIONS WERE THE SAME AS THOSE DESCRIBED IN 
FIGURE 4. 
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The effects of different concentrations of insulin on adrenaline 

stimulated glycerol production are shown in Figure 8. The concentration 

of adrenaline in the incubates was 0.2 pg/m1. Insulin at concentrations 

of between 10 and 5,000 pU/ml was added, and samples of fat cells were re-

moved after 30 min for glycerol measurement. 

Figure 8 shows that significant inhibition of adrenaline 

stimulated glycerol production occurred in the fat cells when the con-

centration of insulin added was as low as 25 pU/ml (p <0.05). Insulin 

at a concentration of 100 pU/m1 produced nearly a 2 fold inhibition of gly-

cerol production (p<0.02) (Table I). Increases in insulin concentrations above 

100 pli/ml, however, did not produce any further decrease in lipolysis. 

(2) C-AMP Levels 

Fat cells were incubated with adrenaline (0.2 pg/ml) and with in-

sulin (100 pU/ml) plus adrenaline (0.2 pg/ml). Sample aliquots were re-

moved at time intervals for c-AMP measurement. 

As shown in Figure 9, c-AMP increased to a peak level at 2.5 min in 

response to adrenaline. The nucleotide level then rapidly declined to 

reach basal values. Throughout the 10 minute incubation period, the adren-

aline stimulated c-APP content of the fat cells was not altered in mag-

nitude by the addition of insulin. Also, the latter hormone had no de-

tectable effect on basal c-AMP level. 

To determine whether insulin had the same effect on c-AMP levels at 

other concentrations, fat cells were incubated in a medium containing 

varying concentrations of insulin (10 to 5,000 pU/ml) together with a 

constant dose of adrenaline (0.2 pg/ml). 

Figure 8 shows that the adrenaline stimulated c-AMP levels 

were not altered to any significant degree by the presence of insulin 
• 

either at the low concentration of 10 pU/ml, 100 pU/ml (Table I) or at 

a. high concentration of 5,000 pU/ml. 
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(3) Correlation Between Glycerol Production and C-AMP Levels 

Fat cells were incubated with different concentrations of adrenaline 

(0.05 to 10 ug/ml) with and without a constant concentration of insulin 

(100 pU/m1). Figure 6 shows that insulin produced a shift to the right 

of the 	adrenaline concentration curve (described previously; see 

Results, section A-3). This shift was due to the inhibition of glycerol 

production by insulin which was not reflected in a decrease in c-AMP 

levels. Very high concentrationsof adrenaline (5-10 pg/mi), however, 

overcame the inhibitory effect of insulin. Hence, insulin at 100 pU/ml 

was not effective in opposing the lipolytic effect of adrenaline when the 

concentration of the latter was high. 

C. Relation of Calcium Ions to the Effects of Adrenaline on  

Lipolysis and C-AMP Levels  

(1) Omission of Ca2+  from the Incubation Medium 

Fat cells were preincubated for 30 min in a medium containing no 

calcium. The cells were then incubated with and without adrenaline (0.2 

pg/ml) and the calcium concentration was increased from 0.25 mM to 5.0 mM. 

Figure 10 and Table II show that the omission of calcium from the 

incubation medium did not alter the lipolytic response to adrenaline to 

any significant extent. Moreover, as the concentration of the cation in 

the medium was increased from 1.25 mM to 5 nil, there was no significant 

inhibition in lipolysis until the concentration of Ca2+  added was 5 mM. 

This concentration of calcium reduced the stimulated glycerol level sig-. 

nificantly (p <0.01) by 40%. Basal lipolysis was not detectably different 

under any of these incubation conditions. 

The addition of EGTA (1 nO to the fat cell suspension during the 

incubation phase (Table II) produced a significant (p <0.05) reduction 

of 19% in the adrenaline stimulated lipolysis. Basal lipolysis, however, 

was not altered to any significant degree under these conditions. 
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EFFECTS OF EGTA (1 MM) AND CA2+ IONS ON 
ADRENALINE STIMMULATED LIPOLYSIS 

ON FAT CELLS 
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FIGURE 10 

FAT CELLS WERE PREINCUBATED IN A CA FREE MEDIUM WITHOUT 
EGTA. DURING THE INCUBATION PHASE, CACL9 WAS ADDED TO 
THE INCUBATES TO GIVE THE FINAL CONCENTRATION OF CA2+ 

INDICATED IN THE DIAGRAM. I MM EGTA WAS ALSO ADDED TO 
1, TUBES DUR I NG THE SECOND PHASE OF INCUBATION. Shaded c M 
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EFFECTS OF EGTA (1 MM) AND CA2+  IONS ON 

ADRENALINE STIMULATED cAMP LEVELS IN RAT 
FAT CELLS 

NO PREINCUBATION WITH EGTA 

FIGURE 11 

THE INCUBATION CONDITIONS WERE THE SAME AS THOSE 
DESCRIBED IN FIGURE 10, 

VALUES ARE MEANS± SEM OF 6 EXPERIMENTS. 
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THE 1iJECT OF CALCIUM ADDITION ON ADRENALINE STIMULATED LIPOLYSIS 

AND cANP LEVELS IN FAT CELLS PREINCUBATED WITH AND WITHOUT EGTA 

Table II . 

Fat Cells Not Preincubated With EGTA 

Ca Conc. mM 
in the 

Glycerol Production 
rural/g cell 

cAMP Level 
pmol/g cell 

medium Effect of 
Adrenaline 

% Inhibition 
100% = 154 

Significance 
'p' 

Effect of 
Adrenaline 

% Inhibition 
100% = 56.2 

Significance 
'p' 

0 138 + 11 10 NS 59.6 + 8 0 - 

0+ 	
) 

124 + 10 19 <0.05 53.2 + 12 5 NS 

1.25 154 + 15 - - 56.2 + 8 - 

2.5 144 + 9 6 NS 47.0 + 5 18 4. 0.05 

5.0 92 + 17 43 40.01 22.4 + 10 60 40.01 

NS indicates 1:),..0.05  

Each value represents the mean + SEM of 6 observations. The 'p' values indicate comparisons 
between the adrenaline effect in cells incubated with 1.25mM calcium and those incubated with 
the additions shown in the Table. 77Z /h 	~~ 	cw~eJ a—, cc /c‘ 	q/-4 /- --t 
. n en-e a4,1 c 4-acp CJYvte r {- , 
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Figure 11 shows both basal and adrenaline (0.2 ug/ml) stimulated 

c-AMP values at different calcium concentrations. Neither the addition 

of EGTA to the medium during the incubation phase nor the omission of 

calcium from the medium had any effect on the basal level of c-AMP. 

Likewise, there was no significant change in adrenaline stimulated c-AMP 

level when the calcium was added at a concentration of 1.25 mM, when 

calcium was omitted or when EGTA was present (Table II). 	After increas- 

ing the calcium concentration in the medium to 2.5 mM, however, a sig-

nificant decrease in the stimulated c-AMP level of 18% was observed 

(p <0.05). As the calcium concentration was raised to 5.0 mM, the stim-

ulated c-ANP level decreased further to 60% of the value at calcium con-

centration of 1.25 mM. Basal values were not measurably altered as a 

result of alteration in the calcium concentrations. 

(2) Omission of Ca2+  Ions from the Preincubation Medium and 

the Effect of EGTA 

In the experiments illustrated in Figure 12 and Table III, the 

fat cells were preincubated with EGTA (1 mM) in a medium to which no 

calcium was added. Then during the incubation phase, increasing con-

centrations of calcium were added to the suspension. 

The cells treated with EGTA and incubated in medium containing no 

calcium, produced a significant (p <0.02) decrease of 30% in adrenaline 

stimulated glycerol production. However, as the calcium concentration in 

the medium was increased from 1.25 to 5 mM, the adrenaline stimulated 

lipolysis increased progressively. 

At a concentration of 5.0 mM calcium, glycerol production was fully 

restored. Basal lipolysis in the cells preincubated with EGTA was slightly 

but not significantly lower than in the cells incubated with calcium and 

no EGTA. 

In the experiment described below, calcium chloride was added to an 

incubation medium containing EGTA after the fat cells had been preincubated 

for a period of 30 min in a medium with EGTA and no added calcium. 
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EFFECTS OF EGTA (1MM) AND CA2+  IONS ON 

ADRENALINE STIMULATED LIPOLYSIS 

IN FAT CELLS 

PREINCUBATION WITH EGTA 
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FIGURE 12 
FAT CELLS WERE PREINCUBATED FOR30 MIN IN•A 
CALCIUM FREE BUFFER TO WHICH EGTA (1mM) WAS 
ADDED. THEREAFTER ADRENALINE AND CA2+ (1.25 
5 mM) WERE ADDED TO THE EGTA CONTAINING MEDIUM AND THE 
INCUBATION WAS CONTINUED FOR ANOTHER 30 MIN. 
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EFFECTS OF EGTA (1 MM) AND CA2+  IONS ON 
ADRENALINE STIMULATED cAMP LEVELS 

IN FAT CELLS 

PREINCUBATION WITH EGTA 

FIGURE 13 

THE INCUBATION CONDITIONS WERE THE SAME AS THOSE 
DESCRIBED IN FIGURE 12, 

VALUES ARE MEANS ± SEM OF 6 EXPERIMENTS. 
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THE EFFECT OF CPLCIUM ADDITION ON ADREN7LINE STIMULATED LIPOLYSIS 

AND cAMP LEVELS IN FAT CELLS PREINCUBATED WITH AND WITHOUT EGTA 

Table III 

Fat Cells Preincubated With EGTA 

Ca Conc.nM 
in th the 
Medium 

Glycerol Production 
rn l/g cell 

cAMP Level 
urol/q cell 

Effect of 
Adrenaline 

% Inhibition 
100% = 154 

Significance 
'p' 

Effect of 
AdreL1aiine 

%Inhibition 
10.0% = 69  

Significance 
'P' 	 

0+ EGTA 
(1mM) 

107.8 + 7 30 .4 0.02 65.0 + 5 0 - 

1.25 + EGTA 
()  

138 + 12 — 10 NS 62.1 + 10 - - -  

2.5 +EGTA 
(1M) 147 + 8 — 5 NS 66.4' + 13 — 0 - 	• 

5.0 + EGTA 
(1mM) 159 + 11 — 

0 - 49.6 + 8 
— 

21 40.01 

NS indicates p;>0.05 

Each value represents the mean + SEM of 6 observations. The 'p' values indicate comparisons 
between the adrenaline effect in  fE cells incubated with 1.25mM calcium and those incubated with 
the additions shown in the Table. 



30 

20 

10 

O
 CA

M
P
 (P

M
OL

/G
.  

CE
LL

) 

-107- 

Effect of insulin on adrenaline stimulated 

cAMP levels and glycerol production in rat fat cells. 

Absence of calcium from the medium 
40 	 - 200 
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w 
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FIGURE 14 
CACL2 WAS OMITTED FROM THE INCUBATION MEDIUM USED IN 

THIS EXPERIMENT. 

L 	 6teaccs' 	QSE/'-f 9 c-  i~uGcc, 



EEthCT OF ADRENALINE AND INSULIN ON cAMP LEVELS AND LIPOLYSIS 

IN FAT CELLS INCUBATED IN A CALCIUM FREE MEDIUM 

IV 

Cat+  
Conc. mM 

Addition to 
the medium 

cAMP 
pmol/g cell 

Significance 
"p" 

Glycerol 
nmol/g cell 

Significance 
"p" 

A 0 Adrenaline 
(0.22u. g/m1) 

48.2 + 5 153.3 + 17 

B 0 Adrenaline 
(0.2 dug/m1) 

+ 
Insulin 

(100» JJ/ml) 

47.0 + 4 *NS 50.5 + 8 * p< 0.001 

(B vs A) 

C 0 Adrenaline 
(0.2 /qi g/ml ) 

+ 
EGTA(1mM) 

49.5 + 3 *NS 122.7 + 15 * p < 0.02 
(CvsA) 

D 0 Adrenaline 
(0.2,jug/ml ) 
EGTA (1mM) 

+ 
Insulin 
(100/U/m1) 

58.2 

*NS 

+NS 

107.2 + 22 

* p <0.05 

+NS 

Isolated cells were preincubated with and without EDTA in a buffer to which Calcium was not added. 

*Indicates significance of an insulin or an EGTA effect c/f adrenaline effect. 

+Indicates significance of an insulin effect in the presence of EGTA (D vs C). 

NS denotes p >0.05. 
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As shown in Figure 13, the results obtained in this experiment 

closely resembled those described in Figure 11. The stimulated c-AMP 

level was not altered by the omission of Ca2+  or by the addition of 

EGTA to the incubation medium. However, a significant (p <0.01) inhibi-

tion of the nucleotide level by 21% was observed when the concentration 

of calcium added to the medium was 5.0 u 1. 

D. Relation of Calcium Ions to the Effects of Insulin on Lipolysis  

and C-AMP Levels  

(1) Omission of Ca2+  Ions from the Preincubation Medium 

In order to assess the extent to which extracellular calcium ions may 

be necessary for the antilipolytic activities of insulin, fat cells were 

preincubated and incubated in a medium to which no calcium chloride was 

added. Adrenaline was added to one set of tubes at a concentration of 

0.2 pg/mi. Insulin was subsequently added to the same tubes at various 

concentrations from 10 to 5,000 p.0/ml. The control tubes contained neither 

insulin nor adrenaline. 

As shown in Table IV and Figure 14, at an insulin concentration of 100 pU/ml, the 

hormone produced a 68% decrease in adrenaline stimulated glycerol production 

(p <0.001). This decrease was of the same magnitude as that observed in fat 

cells incubated with insulin in the presence of calcium 1.25 mM. Higher 

doses of insulin failed to produce any further decrease in glycerol pro-

duction. Under these incubation conditions, there was no detectable dif-

ference in c-AMP level due to insulin at any of the concentrations used. 

(2) Omission of Ca2+  Ions from the Preincubation Medium and 

the Effect of EGTA 

For this experiment, the conditions resembled those described above 

except the cells were both preincubated and incubated with EGTA (1 mM). 

The incubation medium contained adrenaline (0.2 pg/ml) and insulin at con-

centrations of between 10 and 5,000 pU/ml. 

As shown in Figures 15 and Table IV, the addition of EGTA to the 
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Effect of insulin on adrenaline stimulated 

cAMP levels and glycerol production. 

Pre-incubation and incubation 
with EGTA (1mM) 
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FIGURE 15 
CELLS WERE PREINCUBATED FOR 30 MIN IN CA FREE BUFFER 
CONTAINING EGTA (1MM). ADRENALINE (0,2 }JG/ML) AND ' 
INSULIN (10-5000 UU/ML) WERE ADDED TO THE SAME BUFFER 
AND INCUBATION WAS RESUMED, 

VALUES PLOTTED ARE MEANS (LESS BASAL) ± SEM1 5 	-&-iwteLt6 
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incubation medium caused a significant reduction (p <0.02) in the level 

of adrenaline stimulated glycerol production by 22%. When insulin was 

added at concentrations of 10 to 1,000 pU/ml, there was a further slight 

decrease in the glycerol level but this was not significant. During the 

incubation of fat cells in buffers containing EGTA and insulin, there 

was a progressive but insignificant increase in the stimulated c-AMP 

level. 

E. Effect of Calcium Active Agents on Adrenaline Stimulated  

Lipolysis and c-AMP Levels  

(1) Ca Ionophore A23187 

The incubation medium used throughout this experiment contained cal- 

cium (1.25 mM). Following preincubation of the fat cells, adrenaline was 

added to the medium at a concentration of 0.2 pg/ml with and without the 

calcium ionophore A23187. The latter was used at two concentrations only: 

0.2 pM and 2.0 pM. Sample aliquots were removed at the time intervals 

specified for c-AMP and glycerol measurements. 

Figure 16 shows time curves for the effects of the ionophore A23187 

on adrenaline stimulated glycerol production. Adrenaline (0.2 pg/ml) pro-

duced a gradual and linear increase in fat cell glycerol production. The 

addition of the ionophore at a concentration of 0.2LI to tubes containing 

adrenaline resulted in a slight decrease at 15 min but in a significant 

(p <0.05) decrease of 33% in lipolysis at 30 min. The antilipolytic effect 

of A23187 was dose-dependent. When the ionophore concentration was 2.0 .pM, 

a much greater decrease in glycerol production was observed (53%). 

Figure 17 shows time curves for the effects of calcium ionophore 

A23187 on adrenaline stimulated c-AMP level. In the absence of the 

ionophore, adrenaline (0.2 pg/ml) produced a rapid 3-fold increase in 

c-AMP level which reached a maximum value within 2.5 min of incubation. 

The addition of a low concentration of the ionophore (0.2 pM) reduced the 

c-AMP level significantly by nearly 2-fold (p <0.01). This decrease was 
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Ionophore: Effect on lipolysis 
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FIGURE 16 

CA IONOPFIORE A23187 WAS ADDED TO FAT CELL ALIQUOTS 
INCUBATED IN A MEDIUM CONTAINING CA 2+ (1.25 mM) ± 
ADRENALINE (0.2UGAIL), SAMPLES OF. CELLS WERE ANALYSED 
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Ionophore: Effect on cAMP levels. 
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FIGURE 17- 
INCUBATION CONDITIONS WERE THE SAME AS DESCRIBED. 
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Lanthanum chloride. 

Effect on cAMP and lipolysis. 
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FIGURE 18 

C-AMP AND GLYCEROL WERE MEASURED IN FAT CELLS INCUBATED 
WITH ADRENALINE ± LANTHANUM CHLORIDE (50-1000 UM). 
N h0- evpi-i 	lt-- - 
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apparent between 1.5 and 2.5 min. On increasing the ionophore concentra-

tion from 0.2 pM to 2.0 pM, a further significant decrease in c-AMP 

level was observed. 

(2) Lanthanum Chloride 

Fat cells were preincubated for 30 min in a buffer containing cal-

cium chloride (1.25 mM) after which adrenaline (0.2 pg/ml) and lanthanum 

chloride were added. The latter was added in concentrations of from 50 

to 1,000 pM. The control tubes contained neither adrenaline nor lanthanum 

chloride. 

Figure 18 shows that c-AMP level and glycerol production were 

increased by adrenaline alone. A low concentration of lanthanum chloride 

(50 pM) produced a significant decrease of 21% in both adrenaline stim-

ulated c-AMP level and glycerol production (p <0.05). As the concentra-

tion of lanthanum chloride was increased, there was a further rapid de-

crease in both the c-AMP level and glycerol production. Maximum inhibition 

of lipolysis and decrease in c-AMP level was obtained with 500 pM lanthanum 

chloride. Under these conditions, glycerol production and c-AMP level 

dropped to basal levels. 
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IV. DISCUSSION 

A. Relation Between C-AMP and Hormonal Regulation of Lipolysis  

(1) Effects of Adrenaline 

The outer region of the rat adipocyte plasma membrane contains 

receptor sites which have affinity for hormones such as adrenaline and 

insulin. These hormones bind to their respective receptors and initiate 

a sequence of reactions within the target cell which leads to physiological 

responses. 

The degradation of fat stored as triacylglycerol in the adipose 

cells follows the binding of adrenaline to the catecholamine receptor 

complex. Ahlquist (1948) introduced the concept of adrenergic a and a 

receptors to explain the differences in the effects of some adrenergic 

analogues on lipolysis and other cellular functions. The stimulation of 

lipolysis by adrenaline appears to be mediated via the 8 receptors, while 

the stimulation of a receptors antagonizes this effect and promotes lipo-

genesis (Burns et al 1971). The signal initiated from the adrenaline-

receptors undergoes a series of amplifications and is transmitted to speci-

fic intracellular components. The latter elicit the so-called "cascade 

reaction". The major enzymes in this cascade have been studied in some 

detail in the adipose tissue and other hormone sensitive organs such as 

muscle and liver. 

The activation of the catalytic unit of the enzyme adenylate cyclase 

by adrenaline appears to mediate the 8-adrenergic receptor function. This 

enzyme catalyzes the conversion of ATP to 3',5'-cyclic-AMP. The nucleotide 

is synthesized inside the cell, presumably near the inner wall of the 

plasma membrane. However, the intracellular cyclic nucleotide level is 

maintained by the balance between its formation via the cyclase and its 

degradation via a specific enzyme, 3',5'-cyclic-AMP phosphodiesterase 

(Figure 1) . 

The fat cell adenylate c yclase (Bār et al 1969; Rodbell 1967a,b; Steer 
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1975) and c-AMP phosphodiesterase (Butcher et al 1962, Nair 1966, 

Drummond et al 1961) are both membrane bound enzymes. Robison et al 

(1971) were the first to show that adrenaline elevates c-AMP by its 

stimulation of the adenylate cyclase. The data presented in this section 

shows that the rat epididymal fat cells were extremely responsive to 

adrenaline (Figures 2-4). A rapid and significant elevation of c-AMP 

level was observed in the cells incubated with the hormone at a concentra- 

tion as low as 0.2/tg/m1). The elevated nucleotide level was only main-

tained for about 1 min and declined to basal levels after 5 min. Other 

investigators have also reported that the increases in intracellular c-AMP 

after hormonal stimulation are only transient (Burns et al 1971, Schimmel 

1974). 

The experimental protocol chosen for the present study has several 

advantages over that reported by others for two reasons. First, methods 

were adapted to enable the detection of minute changes in c-AMP and glycerol 

production. Second, samples were analyzed at short time intervals follow-

ing the exposure of fat cells to adrenaline. This approach allowed pre-

cise recognition of the time course featuring the relationship between 

the c-AMP and the lipolytic response. Further, the correlation between 

the magnitude of each of the two responses at any particular moment could 

be adequately assessed. 

Examination of the time course of the adrenaline response shows 

quite clearly that the rise in fat cell c-AMP precedes the onset of 

lipolysis as manifested by an increase in glycerol production. Indeed, 

following the exposure of adipocytes, maximum c-AMP levels were observed 
6,1¢ wkio trtcA ( hcoekL a.( vikiN . 

after 2 min. 
A 
A significant increase in glycerol level was only observed 

after 10 min of incubation. This response pattern suggests, but 

does not prove, a cause-and-effect relationship between c-AMP and the 

onset of lipolysis. 
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The transient nature of the c-AMP response to adrenaline is dif-

ficult to explain. There are at least two reports which describe the 

fall in c-AMP after its initial rise and the simultaneous activation of 

phosphodiesterase by lipolytic hormones (Pawlson et al 1974, Zinman et al 

1974). The activation of the phosphodiesterase by adrenaline, however, 

does not necessarily mean the intracellular function of the nucleotide-

will cease as early as 2.5 min. Since adrenaline is available at the 

cell membrane and, presumably, is still able to activate the adrenergic 

receptors, a balance between the synthesis of c-AMP and its degradation 
,vliglte 

be expected. 
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In the present study, the correlation between c-AMP and glycerol 

response was examined over a wide range of adrenaline concentrations.The 

.sivaid curve obtained is similar to many other biological responses and 

is consistent with a physiological role for c-AMP. Moreover, changes in 

the nucleotide level as low as 20 pmol/ g cell, 	produced half maximal 

stimulation of glycerol release, suggesting that small changes in c-AMP 

levels are sufficient to trigger the onset of lipolysis. 

The relationship between a rise in c-AMP level and increase in 

lipolysis is compatible with a mechanism that involves the phosphorylation 

and, hence, the activation of a lipase under the catalytic influence of a 

c-AMP sensitive protein kinase (Corbin et al 1970, Huttunen et al 1971). 

In the nonstimulated condition, protein kinase is present in adipocytes 

• :I 
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as an inactive holoenzyme complex with its regulatory unit (R) bound to 

the catalytic unit (C). The enzyme is activated when the c-AMP binds to 

the regulatory unit. Following the phosphorylation of the latter, the 

catalytic unit is released and is then able to catalyze the next step in 

the lipolytic cascade. 

The evidence for the above sequence can be summarized as follows: 

protein kinase enzyme can bind c-AMP and phosphorylate proteins. 

When a protein kinase preparation from mammalian tissue (Gill et al 1971) 

is subjected to polyacrylamide gel electrophoresis, the c-AMP binding 

activity and the protein kinase catalytic activity migrate as a single 

band. However, when the enzyme is preincubated with c-AMP, the binding 

and catalytic activities are separated. However, the separated subunits 

can be re-associated. By adding increasing amounts of regulatory subunit 

to the catalytic subunit, more of the holoenzyme is formed. The relative 

amounts of c-AMP dependent protein kinase holoenzyme and free catalytic 

subunits that will be formed in a given tissue will, thus, vary according 

to a number of factors: a) the concentration of c-AMP which can fluctuate 

under hormonal control, b) the concentration of protein kinase enzyme, 

since under basal conditions the intracellular concentration of this en-

zyme roughly equals the level of c-AMP found in cells (Soderling et al 

1974), c) the presence of heat-stable proteins that can reversibly associ-

ate with the free protein kinase catalytic subunit and inactivate it (Ashby 

et al 1972), and d) the availability of protein kinases which can undergo 

an autophosphorylation whereby the catalytic subunit causes phosphorylation 

of the regulatory subunit (Erlichman et al 1973). The state of phosphoryla-

tion of the regulatory subunit determines its dissociability by c-AMP. When 

the regulatory subunit is dephosphorylated, c-AMP can no longer promote the 

dissociation of the holoenzyme (Erlichman et al 1974). Both the rate of 

autophosphorylation and the rate of dephosphorylation of the regulatory sub-

unit are regulated by c-AMP (Malkinson et al 1975). 
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From a knowledge of subunit structure of protein kinase, it could 

be predicted that the increase in c-AMP levels following the hormone treat-

ment of fat cells would produce a shift from holoenzyme to dissociated sub-

units. The ratio of c-ANP-independent to c-AMP-dependent protein kinase 

activity would increase. Indeed, measurements of this ratios in homogenates 

of adrenaline treated fat cells were found to have increased 3 fold (Soder-

ling et al 1973). Bymeasuring the size distribution of the protein kinase 

in homogenates made prior to and one min after adrenaline treatment, a shift 

from holoenzyme to dissociated protein kinase was observed. 

Similar techniques were employed in our laboratory to examine the time 

course and dose response relationship between the effects of adrenaline on 

protein kinase and glycerol release (Kissebah et al 1974a,b). The results 

showed an immediate increase in the activation state of the protein kinase 

following the exposure of fat cells to adrenaline. The changes in the pro-

tein kinase activation ratio coincided with the increase in fat cell c-AMP 

and preceded the enhancement of glycerol release. Furthermore, a close 

correlation was observed between the magnitude of changes in this ratio 

and the rate of glycerol production stimulated by increasing concentrations 

of the hormone. These findings, thus, confirm the proposed role for c-AMP-

protein kinase interactions as the initial steps in the lipolytic cascade 

effected by adrenaline. 

The catalytic subunit of the kinase once released is able to catalyze 

the phosphorylation of the lipase thereby converting the latter enzyme from 

its inactive to its active state. Thus, Huttunen et al(1971) and Kissebah et 

al(1974a) have reported that the addition of ATP and c-AMP to semipurified 

lipase preparations obtained from adipose tissue extracts caused an increase 

of approximately 50% in enzyme activity in the presence of added protein 

kinase. When the protein kinase was omitted from the incubation, however, 

no increase in activity was observed despite the use of maximal concentra-

tions of ATP and c-AMP. During the activation process, labeled phosphate was 
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transferred from ATP and bound to the protein. The magnitude of this 

phosphorylation correlated with the changes in the lipase activity. 

The results presented in this section and the data available in 

the literature clearly suggest an important role for c-AMP in the medi-

ation of the effects of adrenaline on lipolysis. Hence, binding of adrenaline 

to the fi-adrenergic receptor evokes a transient rise in intracellular _ 
et 

c-AMP which binds specific protein kinase. The released catalytic 
units can then catalyze the phosphorylation and activation of the 

hormone sensitive lipase and effectively initiate the lipolytic response. 

(2) Effects of Insulin 

The effects of insulin on lipolysis are well documented. In this 

regard, insulin inhibits both basal and catecholamine stimulated 

lipolysis. This insulin effect is observed with smaller concentrations 

of the hormone than those required to activate glucose metabolism. 

In diabetic subjects, fasting plasma FFA concentration is con-

siderably higher than in normal controls (Bierman et al 1957). When 

a glucose load is given to stimulate insulin secretion, the plasma FFA 

in diabetics remains higher than in nondiabetics (Hills et al 1962). 

Similarly, pancreatectomized animals show elevation in fasting or post-

prandial plasma FFA (Scow et al 1960). 

Moreover, epididymal fat pads from diabetic rats released on average 

20 times as much free fatty acid as tissue from nondiabetic controls when 

incubated in vitro (Winegrad et al 1958, Winegrad 1965). 

In contrast, the administration of insulin to either normal or 

diabetic subjects produces marked reduction in FFA concentration 

(Gordon et al 1958). Also, insulin in vitro consistently decreases 

the release of fatty acids from adipose tissue obtained from either 

diabetic (Winegrad 1965) 	or normal animals (Randle et al 1963). 

Both basal and adrenaline stimulated fatty acid release are inhibited 

by insulin. The decrease in FFA release cannot be attributed entirely 
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to enhanced glucose utilization and re-esterification of fatty acids, 

which suggests that the hormone triggers the inactivation of the 

lipolytic cascade. 

Recent studies with isolated adipocytes incubated with adrenaline 

in vitro have shown that the simultaneous addition of insulin prevented 

the rise in c-AMP—de endent protein kinase activity which is normally - 
CA,ssebutief Jrg7cf0 

induced by adrenaline This effect occurred after the cells had been 

exposed to insulin for 2 min. The protein kinase activity ratio in 

samples obtained 10 min after the addition of insulin to adrenaline 

stimulated tissue was not significantly different from the zero time 

value (no hormones were present), and correlated in time with the 

changes in lipolysis observed. Insulin concentrations between 10 and 

100 uU/ml produced dose response related changes in protein kinase 

activity which correlated in magnitude with the inhibition of lipolysis. 

The results cited above indicate that insulin could reverse the 

effects of adrenaline on the lipolytic cascade via its influence upon 

the activation state of the protein kinase. Insulin also appears to 

inactivate the lipolytic cascade via an alternative mechanism. Our 

group has reported that exposure of fat cells to insulin enhances the 

activity of a phosphoprotein phosphatase, the properties of which are 

similar to those of a lipase phosphatase (Kissebah et al 1974a). The 

latter enzyme has been proposed as an inactivator of the hormone 

sensitive lipase in adipose tissue (Huttunen et al 1971). 

Initial studies suggested that insulin can evoke its effects on 

the lipolytic cascade via changes in intracellular c-AMP. Butcher 

et al (1966) were the earliest to report a significant decrease in 

the adrenaline stimulated c-AMP content of adipose tissue exposed to . 

insulin. Subsequently, other investigators have reported similar 

findings. 

Since then, several investigators have proposed that insulin 
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elicits the changes in cellular c-AMP levels by either inhibiting the 

adenylate cyclase and/or stimulating the c-AMP phosphodiesterase. 

Insulin has been shown to inhibit the adenylate cyclase in adipocytes 

and fat cell homogenate (Illiano et al 1972, Hepp et al 1972) . 

In contrast, Senft et al (1968) found reduced phosphodiesterase 

activity in the adipose tissue of starved rats or alloxan diabetic r -

This observation suggests that insulin 

activates a phosphodiesterase enzyme which catalyzes the breakdown of 

adipocyte c-AMP. 

Insulin appears to decrease c-AMP levels in fat cells (Kono et al 

1973) by promoting the activity of the membrane bound phosphodiesterase 

(Manganiello et al 1973, Zinman et al 1974, Soloman 1975). A fall in 

c-AMP levels following the addition of insulin to intact adipose tissue 

has also been reported (Jungas 1966, Butcher et al 1968a). 

Although there is experimental evidence to explain the action of 

insulin as described above, the issue remains controversial for several 

reasons. Many studies have failed to correlate the changes in tissue 

c-AMP levels with the cell response to insulin. Insulin's effects on 

the translocation of sugars, amino acids and ions cannot be related to 

alteration in c-AMP content. Moreover, the fall in tissue c-AMP observed 

after insulin does not correlate either in time or in magnitude with the 

effects of insulin on lipolysis (Kissebah et al 1974b)or protein synthe-

sis (Fain et al 1972). The effects of insulin on hepatocytes and glucose 

output are dissociable from those of intracellular c-AMP (Davidson et al 

1974). Insulin decreases basal level of glucose/ in liver slices but no 

effect is apparent on c-AMP levels. In isolated liver cells, insulin 

inhibits gluconeogenesis due to adrenaline (Claus et al 1976), a process 

which is not dependent on c-AMP (Sherline et al 1972, Tolbert et al 1973). 

Vaughan et al (1969) showed that in a subcellular membrane prepara-

tion from fat cells in which the adenylate cyclase could be enhanced by 
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adrenaline, ACTH or glucagon, insulin had no influence on the aden-

ylate cyclase system in the presence or in the absence of adrenaline. 

Moreover, adenylate cyclase activity in adipocyte ghosts was not in-

hibited by insulin in the presence or absence of agents which increased 

the cyclase activity in these preparations (Rodbell 1967b,Rodbell et al 

1968). Yet insulin was still effective in stimulating glucose utiliza-

tion. Similarly, several investigators (Muller-Oerlinghaussen et al 

1968, Bletcher et al 1968,H 	et a11969a,b) have failed to find an 

activation of c-AMP phosphodiesterase by insulin. 

Hence, there is sufficient evidence to indicate that insulin does 

not influence fat metabolism by primarily affecting intracellular c-AMP 

levels. Indeed, the lowering of c-AMP level by insulin is not sufficient 

to account for the inhibition of lipolysis. This area remains highly 

controversial, however, because of the difficulty of analysis of low 

levels of c-AMP under physiological conditions. 

The results presented in this section indicate that the effects of 

insulin on the lipolytic cascade cannot adequately be explained by the 

alterations in intracellular c-APAP levels (Figures 6-9). It is also 

apparent that the nucleotide is not the sole mediator of this response. 

This proposal is supported by the following observations: 

a. In the present study, there was poor correlation both 

in time and magnitude between insulin induced changes in c-AMP levels 

and lipolysis. The adrenaline stimulated lipolysis was inhibited by 

insulin. This effect was detected within 10 min after the addition of 

insulin. During this period, the c-AMP levels were not significantly 

different from the control levels in the cells incubated without insulin. 

Furthermore, doses of insulin which maximally inhibited glycerol release 

did not induce significant changes in the fat cell c-AMP content. 

b. Under basal incubation conditions, insulin inhibited 

the rate of glycerol production slightly but changes in c-AMP levels were 

not discernible. 
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The poor correlation between c-AMP and insulin effects has been 

documented in other insulin sensitive tissues. The infection of insulin 

to rats inhibited the c-AMR dependent protein kinase (Walaas et al 1972) 

and the glycogen phosphorylase (Torres et al 1968, Goldberg et al 1967) 

without significant changes in the c-AMP content of skeletal muscle. 

Similarly, the administration of insulin to a perfused liver preparation 

stimulated glycogen synthetase activity without causing any notable 

changes in c-AMP content (Lamer 1972). Insulin activates the pyruvate 

dehydrogenase complex, a key step in fatty acid synthesis which is not 

demonstrably affected by c-AMP (Coore et al 1971). 

Furthermore, the insulin-induced changes in phosphoprotein phwhotase and lipase 

phosphatase rgorted by our group (Kissebah et al 1974b) caild not be related to 

alterations in c-APsince the . activity of this enzyme was found to be inde-

pendent of the nucleotide level. If the activity of this enzyme proved 

to be of major importance in insulin action as with other phosphatases 

(pyruvate kinase phosphatase, glycogen synthetase phosphqtase), then 

the role of c-AMP would be questionable. Other functions of insulin 

in adipose tissue such as 	proteogenesis and glucose 

transport also appear to be independent of c-AMP. 

B. Relation of Calcium to the Effects of Adrenaline and Insulin  

on Lipolysis  

Adipose cells, like many other cells, have a high capacity for 

calcium storage. The effects of calcium within the physiological range 

on several enzymes in the liver and the adipose tissue are well document-

ed. Cohen (1974) has shown that muscle phosphorylase kinase activity is 

partially regulated by Cat{  ions. Also, the liver phosphorylase kinase 

is activated by calcium ions at low concentrations (Khoo et al 1975, 

Shimazu et al 1975). Low concentrations of Ca
2+

ions are able to activate 

adipose tissue glycogen synthetase (Hope-Gill et al 1976) and inhibit 

triglyceride lipase (Kissebah et al 1974a). It has been shown that 
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calcium may regulate glucose transport in adipose tissue and muscle 

(Clausen et al 1974 and Clausen et al 1975). 

There is no available 	method to measure precisely the 

concentration of calcium contained within each of the intracellular 

pools and organelles. Indirect techniques have, however, recently been 

used to measure the concentration of calcium in the cell. Based on the 

assumption that there is an equal distribution of completely ionized calcium 

in cell water, the value of total intracellular calcium concentration 

measured by isotopic equilibration techniques averaged 10-3M. Studies 

using calcium indicators such as aequorin which is sensitive to changes 

in ionizable calcium, have suggested, however, that the cytoplasmic 

calcium level may be as low as 10-7M. These findings suggest the pre-

sence of an intracellular calcium storage pool which can accomodate 

large quantities of calcium far exceeding the amount normally present in 

the cytoplasm. 

Three main organelles have been suggested as possible sites for 

cellular calcium storage. Denton et al (1972) have reported that the 

mitochondrial matrix of fat cells have the capacity to store large quan-

tities of calcium, and that the ion concentration in these organelles 

may exceed 10-4M. Most of this calcium is bound as calcium salts. Hales 

et al (1974) using an electromagnetic probe, were able to distinguish 

large deposits of calcium bound to the endoplasmic reticulum of isolated 

adipocytes. Other investigators have reported the presence of calcium 

high affinity binding sites located on the fat cell plasma membrane 

(McDonald et al 1976). 

Although the endoplasmic reticulum and plasma membrane may contain 

a large fraction of total cellular calcium, the results of isotopic 

equilibrium experiments suggest that the bulk of exchangeable calcium 

is to be found in the mitochondria. These organelles appear to possess 

a regulated exchange mechanism between hydrogen ions and calcium and 
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probably acts as a buffer regulating the concentration of these ions in 

the cytosol. A change in the hydrogen ion concentration within the 

mitochondria causes a shift in equilibrium from bound calcium to ionized 

calcium available for exportation to the cytoplasm in exchange for 

hydrogen. ions. The mitochondrial membrane also possesses a calcium 

sensitive ATPase system which is capable of transporting calcium ions - 

actively from the cytoplasm into the mitochondrial pool where the ions 

are sequestered. Thus, a rise in cytoplasmic free calcium activates 

the mitochondrial Ca-ATPase and facilitates the influx of calcium into 

the mitochondria against the concentration gradient normally present. 

The extracellular calcium concentration is in excess of 10-3I and, 

therefore, its passage into the cell is coupled with its active extrusion 

from the cell against a concentration gradient. This effect is achieved 

via an energy driven process maintained by a plasma membrane calcium 

sensitive ATPase system. Hence, the plasma membrane ATPase enzyme com-

plex provides another important control mechanism which regulates the 

cytoplasmic calcium by pumping out the ion. 

(1) Effects of Adrenaline 

a. Requirement for Extracellular Calcium  

From the data presented in this section, it appears that the omission 

of calcium from the incubation medium does not significantly alter the 

c-AMP level nor the lipolytic response to adrenaline (Figure 10 and 11). 

This suggests that the stimulation of the S receptors of the fat cell 

by the hormone is not affected by omission of calcium. Furthermore, it 

is inferred that the intracellular enzymes involved in lipolysis, protein 

kinase and lipase, respond equally well to c-AMP generated by adrenaline 

under these incubation conditions. Should the ion prove to be an es- • 

sential regulator of lipolysis within the intact cell, then the mobiliza-

tion of intracellular calcium to maintain this function could proceed 

without the requirement of extracellular calcium. However, there must be 
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an upper limit to the length of time the adipocyte is able to maintain 

metabolic integrity in a medium free of calcium. In experiments con-

ducted with fat cells, the total incubation time did not exceed one hour. 

It appears that calcium stores in the cell are sufficient to provide the 

ionized calcium required for enzyme regulation during lipolysis. Should 

the incubation period last for periods exceeding 60 min, the calcium 

stores would presumably be depleted and hence, the level of cytosolic 

calcium be lowered to a level which would result in the inhibition of 

the lipolytic cascade. 

The definition of "extracellular Ca-free buffer" as used in the 

experiments described above raises several problems. After an initial 

period of incubation, calcium ions become available in the medium 

through the action of the intracellular ATPase pump. The effective 

concentration of the extracellular calcium will, however, be low because 

of the dilution effect of the incubation buffer. Furthermore, the con-

tamination of glassware with calcium ions in the absence of divalent 

chelators is a major problem because the total absence of Ca2+  ions is 

difficult to achieve. It has been reported that there is a consistent 

calcium background of about 20c?vI associated with the experimental vessels 

and deionised water (Schimmel 1973). In all the experiments discussed 

here, deionized distilled water is used to clean all glassware and for 

the preparation of the incubation media. The background concentration of 

calcium in the medium to which no calcium was.added as measured by 

an absorption spectrometer ranged between I0-9  and 10-8  M. 

The above results are in agreement with those of Efendic (1970) who 

reported that the omission of calcium ions from the medium is not suf-

ficient to block basal or adrenaline stimulated lipolysis or c-AI'1P 

level in the fat cells. A similar conclusion was reached by Siddle and 

Hales (1977). 

Although there were no measurable differences between adrenaline 
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stimulated or basal c-AMP level in the fat cells incubated with and with-

out calcium, these results may not be applicable to other hormonal re-

sponses. Thus, the stimulation of fat cell lipolysis by ACTH was found 

to be dependent on the availability of extracellular calcium. It appears 

that, unlike the binding of adrenaline to fat cell receptors, calcium ions 

are essential for the adequate binding of ACTH to its specific receptors. 

Thus, labeled ACTH has been demonstrated to bind to tissue cultured ad-

renal cells but in the absence of Ca
2+ 
 ions activation of the cyclase 

does not accompany binding (Lefkowitz et al 1970). This may account for 

differences between adrenaline and ACTH regarding their requirements for 

extracellular calcium. 

b. Depletion of Cellular Calcium with EGTA  

In these experiments the fat cells were incubated under two con-

ditions. In the first series of experiments, the cells were preincubated 

in a calcium-free medium without Eno.. EGTA was only added to one set 

of tubes together with the hormone in the incubation phase. In the sec-

ond series, the cells were preincubated in a calcium-free incubation 

medium with added EGTA (1 mM) prior to the addition of adrenaline which 

marked the beginning of the incubation phase (Figures 10-14). There was 

a marked difference in the results obtained under these two incubation 

conditions. The divalent chelator, EGTA, added during the incubation 

phase inhibited adrenaline stimulated lipolysis significantly but basal 

lipolysis was only slightly reduced. Preincubation with EGTA for 30 

min decreased the lipolytic response of the fat cell to adrenaline to a 

great extent. In contrast, EGTA had little effect on the hormone stim-

ulated or the basal c-AMP levels in the fat cells. In none of these 

experiments could an effect of EGTA be detected on basal glycerol pro-.  

duction of c-AMP levels. 

These findings are in agreement with those of Siddle and Hales 

(1977) who showed that the incubation of fat cells with EGTA (5 HIM 

from 30 min to 2 hours in the presence of Mgt+  ions did not decrease 
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adrenaline stimulated c-AMP level as measured at 5 min. However, in con-

trast to our data, these investigators observed a significant increase in 

c-AMP level in cells incubated with EGTA. In addition, under similar 

incubation conditions, fat cell lipolysis was reduced to below the basal 

value. 

Efendic et al (1970) showed that the prolonged incubation of human 

adipose tissue with EGTA produced inhibition of stimulated lipolysis 

whether the effector was DBc-AMP, theophylline or maximal adrenaline 

concentration. In both our experiments and those of Efendic et al 

(1970), the inhibition of lipolysis by EGTA could be reversed by the 

addition of calcium ions to the medium containing EGTA. In contrast, 

Siddle et al (1977) found that the addition of calcium produced only 

minimal reversal of lipolysis in their experiments with EGTA. This lack 

of reversibility could result because of: a) the use of an excessively 

high concentration of EGTA (5 mM) and/or b) the prolonged incubation 

period (2 hours) with EGTA might have depleted the intracellular sources 

of calcium to an unrecoverable extent. 

Since there was a significant lowering of adrenaline stimulated 

lipolysis in the presence of EGTA and this effect was considerably greater 

after preincubation, it is concluded that the process of lipolysis in the 

fat cell is probably inhibited as a direct consequence of depressed 

enzyme activity resulting from the lowering of cellular calcium by EGTA. 

Since the stimulated c-AMP level was unaltered, the enzymes affected by 

the unavailability of ionized calcium would be distal to the adenylate 

cyclase system associated with the plasma membrane of the fat cell. 

The exact mechanisms whereby EGTA depletes intracellular calcium are 

not certain. There is evidence to suggest that the chelator cannot pen-

etrate through the membrane of the mitochondria (Chappel et al 1965, 

Bygrave 1977). It seems likely,. therefore, that EGTA remains extracellular 

and depletes intracellular Ca2+  ions by a process dependent upon mass 
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action effect. A complex is formed between the divalent cation and EGTA 

when Ca2+  ions are pumped out of the cell via the membrane bound calcium 

sensitive ATPase system. EGTA, however, is not totally specific for cal-

cium ions. It also binds Mgt+,but the respective stability constants of 

Ca2+  and Mgt+  complexes are 1011  and 105, respectively (Gillgell et al 

1970). Hence, this agent is capable of distinguishing between these two 

ions. In addition, there is no evidence to suggest the presence of a Mg 

ion concentration gradient between extracellular and intracellular fluids 

(Veloso et al 1973). 

The lipolytic enzymes most likely to be affected by a depletion of 

intracellular calcium are the c-AMP-protein kinase and hormone-sensitive 

lipase. The activity of partially purified protein kinase from human 

adipose tissue was determined at different calcium concentrations in 

EGTA buffers. Under these conditions, our group observed that maximal 

kinase activity was obtained at calcium concentrations between 10-8  and 

10-7  (Kissebah et al 1974). Similar results were obtained when the tri-

acylglycerol lipase activity in a pH 5 isoelectric precipitate was measur- 

ed under the same condition. In contrast, inhibition of both functions 

was observed in media containing EGTA only. 

Although it is at present not possible to measure the cytosolic 

calcium concentration in the fat cell directly, it is generally agreed 

that the value for ionized Ca2+  in most cells is about 10-7  M. From 

the results shown above, it is important that this level be maintained 

if the activity of the rate limiting lipolytic enzyme is to function 

fully. The antilipolytic effect of EGTA could, thus, be explained if 

the agent depletes Ca2+  ions in the cell to a level below 10-8  M. This 

level would not be readjusted by the release of intracellular Ca
2+ 
 from 

storage pools in the presence of the chelator during the incubation 

period. Hence, the lack of intracellular Ca2+  could prevent the binding 

of c-AMP to the protein kinase and/or prevent the dissociation and 
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liberation of the catalytic subunit. Alternatively, the protein kinase 

catalytic subunit may be dependent on calcium ions in order to activate 

the lipase. In either case, the degradation of stored triglyceride 

should be inhibited. It is generally agreed that there is a cause and 

effect relationship between the rise in intracellular c-AMP level in 

response to adrenaline and the increase in lipolysis. Our observations 

show a lack of effect of EGTA on adrenaline stimulated and basal c-AMP 

levels. The observations by Siddle  et al (1977) indicate an increase in 

stimulated c-AMP level by EGTA without any alteration in the basal 

nucleotide level. Yet the EGTA can inhibit lipolysis despite a pre-

vailing high c-AMP level in the cell. 

As pointed out previously, the two enzymes involved in the control 

of c-AMP levels are adenylate cyclase and c-AMP phosphodiesterase. In 

some membrane preparations, the activity of the former enzyme was in-

hibited by Ca2+  and stimulated by EGTA (Franks  et al 1974, Braun et al 

1975, Duffy et al 1975, Steer et al 1975). However, the direct effects 

of Ca2+  ions on the adenylate cyclase cannot be assessed at present 

since the enzyme has not yet been isolated in a pure form. 

In contrast, there is substantial evidence to suggest that Ca2+  

regulates the activity of the c-AMP phosphodiesterase (PDE) (Appleman 

et al 1975; Kakiuchi et al 1975a,b; Wang et al 1975; Wolff et al 1974) . 

The calcium dependent regulator (CDR) of PDE activity functions as a 
• 
regulatory subunit of the enzyme. Ca2+  ions promote the association 

of the CDR with PDE producing a rise in V 	and a fall in the Km  of the 

enzyme (Wang et al 1975). In addition, the binding of c-AMP to PDE 

enhances the catalytic unit of the enzyme. Hence, it is possible that 

the use of EGTA to deplete Ca2+  ions inside the cell could lead to a • 

block in the PDE activity by preventing the association of the regulator 

to PDE. This would result in the inhibition of conversion from 3',5'- 

cyclic-AMP to 5'-AMP and a rise in intracellular c-AMP level. The fact 
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that no increase in the basal c-AMP level was observed with EGTA would 

support this possibility because the inhibition of PDE activity per se, 

without the stimulation of adenylate cyclase activity by adrenaline, 

should not result in any significant increase in intracellular c-AMP 

level. 

Our results regarding the effects of EGTA on lipolysis agree 

essentially with those of Siddle et al (1977). However, the interpreta-

tion of the two sets of data differs widely. Those investigators ob-

served a decrease in fat cell ATP level (expressed as nmol/g dry weight) 
• 

concurrent with the inhibition of lipolysis by 5 mM EGTA. Moreover, 

the inhibition could not be reversed by the addition of Ca to the fat 

cell preparation. Hence, they conclude that the inhibition of lipolysis 

by the chelator is due to a disruption of the intracellular apparatus of 

fragile cells. It is unlikely, however, that the cell damage could ex-

plain the antilipolytic effects due to EGTA observed in the present 

experiments for the following reasons: 

1.) EGTA (5 mM) had no effect on basal lipolysis des-

pite a drop in ATP level even with preincubation for as long as two 

hours (Siddle et al 1977). If the cell was damaged, one would expect 

a drop in both basal and stimulated lipolysis. A relative decrease in 

adipocyte basal lipolysis can be estimated with reasonable accuracy. In the 

experiments presented in this thesis, preincubation with EGTA was limited 

to 30 min and only 1 mM of EGTA was found necessary to produce detectable 

antilipolytic effects. 

2) The effect of 1 mM EGTA was abolished by adding 

Ca2+  to the incubation medium. Since the effect of the chelator was 

readily reversible, it is concluded that no irreversible damage had 	• 

occurred. 

3) Siddle et al (1977) showed that EGTA caused a 

decrease in ATP level despite a marked enhancement in adrenaline 
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stimulated c-AMP level. It is difficult to reconcile these two observa-

tions since the availability of ATP is a prerequisite for the synthesis 

of c-AMP by adenylate cyclase. Unless it is assumed that there is a 

compartment isolated from the mitochondria at the cell membrane which 

provides the substrate ATP for c-AMP formation, it is likely that a 

decrease in the intracellular ATP content (presumably from the mito-

chondria) would affect the ATP level throughout all the compartments 

of the cell. In addition, the increase in c-AMP levels following EGTA 

treatment indicates that the integrity of the outer or inner plasma mem- 

brane has not been disrupted by EGTA. Other investigators have shown 

that in fat cell ghost- incubates, the formation of c-AMP by ACTH through 

the stimulation of adenylate cyclase, is markedly diminished when ATP 

concentration in the medium is reduced from 3.53 to 0.41 ir1 (Birnbaumer 

et al 1969a,b). 

4) The concentration of EGTA (5 mM) used by Siddle 

et al (1977) is five times that used in our experiments (1 mM). Severson 

et al (1976) showed that when fat cells are incubated with 5 mM EGTA for 

30 min, no decrease in fat cell ATP content (expressed as nmol/unit 

glutamate dehydrogenase) was observed. Furthermore, the cells or tissue 

pieces incubated with EGTA exhibited good respiratory control (Chance 

et al 	1956). The ratio of 4..6 was obtained for the oxidation of 

pyruvate (5 mM) and malate (0.5 mM); 3.5.4 for the oxidation of succinate 

(5 mM) and 4_8 for the oxidation of 2-oxoglutarate (5 mM) and malate 

(0.5 mM). This suggests that the mitochondria wee functioning normally 

and that there was no evidence of uncoupling of oxidative phosphorylation 

due to EGTA. 

5) Severson et al (1976) used EGTA (5 mM) for the 

extraction of mitochondria from fat cells in order to inhibit any further 

uptake of Cat+  by that organelle. The chelator was added to the cell 

preparation and the cells were broken up in a sucrose based extraction 
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medium containing EGTA. There was no detectable breakage of the mito-

chondria due to the process itself or to the treatment by EGTA. 

6) Furthermore, Martin et al (1975) showed that the 

incubation of fat cells with EGTA (0.5 mM) did not inhibit the accumula-

tion of 32P in these cells. This suggests that the effect of EGTA does 

not interfere with the energy dependent intracellular sites since the 

uptake of 32P is an energy dependent process. 

From the data presented in this section and the above evidence, it 

is clearly unlikely that the exposure of fat cells to EGTA (1 mM) for 

60 min would lead to irreversible damage to the fat cells. Hence, the 

interpretation that EGTA inhibits lipolysis in fat cells not by cell 

disruption but by an alteration in intracellular Ca2+  ion availability 

which results in the decrease of specific lipolytic enzyme would appear 

to be valid. 

c. Effect of Increasing Extracellular Calcium Concentration  

Under conditions when the fat cells were not preincubated with EGTA, 

progressive increases in calcium concentration led to a decrease in adren-

aline stimulated lipolysis and c-AMP levels (Figures 10,11) . The inhibitory 

effect of calcium was most apparent when the concentration was 

increased to 5 mM. 	In contrast, when calcium was added to fat cell 

incubates following a 30 min incubation with EGTA, the inhibitory effect 

of the ion was abolished completely, even in a 5 mM calcium medium 

(Figures 12,13). But in the presence of EGTA, the effect of 5 mM calcium 

was less marked. Adrenaline stimulated c-AMP levels were lowered when the 

cells were incubated in a medium containing high calcium whether or not 

the cells were preincubated with EGTA. 

A hyperphysiological extracellular calcium concentration thus in- ' 

hibits both the adenylate cyclase and probably the kinase/lipase systems 

in the cell which results in a fall in c-AMP level and glycerol production. 

The effect of the high Ca2+  concentration is probably bufFered by the presence of 
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EGTA in the incubation medium. It is not possible to know how much of the ex-

tracellular calcium actually penetrates the fat cell. But because of the 

favourable concentration gradient between the extracellular pool (5 x 153  Ni) 

and the intracellular ionized pool (10-7  M), a large fraction of the extra-

cellular ion would presumably enter the fat cell. The calcium active 

ATPase at the plasma membrane and the mitochondria would, respectively, 

pump calcium out of the cell and into the organelle. In this way, the 

cytosolic calcium level could be maintained within a physiological range. 

However, no direct experimental data is available to explain the effect 

of a supraphysiological calcium concentration on the ATPase system or the 

time factor required for the cell's calcium level to reach a new 

steady state. 	The available evidence from 45Ca-flux experiments 

suggests there is a rapid uptake of extracellular calcium into both the 

cytosol and organelles such as the mitochondria (Severson et al 1976). 

The results obtained from these experiments have limited application, 

however, when extrapolated to a physiological situation, e.g. data ob-

tained by Borle et al (1978) casts doubt on the validity of the argument 

that an increased 45Ca accumulation by a tissue is evidence of a shift 

of extracellular calcium into the cells. 

High extracellular calcium concentrations were observed to affect 

both the adenylate cyclase and the lipolytic enzyme systems. It is, 

therefore, not possible to state whether the antilipolytic effect of 

the calcium ions is due primarily to the inhibition of the cyclase or 

to an enzyme distal to the site of c-AMP production. An increase in cyto-

solic calcium could activate the c-AMP PDE enzyme and so enhance the de-

gradation of c-AMP which would result in a reduction in glycerol pro-

duction. The observation that EGTA restores c-AMP level, albeit not to 

normal levels, supports this possibility. Under certain conditions, 

however, antilipolysis results despite the presence of a high level of 

c-AMP in the cell (Kissebah et al 1974 b, Siddle et al 1974 ). Hence, 
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it is possible to dissociate the activity of the adenylate cyclase system 

from the subsequent intracellular events. 

The lipolytic enzymes, c-AMP-dependent protein kinase and hormone 

sensitive lipase, are effectively regulated by calcium ions. Our group 

has demonstrated that high calcium concentration (10-3 M) prevents the 

binding of c-AMP to isolated human adipose tissue protein kinase. The 

effect of the ion could be partly overcome by increasing the c-AMP con-

centration in the assay mixture (Kissebah et al 1974a). 

The addition of EGTA to the high calcium medium would have two 

effects: 1) to chelate a fraction of the extracellular calcium and thus 

lower the amount of the ions available in the cell, 2) to lower the 

cytosolic concentration of calcium by interfering with several as yet un-

identified intracellular components. If c-AMP level is increased by the 

addition of EGTA, this could improve the binding of c-AMP to the protein 

kinase. Simultaneously, the effect of lowering intracellular calcium con-

centrations would directly increase the activity of protein kinase and 

consequently, the lipase would be activated and able to catalyze the 

breakdown of fat. 

(2) Effects of Insulin 

a. Requirement for Extracellular Calcium  

The omission of Cat}  from the incubation medium was shown to alter 

the response of the fat cells to insulin. The c-AMP level stimulated by 

adrenaline is maintained at an elevated level irrespective of the con-

centration of insulin in the incubation medium (Figure 14). Also, there 

was no difference in the inhibition of lipolysis by insulin whether the 

cells were in calcium free buffers or not. Other intracellular functions 

of insulin in fat cells also appear not to be influenced by the omission .of 

calcium from the incubation medium. Letarte et al 	(1969) have ob- 

served that insulin stimulated lipogenesis was not affected by the removal 

of calcium from the incubation medium. The results cited above would 
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imply that calcium is not a prerequisite for insulin to exert its intra-

cellular effects in adipocytes. However, this interpretation may be er-

roneous since the mobilization of calcium from intracellular stores may 

adequately modulate the cytoplasmic ion level without the necessity for 

extracellular1(supply. 

b. Depletion of Cellular Calcium by EGTA  

Preincubation of the fat cells with EGTA in the absence of Ca2+  ions 

in the medium significantly decreased adrenaline stimulated lipolysis. 

Insulin failed to reduce the lipolytic activity of cells incubated with 

adrenaline and EGTA even when the concentration of the polypeptide hormone 

was as high as 5,000 pU/ml (Figure 15). Under the same incubation con-

ditions, the stimulated c-AMP level was not reduced by incubation with 

EGTA with or without insulin. It appears, therefore, that the unavail-

ability of extracellular Ca
2+ 
 together with the lowering of intracellular 

Ca2+  by EGTA produce a 	reduced 	response of fat cells to insulin. 

Hence, insulin is dependent on Ca2+  ions for its intracellular effects. 

Several reports support the conclusion that calcium ions are essential 

for the function of insulin and that the ion may operate as an intra-

cellular messenger for the hormone actions. The effects of calcium with-

in the physiological range on several key regulatory enzymes have thus 

been documented. Low concentrations of calcium are able to activate the 

adipose tissue glycogen synthetase (Hope-Gill et al 1976). The conversion 
,Dicknt 	d
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of relatively inactive/s G-6-P—independent (I-form) was found to be stim-

ulated by calcium. Furthermore, calcium ions between 10-7  and 10-3  M 

cause progressive inhibition of a partially purified hormone sensitive 

lipase obtained from adipose tissue (Kissebah et al 1974 a). These ef-

fects due to Ca2+  ions have been related to the ability of the ion to • 

decrease the activation state of the c-AMP-dependent protein kinase and 

to stimulate the activity of a phosphoprotein phosphatase. Modulation 

of the phosphorylation-dephosphorylation cycle of the above key enzymes 
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by calcium ions may mediate the effect of insulin on glycogenesis and 

lipolysis. Insulin enhances the activity of pyruvate dehydrogenase 

phosphatase, an important regulator of fat cell lipogenesis. Calcium 

ions within the physiological range also enhance the activity of the 

enzyme. 

Hence, alterations in the concentration of free Cat+  inside cells 

appear to play an important role in the action of many hormones. A 

major problem in studying the function of Cat+; in the control of intra-

cellular processes is the low concentration of free Ca2+  probably in the 
Eulkt 

range of 0.1 to 10 pM compared with a relatively high intracellular Cat+  

Ccrn to kti- 

The total calcium content of isolated fat cells from rat 

epididymal tissue has been calculated to be about 3 x 10-3  M (Kissebah 

et al 1975). There is evidence that the mitochondria are able to main- 

tain a 1000-fold Cat+  concentration gradient between their inner and 

outer surface (Drahota et al 1965) and hence the cytoplasmic Ca level 

is probably about 10-6  M. This value has been estimated in muscle and 

the liver (Weber et al 1964, Chance 1965). As in other cells (Drahota 

et al 1965) over 90% of the total Cat+  in the adipocyte is in an un- 

exchangeable pool, probably forming part of the glycoprotein complex 

matrix of the cell membranes. The remaining Cat+, however, is readily 

exchanged with the Cat+  in the extracellular compartment of the cell. 

There are several experimental models which have been designed to 

demonstrate specific locations for intracellular Cat+. In fat cell 

ghost preparations,it was possible to identify specific Cat+  binding 

sites which can accommodate a high proportion of Cat+  within the fat 

cell. However, these ghosts contain both plasma membrane and endoplasmic 

reticulum. It was therefore not possible to differentiate which of the 

two organelles was responsible for the high affinity binding. These 

findings indicate that either one or both organelles might be able to 

specifically bind Cat+  ions. Hales et al (1974) however, have demonstrated 
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the presence of Ca deposits inside the smooth endoplasmic reticulum of 

adipocytes. Also purified plasma membrane preparations obtained from 

hepatocytes (Schlatz et al 1972) and red blood cells (Duffy et al 1973), 

have been shown to contain highly specific Ca binding sites. The mito-

chondria have also been implicated in the control of cellular Ca2+  ions. 

Although in the studies of Hales et al (1974) no demonstrable Ca 

deposits were isolated in the mitochondria of fat cells, studies in the 

liver cells (Thiers et al 1960, Reynolds et al 1962) have confirmed the 

presence of large quantities of Ca in that organelle. Moreover, similar 

analyses of Ca movement in kidney cell cultures (Boyle 1972) have sug-

gested the presence of a calcium store in the mitochondria. The accumula-

tion of Ca in this compartment is increased by raising the extracellular 

phosphate concentration and is abolished by inhibitors of calcium uptake. 

The physiological role of mitochondria in the cellular Ca2+  homeostasis, 

however, remains speculative. 

To elucidate the effects of insulin on calcium fluxes, experiments 

were performed by our group in isolated fat cells in a closed system. 

The cells were perfused with a medium containing 45Ca (Kissebah et al 1975). 

Ca was released rapidly from compartment A and several times faster than 

the rate reported for transmembrane fluxes in other cells (Boyle 1972, 

Hodgkin et al 1957, Blaustein et al 1969, Winegrad et al 1962). This com-

partment contained approximately half the total exchangeable calcium. This 

suggested that compartment A represents a superficial location for the ion. 

This site could be the exterior surface of the plasma membrane. The 

efflux of Ca during the initial phase was not affected by dinitrophenol 

(D;NIP)but was accelerated when the Ca2+  concentration in the perfusion 

medium is increased. 

In contrast, the efflux from pool B and C was inhibited by DNP and was 

independent of extracellular Ca2+  concentration. Thus, both pools B and 

C are probably located intracellularly. Since the rate constant for Ca 
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release from B approached the rate for transmembrane fluxes measured in 

other cells, this pool might represent the active extrusion of Ca from 

the cytoplasm. Lastly, the rate of Ca released from compartment C ias very 

slow and it appears that this pool represents intracellular Ca stores 

which exchange slowly with the cytoplasmic compartment. Pool C probably 

represents Ca locations at the inner surface and/or the endoplasmic 

reticulum. The redistribution of Cat+  ions from flux stores may provide 

a mechanism whereby interaction between a hormone and its receptor can 

elicit physiological responses through alterations in intracellular free 

Ca distribution. 

From the information obtained with this closedsystem method regarding 

the kinetic behavior of Calf  ions in fat cells, the hormonal influences on 

this process were examined. In prelabeled perfused fat cells, adrenaline 

produced an increase in 45Ca release, an effect which was abolished by DNP. 

Similar findings in the liver have been reported by Friedmann et al (1968). 

The adrenaline induced Ca2+  release appears to originate from an intra-

cellular pool and exposure of the cells to this hormone probably leads to 

a reduction in intracellular concentration. Although there is no direct 

proof that the effects of adrenaline on Cat+  ion flux antedate the activa-

tion of the c-AMP-dependent protein kinase it seems clear that the Cat+ 
 

efflux is an early effect of adrenaline preceding the stimulation of 

lipolysis. 

In contrast, insulin caused an immediate efflux of Ca from the pre-

labeled adipocytes. According to the studies described above, this efflux 

is probably due to the displacement of Ca from superficial membrane stores. 

Insulin also inhibited the active efflux of Ca from the fat cells, hence, 

the resultant effect of the hormone would lead to an increase in cytosolic 

calcium concentration. It has also been shown that the inhibition of Ca 

efflux by insulin correlates with the antilipolytic effect of this hormone. 

A further way in which the hormone could alter the intracellular calcium 
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level would be by altering the distribution of Ca between the external 

and internal environment of the cells. As with red blood cells, 

the efflux of Ca from fat cells exhibits some characteristics of an 

active process which is inhibited by DNP. In addition, fat cell mem-

branes contain a Ca-sensitive ATPase and released fat cell ghosts are 

capable of active Ca extrusion against a concentration gradient. 

Experiments on isolated cellular compartments would support the 

conclusion that insulin releases Ca2+  from intracellular stores. It 

has been demonstrated that the hormone inhibits Ca binding toiver 

plasma membrane (Shlatz et al 1972) and fat cell ghost membranes 

(Kissebah et al 1975). Insulin decreases the binding of Ca to the 

surface of the plasma membrane and/or endoplasmic reticulum 

while it  inhibits the release of Ca from cytoplasmic pools resulting 

in an increase in intracellular calcium. In addition, insulin facilita-

tes the release of Ca2+  from monomolecular fibers of monooctadecyl phos-

phate and steric acid (Kafka et al 1969). 

The interrelationship between the effects of insulin on Ca binding 

and Ca2+  efflux, however, still remains obscure. Nevertheless, the data 

presented in this section clearly suggests that Ca2+  ions could mediate 

the antilipolytic effects of insulin in isolated adipocytes. Insulin 

both induces displacement of Ca2+  from the membrane pools and inhibits 

efflux of the ion, thereby facilitating a rise in intracellular free Ca2+ 
 

concentration. The evidence reviewed regarding the fine control of rate 

limiting lipolytic enzymes by Ca2+  ions and the in vitro manipulations 

of the extracellular Ca2+  environment with the consequences on insulin 

induced antilipolysis,indicate that calcium ions might act as the missing 

second messenger for insulin action. 

(3) Calcium Active Agents and Increases of Intracellular Calcium 

a. Ca Ionophore A23187  

The calcium ionophore A23187 and lanthanum chloride were used in these 

experiments to increase the calcium ion concentration in the fat cell. Our 
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understanding of the role of Ca2+  ions in subcellular metabolism has been 

extended recently through the use of the calcium ionophore A23187(Figure 19). 

There are many issues to consider before the effects of A23187 can be 

interpreted in a physiological context. A23187 enhances the inward flux 

of Ca2+  across the membrane down a concentration gradient. This has been 

observed with bovine epididymal sperm and red blood cells (Reed et al 

1972b)and in fat cells (Martin et al 1975). There is also direct evidence 

that A23187 stimulates calcium entry from the medium into fat cells. This 

has been shown by Severson et al (1976) using isolated fat cells and 

tissue pieces. They observed that following incubation of fat cells with 

45Ca and A23187, the influx of 45Ca from the medium was apparent within 

minutes. More recently, Campbell 	et al • (1975) have used the Ca2+- 

activated luminescent protein, obelin, sealed inside cell ghosts to assess 

the changes in intracellular free Ca2+. In this preparation, the Ca 

ionophore (A23187) caused an increase in obelin luminescence indicating 

a rise in free Ca2+  concentration. 

The precise mechanism by which the ionophore induces calcium channels 

in cellular membranes is not known. It is thought that a stable calcium 

complex forms between a single calcium atom and two molecules of the ion-

ophore (Chaney et al 1974). From physical studies, it appears that the 

complexation-decomplexation kinetics and diffusion rate are extremely 

favourable. The transport turnover numbers of the Ca-ionophore complex 

across biological membranes reach values of thousands per second (Haynes 

et al 1974). These rates exceed the turnover numbers of most macro-

molecular enzymes. Because of the high turnover rates and the high select- 

ivity for cations, A23187 is an ideal biological carrier. 	In isolated 

mitochondria(Reed et al 1972a,b; Rottenberg et al 1974), 	isolated sarco- 

plasmic reticulum (Scarpa et al 1972) and intact cells (Prince et al 1973, 

Eimerl et al 1974, Karl et al 1975, Sarkadi et al 1976, Jensen et al 1977), 

the addition of A23187 increases the calcium permeability of the membrane. 
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FIGURE 19 

THE STRUCTURE OF CA IONOPHORE A23187, 
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Adrenaline stimulated lipolysis of cells incubated with calcium 

(1.25 mM) was markedly reduced by calcium ionophore A23187 (Figure 16). 

This agent also produced a decline in the elevated c-AMP levels (Fig-

ure 17). No effect on basal lipolysis or c-AMP level was observed. The 

effective concentration of A23187 was 0.2 p1•1 and the inhibitory effect 

was dose dependent. Preincubation with the ionophore was not essential. 

It would appear that the primary effect of ionophore A23187 on the 

fat cell is to increase cytosolic calcium concentration. This shift in 

Ca concentration is caused by an increased influx of Ca2+  from the medium 

and possibly also by the release of Ca2+  from intracellular stores. The 

ionophore may also inhibit the calcium ATPase of the plasma membrane. 

In view of the role of Ca2+  in lipolysis described above,  it is possible 

that the resultant rise in cytosolic calcium in the fat cell produced an 

inhibition of the protein kinase. The inhibition of the kinase would then 

prevent the hydrolysis of stored triacylglycerol by.the lipase. This effect 

of Ca2+  on the lipolytic enzyme system may be independent of its effect 

on the adenylate cyclase. The reduction in c-AMP level shown in Figure 

17 , may have been due to an inhibition of adenylate cyclase by calcium. 

This conclusion is supported by the earlier results in which increases of 

extracellular calcium led to a reduction of c-AMP level in fat cells. 

Furthermore, Campbell et al (1976) showed that ionophore A23187 and 1-30 

pM calcium inhibit the adenylate cyclase activity in intact pigeon erythro-

cytes. 

The observed effects of A23187 on adrenaline stimulated lipolysis 

agree with those reported by Siddle et al (1977). They showed that this 

agent inhibited lipolysis following a preincubation period of two hours 

with A23187 (1.9 pM). In contrast, however, they demonstrated that the 

ionophore has no effect on c-AMP level and that this agent led to a de-

crease in fat cell ATP content by 22%. This decrease in fat cell ATP co-

incided with the inhibition of lipolysis. They concluded, therefore, that 
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the ionophore produced the inhibiting effects as a result of cell dis-

ruption. Pointer et al (1976) measured ATP content of intact liver 

cells after incubations with 10 pM A23187 for one hour. These investiga-

tors failed to find any decrease in ATP content of the hepatocytes. The 

evidence that this may also be so for fat cells was obtained from the 

work of Severson et al (1976). Using isolated rat fat cells incubated 

with 10 pM and 50 pM A23187 for 30 min (50 and 250 times the concentra-

tion used in our studies), these investigators found that the ATP con-

tent of the fat cell, expressed as nmol/unit glutamate dehydrogenase, 

was not lowered. In fact, there was an increase in ATP level in the 

cells coinciding with a rise of Ca2+  uptake by the mitochondria and a 

normal pyruvate dehydrogenase activity in the organelle. These results 

would suggest that the observed effect of calcium ionophore A23187 on 

lipolysis is unlikely to be the result of cell poisoning or cell dis-

ruption. 

More direct evidence to support our conclusion is shown by the 

studies of Charles et al (1975). Ten pM ionophore A23187 was added to 

islet cells in a perfusion system. After 30 minutes, the cells were 

fixed and the preparation examined under the electron microscope. There 

was no evidence of structural alteration in the plasma membrane, the mito-

chondria, the microtubules or the microfilaments when compared with the organelles in 

islet cells treated under the same conditions without the ionophore. 

In addition, the ionophore added to the perfusate stimulated insulin re-

lease to an extent comparable to the effect of glucose. This indicates 

that the intracellular organelles of the islet cells were intact and 

that the physiological response of the cells was appropriate for the 

experimental conditions selected. 
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b. Lanthanum Chloride  

The effects of lanthanum chloride on lipolysis and c-AMP were es- 

sentially similar to those of calcium ionophore A23187. Complete 

inhibition of adrenaline stimulated glycerol production was observed 

with 250 I.AM of this agent. There was also a parallel decrease in the 

c-ANP level. The minimum inhibitory effect of La3+  was observed at a 

concentration of 50 pM (Figure 18). This is the first recorded evidence 

that La3+  is able to function as an antilipolytic agent. 

Lanthanum is a trivalent cation of the lanthanide rare ear#A group 

and has a chemistry and ionic radius similar to calcium. It has a wide 

influence on calcium movement in biological tissues. For this reason, it 

is a useful probe for the studies of intracellular calcium function. 

Lanthanum blocks calcium efflux across the membranes of intact cells and 

isolated mitochondria. Langer et al (1972) have shown that La3+  causes 

a marked decrease in calcium washout (efflux) from lanthanum-treated 

cardiac cells in tissue culture. Calcium binding in isolated mitochondria 

is affected by La3+  when the drug is used at concentration of 10-7  or 

10-6  M (Lehninger et al 1971, Mela 1969), red cells (Schatzmann et al 

1971), guinea pig intestine (Mayer et al 1972) and rabbit cardiac atria 

(VanBreemen et al 1970). 

The mechanism by which lanthanum chloride can influence Ca movement 

in the cell is uncertain. Laszlo et al (1952) used a radioautographic 

technique to demonstrate that La3+  does not penetrate cellular membranes. 

Takata et al (1966) produced electrophysiological evidence that La3+  has 

a membrane stabilizing effect and that this was similar to high Ca2+  con-

centration. This suggests that La3+  acts on the superficial binding sites 

of the cell membrane. 

There is some evidence that La3+  is able to interfere with the activity 

of the Ca-activated ATPase system. Krasnow (1978) showed that lanthanum 

inhibited the Ca sensitive ATPase in microsomal preparations. La3+  is 
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also a powerful inhibitor of active transport of Ca2+  in the mitochondria 

(Mala 1968, Reed et al 1974, Spencer et al 19'72.D. The mechanism of the inhibition has 

not yet been investigated in detail. Inhibition could, however, result 

from competitive interaction with specific Ca2+  transport sites on the 

membrane of the organelle. Thus, it is possible to explain the effects 

of Lai+  on cellular components by postulating that the cation can replace 

Ca2+  at the binding sites and thus, inhibit the membrane ATPase. Indeed, 

submaximal inhibition of adrenaline stimulated lipolysis was observed at 

Lai+  concentrations of S0-100 uM which is in a similar range to that 

used to produce inhibition of Ca-ATPase in muscle microsomes (Krasnow 

1978 ). A similar inhibition of fat cell calcium ATPase at the plasma 

membrane would prevent the energy dependent removal of Ca2+  from the cyto-

sol to the extracellular compartment. Since the influx of Ca
2+ 
 from the 

medium is a passive process down a concentration gradient, it is likely 

that the impedance of calcium ATPase activity by Lai+  would result in the 

accumulation of cytosolic calcium. 	The lowering of adrenaline stimulated 

sAMP level could be explained either by inhibition of adenylate cyclase 

activity or activation of c-AMP phosphodiesterase resulting from the 

subsequent increase of intracellular calcium by Lai+. The possibility 

remains, however, that Lai+  could have direct effects on these enzymes 

independent of changes in cellular calcium. Likewise, it is also feasible 

that Lai+  exerts an independent effect on the rate limiting step of the 

lipolytic cascade thereby inhibiting glycerol production. This possibility, 

however, is unlikely since the ion does not have access to the cytoplasmic 

compartments in which the lipolytic enzymes involved in the cascade 

function. 

A more complete understanding of the intracellular action of Lai+ 
 

would be valuable. Related to this is the question of possible cellular 

penetration of Lai+  under physiological conditions. Resolution of this 

problem in each type of isolated tissue system is essential for the valida-

tion of work based on the use of Lai+  to dissociate different cellular Ca
2+  
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sites or stores. In view of the known effects of the ionophore A23187 

on intracellular Ca2+ concentration, the parallel effects on lipolysis 

and c-AMP due to Lai+ and A23187, it seems very likely that lanthanum 

chloride exerts its effects on the fat cells by replacing the Cat+ in 

the calcium ATPase complex, thereby inhibiting the efflux of calcium 

from the cell. This results in an increase in cytosolic calcium con- 

centration leading to the inhibition of lipolysis. ,ea~we.,a ; A64 iL- 	h-J`-t 
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HORMONAL REGULATION OF  

LIPOPROTEIN LIPASE ACTIVITY AND PROTEIN SYNTHESIS  

RELATION OF C-GMP AND CALCIUM IONS TO INSULIN ACTION  

I. BACKGROUND AND OBJECTIVES 

Insulin is an important lipogenic hormone. This effect is accompanied 

by stimulation of the rate-limiting enzymes of lipogenesis. The activity 

of the enzyme lipoprotein lipase is enhanced by insulin. This enzyme is 

synthesized in the adipocytes and is translocated to the capillary endo-

thelium. At the endothelial surface, the enzyme catalyzes the hydrolysis 

of the plasma lipoprotein triacylglycerol. The fatty acids released are 

taken up by the adipocytes where they are re-esterified and stored in the 

fat cell globule. 

Several investigators have suggested that part of the insulin effect 

on lipoprotein lipase is to enhance the transport of the enzyme from fat 

cells to the capillary endothelium. However, the major function of the 

hormone is to regulate the formation of new enzyme units, a process which 

is dependent upon protein synthesis. 

Insulin exerts other anabolic functions in adipose tissue that 

necessitate the induction of specific enzyme units which are dependent on 

protein synthesis. The hormone stimulates the synthesis of glycogen syn-

thetase phosphatase, an activator of glycogen deposition. 

Insulin regulates several steps in the process of protein synthesis. 

The mechanisms by which insulin evokes its anabolic effects remain ob-

scure. The situation is likely to be complex since the process of pro-

tein synthesis and enzyme induction involve both the transcription step 

in the nucleus and the transla :tion step in the polyribosomes. 

Recent studies have suggested that in some cellular systems, the 

nucleotide 3',5'-c-GMP and/or calcium ions may act as modulators of 

nuclear and ribosomal events. The possibility, therefore, exists that 

c-GHP and/or calcium ions might act as second messengers mediating the 
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anabolic effects of insulin with respect to protein synthesis and enzyme 

induction. 

The objectives of the study are: 

1) To define precisely the time course and the dose relationship 

between the effects of insulin on adipocyte c-GMP, the stimulation of 

protein synthesis, and the induction of lipoprotein lipase activity. 

2) To examine the importance of calcium ions in the insulin 

mediated increase of adipose tissue c-GMP, protein synthesis and lipo-

protein lipase activity. 
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II. EXPERIMENTAL PROCEDURES AND RESULTS 

A. Insulin Stimulation of 3H-Leucine Incorporation into Total Fat  

Cell Protein  

(1) Time Course 

Fat cells were preincubated at 37°C for an equilibration period of 

30 min prior to addition of the hormone. Insulin was added at a con-

centration of 100 pU/ml. Fat cells from the same pool were also in-

cubated in the absence of insulin and these served as controls. Aliquots 

of the fat cell suspension were removed at intervals for the measurement 

of 3H-leucine incorporation into total fat cell proteins. The results 

shown in Figure 1 represent the mean values obtained from six experiments. 

The incubation of fat cells with insulin for 90 min produced a 4 fold 

increase in the incorporation of 3H-leucine above basal (p <0.01; Table I). 

Examination of the time course reveals three phases: an initial lag per-

iod of approximately 7 min, a slow and progressive second phase followed 

by a sharp, rapid increase in protein synthesis. Basal protein synthesis 

was also significantly increased during this incubation period (p <0.05). 

(2) Insulin Concentration 

Aliquots of fat cell suspension were incubated with insulin at four 

concentrations (10, 100, 1,000 and 10,000 pU/ml) and without insulin (Fig-

ure 2). At a concentration of 10 pU/ml, the hormone produced a small but 

significant increase in the incorporation of 3H-leucine into total fat cell 

protein. When 100 pU/ml of insulin was added to the incubation medium, the 

degree of radioactive amino acid incorporation was increased 4 fold compared 

to the basal level. When the concentration of insulin was increased to 

1,000 and 10,000 pU/ml, however, no further increment in protein synthesis 

was detectable. Table I summarizes the results obtained from five separate 

experiments which indicate that the increase in protein synthesis observed 

in fat cells incubated with 100 pU/ml of insulin is statistically signifi-

cant with a p value <0.01. 



-153- 

Effect of insulin (1000/mI) on the incorporation 

of 3H Leucine into fat cell protein. 
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Effect of insulin on the incorporation 

of 3H Leucine into fat cell protein. 
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VALUES ARE MEANS ± SEM OF 5 EXPERIMENTS. 
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Effect of Puromycin on insulin stimulated 

3H Leucine incorporation into fat cell protein. 
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INSULIN STIMULATION OF PROTEIN SYNTHESIS AND cGMP LEVEL IN 

FAT CELLS WITH Ai D WITHOUT THE ADDITION OF 

CALCIUM IN THE INCUBATION MEDIUM 
ble I 

PROTEIN SYNTHESIS (Adipose Cells) 

Additions 
to 

Medium 

Calcium 
Conc. 
(mM) 

PROTEIN SYNTHESIS 
Incorporation of 

3H Leucine into protein 
cp /g cell 

'p' 
Value 

cGMP 
p mol/g cell 

'p' 
Value 

A NIL 0 1426 + 227 2.22 + 0.5 

B NIL 1.25 1520 + 116 
r 

2.62 + 0.3 — A vs B 
NS 

C 
Insulin 

(l00j.0/ml) 0 6239 +319 C vs D 
NS 

9.23 + 2.1 D vs C 
NS 

D 
Insulin 
(100NU/m1) 1.25 5326 + 493 D vs B 

p<0.01 8.57 + 1.2 
D vs B 
p<0.01 

E EGTA (1rM) 1.25 1320 + 143 E vs A 
NS 

2.17 + 0.3 E vs A 
NS 

F 

Insulin 
(100pU/ml) 

+ 
EGTA (1mM) 

0 1405+126 

F vs A 
NS 

FvsC 
p<0.01 3.5 + 	0.8 

F vs C 

p<0.01 

G 

Insulin 
(1001 U/ml) 

+ 
Puromycin 10 M 

1.25 1328 + 121 
G vs D 

p<0.02 
8.54 + 2.3 

G vs D 
NS 

i Puromycin 10 M  1.25 1218 + 135 H vs A 
NS 

2.57 + 0.9 H vs A 
NS 

NS denotes p ' 0.05 

Values are means + SEM from 5 experiments. For details of experimental 
procedures, see—text. 
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(3) Effect of Puromycin 

In order to establish whether the insulin stimulated 3H-leucine 

incorporation into trichloroacetic acid precipitable protein is due to 

the enhancement of protein synthesis, the inhibitor puromycin was added 

to the incubation medium. When the fat cells were exposed to insulin 

(100 pU/ml), a 5'fold increase in protein synthesis was observed (Fig-

ure 3). The addition of puromycin (10-4  M) to the insulin containing 

incubation tubes markedly reduced 3H-leucine incorporation. Table I 

shows the results obtained from five separate experiments. The inhibi-

tion of insulin stimulated protein synthesis by puromycin was significant 

(p <0.02). Puromycin also produced a slight inhibition of 3H-leucine 

incorporation in the fat cells not incubated with insulin. This in-

hibition in protein synthesis was, however, not significant (p >0.05). 

B. Insulin Stimulation of Adipose Tissue Lipoprotein Lipase (LPL)  

Activity  

(1) Time Course 

Fat tissue pieces were preincubated for 30 min after which insulin 

(3,000 pU/ml) was added. The incubation tubes which served as controls 

were incubated without the hormone. 

Figure 4 illustrates the time course relationship between insulin 

stimulated LPL activity and the basal enzyme activity in adipose tissue 

pieces incubated in vitro. In the absence of insulin, there was a slight 

increase in LPL activity. The increase which was progressive over the 

entire incubation period, was significantly higher at 90 min than at 20 min 

(p<0.05). On the addition of insulin to the tissue incubates, hcwever,a sig-

nificant and progressive increase in LPL activity over the basal level 

was observed. This effect became apparent 40 min after addition of the 

hormone. At this time interval, the stimulated LPL activity was sig-

nificantly higher than the enzyme activity in the control tissue pieces 

(p <0.05). Thereafter, the activity of LPL due to insulin increased 
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Stimulation of lipoprotein lipase synthesis by 

insulin (3000p U / ml) in fat tissue pieces. 
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linearly up to 70 min after which no further significant increase in 

activity was observed. As shown in Table II, at the end of the incuba-

tion period (90 min), there was a significant (4 fold) enhancement in the 

LPL activity over the basal value (p <0.05). 

(2) Insulin Concentration 

Figure 5 shows a dose response curve for the effects of insulin on 

LPL activity. The mean basal values have been subtracted from the insulin 

stimulated values. Insulin was added to the incubates containing fat 

tissue pieces. The concentration of the hormone varied from 10 to 10,000 

pU/ml and the incubation was stopped after an incubation period of 90 min. 

Insulin at a concentration of 10 p U/ml had no measurable effect on 

LPL activity since the values measured were indistinguishable from those 

measured in the control tissue pieces incubated without the hormone. 

However, a significant increase in LPL activity was observed when the 

insulin concentration was increased to 300 pU/ml (p <0.05). The LPL ac-

tivity was further enhanced by the addition of insulin at higher con-

centrations. The addition of insulin at a concentration of 3,00011U/rill 

produced a 3 fold increment in the enzyme activity over the basal level 

(p <0.05). Increases in LPL activity observed when the concentration of 

insulin exceeded 3,000 µU/ml was minimal. The results observed from five 

separate experiments are summarihed in Table II. 

(3) Effect of Puromycin  

To ascertain whether the insulin stimulated LPL activity was a con-

sequence of enhanced protein synthesis, puromycin at a concentration of 

10-4  Al was added to the incubation medium. Figure 6 and Table II show 

that puromycin blocked the insulin stimulated LPL activity significantly 

(p <0.02). The antibiotic, however, had no detectable effect on the tis-

sue pieces incubated without the hormone. 
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EFFECT OF PUROMYCIN ON 
LIPOPROTEIN LIPASE SYNTHESIS IN 

RAT ADIPOSE TISSUE PIECES 
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STIMULATION OF LPL AND cGMP BY INSULIN AND THE 
EtkECT OF CALCIUM IONS IN ADIPOSE TISSUE PIECES 

Table II 
LIPOPROTEIN LIPASE (Adipose Tissue) 

Additions 
to 

Medium 
Conc. 
(mM) 

Calcium(ipoprotein Lipase]  
Activity 

3H FFA Released 
cpm/h/g wet wt. 

'p' 
Value 

cGMP 
pmol/g wet wt. 

'p' 
Value 

A NIL 0 2562 + 187 3.01 + 0.9 

B NIL 1.25 2356 + 235 — 4.11 + 1.1 A vs B 
_SIS 

C 
Insulin 

(3000,4cU/ml) 0 11928 +763 C vs A 
p<0.05 

1.46 + 1.3 D vs C 
NS 

Insulin 
D 	;(3000/4U/m1) 1.25 12321 + 856 

.DvsC 
p>0.05  
D vs B 
p<0.05 

10.72 + 1.8 D vs B 
p<0.01 

EvsA 
p>0.05 E 	EGTA (1mM) 1.25 2316 + 134 E vs A 

NS 
3.74 + 1.0 

Insulin 
(3000pU/m1) 

F 	+ 
i EGTA (1mM) 

0 2314 + 152 F vs C 
pZ 0.02 

4.62 + 1.2 F vs C 
p<0.02  

G 

'Insulin 30 0 
1 	+ 	~1̀ ~'~ 4 
Puromycin 1041 

1.25 1926 + 262 G vs D 
p(0.02 

9.87 + 1.2 G vs D 
NS 

p 70.05 not significant (NS) 

V, 	Av 4- 	e 	t sEM9._ S e X 	„N 
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C. Insulin Regulation of Adipose Tissue c-GMP Levels  

(1) Time Course 

a. Isolated Fat Cells  

Following a 30 min preincubation period, insulin (100 pU/ml) was 

added to the fat cell suspension. The cells were incubated over a 

period of 90 min and quantitative aliquots of the suspension were re-

moved at intervals for c-GMP measurements. The results shown in Fig-

ure 7 represent the mean c-GMP levels in cells incubated with and with-

out insulin. A slight but insignificant (p >0.05) increase in basal 

nucleotide level was observed after 2 min incubation. In contrast, a 3 

fold increase in c-GHP level was observed in the fat cells incubated 

with insulin (100 pU/ml). This rise in nucleotide content was highly 

significant (p <0.01) but was not sustained for a longer period than 

2 min. After 2.5 min, the level of c-GMP declined rapidly to the basal 

value. 

b. Intact Isolated Tissue Pieces  

Experiments were performed to examine whether the effects of insulin 

on c- GMP content of fat cells (as shown above) and adipose tissue pieces 

incubated in vitro are distinguishable. Insulin was added to the incuba-

tion medium at a concentration of 3,000 pU/ml. The tissue pieces were 

removed at intervals for c-GMP measurement. 

Figure 8 shows the time course for the stimulation of c-GMP by in-

sulin. The c-GMP content of the tissue was maximally increased by 300%  

following the addition of the hormone to the incubation buffer. This in-

crement in cyclic nucleotide level, observed after 2 min of incubation, 

was highly significant (p <0.01). After 6 min of incubation, the c-GMP 

level had declined to the basal level. The mean values obtained from five 

separate experiments are shown in Table II. 
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The stimulation of cGMP level by 

insulin (100MUlml) in rat fat cells. 

Time curve 

FIGURE 7 

FAT CELLS WERE TRANSFERRED TO ETHYL ALCOHOL AT 
THE INTERVALS SHOWN. THE CGMP CONTAINED IN THE 
EXTRACTION RESIDUE, FOLLOWING THE EVAPORATION 
OF THE ALCOHOL, WAS RECONSTITUTED IN CGMP ASSAY 
BUFFER. 
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Effect of insulin on cGMP level in 

adipose cells and tissue pieces. 

Time curve 

FIGURE 8 

COMPARES TDjE EFFECT OF INSULIN ON cGPIP LEVELS IN THE 
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(2) Insulin Concentration 

a. Isolated Fat Cells  

Figure 9 illustrates the dose response curves for the c-GMP content 

of fat cells following incubation with increasing concentrations of in-

sulin. As the concentration of the hormone added to the medium was in-

creased, a gradual elevation in c-GMP level was observed. A marked rise 

in the level of the nucleotide was already apparent with low concentra-

tions of insulin (20 uU/ml). At a concentration of 100 uU/ml (Table I), 

insulin produced a progressive and a highly significant increment in the 

fat cell c-GMP levels compared to the basal values (p <0.01). The ad-

dition of insulin exceeding 1,000 UU/ml, however, did not result in any 

further increase in nucleotide content of the cells. 

b. Intact Adipose Tissue Pieces  

Tissue pieces were also incubated with increasing concentrations of 

insulin. Figure 10 shows that insulin increased the c-GMP level in fat 

tissue pieces over a wide concentration range of the hormone. Half max-

imal stimulation of c-GMP level was obtained with an insulin concentra-

tion of 1,000 uU/ml which corresponded to a 220% increase in the level of 

the nucleotide. Table II shows that a level of c-GMP observed when the 

concentration of the insulin added was 3,000 uU/ml; this constitutes a 

significant increase of 3 fold (p <0.01) in the nucleotide level over 

basal. The incubation of tissue pieces with insulin at concentrations 

exceeding 3,000 uU/ml produced a further rise in the levels of c-GMP in 

the tissue pieces. 

(3) Effect of Puromycin 

a. Isolated Fat Cells  

The effect of puromycin on insulin stimulated c-GMP level in fat 

cells was examined. Fat cells were incubated as follows: with insulin 

(100 uU/ml) only, with insulin plus puromycin (10-4  H), and with neither 

addition. The inhibitor was not present in the preincubation phase prior 

to the addition of the hormone. The reaction was stopped at 2 min. 
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The stimulation of cGMP level by 

insulin 	 in rat fat cells. 

Dose response curve 

Insulin conch  (1,tU/ml) 

FIGURE 9 

INCUBATION CONDITIONS WERE THE SAME AS DESCRIBED 
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Effect of insulin on cGMP level in 

adipose tissue pieces. 
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Effect of Puromycin on insulin stimulated 

cGMP level in rat fat cells. 
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Figure 11 shows that the level of c-GMP was increased by 300% fol- 

lowing the addition of insulin (100 p U/ml) to the fat cell incubates. 

When puromycin was also present in the incubation medium, the effect of 

the hormone on the fat cell level was not measurably different when com- 

pared to the level of c-GPIP in cells incubated with insulin alone. 

Table I shows that there was a slight but insignificant difference in 

basal c-GMP level between cells incubated with and without puromycin. 

b. Intact Adipose Tissue Pieces  

Table II shows that when fat tissue pieces are incubated with insulin 

at a concentration of 3,000 pU/ml, there is an increase in the 

c-GMP level as compared to the nucleotide level in the control tissue. 

On addition of puromycin (10-4 NO to the insulin containing tubes, however, 

the observed level of c-GMP remains elevated. 

D. Relationship Between Calcium Ions and Effects of Insulin on 

Protein Synthesis, LPL Activity and c-GMP Level  

(1) Incubation With and Without Calcium 

a. Protein Synthesis  

A fat cell suspension was prepared and divided into four aliquots. 

Two aliquots were suspended in a calcium free buffer while the other two 

were suspended in a buffer containing calcium (1.25 mM). The 4 aliquots 

were then incubated for a 30 min period followed by the addition of in-

sulin (100 pU/ml) to one incubation tube from each group. The remaining 

tubes served as controls. The values shown in Figure 12 represent the 

means of six experiments. The increase in protein synthesis due to in-

sulin is expressed as a percentage of the controls. 

A time course is illustrated in the diagram for the effect of insulin 

on 3H-leucine incorporation into fat cell protein. When Cat}  was present 

in the incubation medium, insulin increased fat cell protein synthesis 

after a lag phase of 10 min. The hormone produced a 360% increment in the 
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Effect of insulin on protein synthesis in 
adipose cells with and without the addition 
of calcium in the incubation medium. 

Time curve 
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Effect of insulin on lipoprotein lipase induction in 
adipose tissue with and without the addition of 
calcium in the incubation medium. 
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incorporation of 3H-leucine into fat cell protein after the 90 min in-

cubation period. 

The fat cells that were incubated without calcium were also stim-

ulated by insulin. The time course for the experiments performed under 

the latter condition were essentially similar to those described earlier. 

Compared to the effect of the hormone on the cells incubated with calcium 

there was a slight decrease in insulin stimulated protein synthesis in the 

cells incubated in the medium with no added Cat+. Table I shows that the 

difference in synthesis under the two incubation conditions was statistical-

ly insignificant throughout the incubation period. 

b. Lipoprotein Lipase  

Fat tissue pieces were preincubated with and without calcium for 30 

min. Insulin at a concentration of 3,000 pU/mi was subsequently added to 

some of the tubes. The tissue pieces were removed from the medium at in-

tervals and following the extraction of LPL, activity of the enzyme was 

measured. The results are expressed as percentage increases of FFA re-

leased over the basal values. The values plotted are the means of five 

experiments. 

The time course for the effect of insulin on LPL activity over a 

period of 90 min is shown in Figure 13. After a lag period of 10 min, 

there was a progressitre stimulation of LPL activity due to insulin in the 

tissues incubated both with and without calcium ions. A significant 

(p <0.05) enhancement in the enzyme activity was observed (280 above 

basal) after 90 min of incubation. Neither the basal nor the stimulated 

LPL activity, however, was significantly different in the cells incubated 

under the two ionic conditions (Table II; p >0.05). 

c. c-GMP 

1. Cell 

The effects of insulin on c-GMP content in fat cells incubated in a 

medium with and without added calcium are illustrated in Table I. Basal 
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Effect of insulin on cGMP level in 
adipose tissue with and without the addition 
of calcium in the incubation medium. 
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c-GMP level measured after 2 min of incubation was not altered due to the 

lack of calcium in the medium. Similarly, the addition of insulin pro-

duced a 3-fold enhancement in the level of the cyclic nucleotide whether 

or not calcium was present in the incubation medium. Hence, there was no 

statistical difference in cellular c-GMP level due to the lack of Cat+ 
 

ions (p >0.05) . 

2. Tissue 

Figure 14 illustrates a time course for the effects of insulin in 

rat adipose tissue pieces incubated with and without calcium. The results 

are essentially similar to those described for fat cells. The c-GHP con-

tent in the tissue pieces incubated with calcium (1.25 mM) and insulin was 

increased within 2 min of incubation. This increase was transient and 

reached basal level after 6 min. The values obtained from the measurements 
2+ 

of c-GMP in the fat pads incubated without added Ca in the medium were 

similar to the control values (calcium added), the two curves being almost 

superimposable. Table Il shows that the omission of Cat+  had no significant 

effect (p >0.05) on either basal or insulin stimulated c-GMP levels. 

The conditions l(A the two experiments described below (a, b) were identical to 

those described above in section D.la and b in which fat cells and tissue 

pieces were incubated with and without calcium. Fat cell aliquots and 

tissue pieces were removed from the medium after an incubation period of 

exactly 2 min. 

(2) Cellular Calcium Depletion 

a. Protein Synthesis  

In these experiments, the effects of insulin on protein synthesis 

were examined in fat cells preincubated for 30 min in calcium free buffers 

which contained EGTA (1 mM). Insulin was then added and the incubation of 

the cells was continued in the same buffer. Control experiments were per-

formed with buffers containing calcium (1.25 mM). 
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Effect of insulin on protein synthesis in adipose 
cells with and without the addition of calcium 
in the incubation medium. 
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Figure 15 shows the time course of 3H-leucine incorporation into total 

fat cell protein. The results are the means of five experiments. When 

calcium was present in the incubation medium, insulin caused a progressive 

stimulation of protein synthesis. The hormone effect became apparent 

after 30 min of incubation. After the incubation of fat cells for 90 min, 

a highly significant increment of 375% over basal was observed (Table I; 

p <0.01). In the fat cells exposed to EGTA, however, insulin produced 

minimal stimulation of protein synthesis. The degree of 3H-leucine in-

corporation due to insulin under this condition was only about 20% above 

basal during the first 30 min of incubation;and at 90 min there was a 

slight increase in protein synthesis due to insulin which was only 50% 

of basal. As summarized in Table I, the degree of protein synthesis 

due to insulin in the presence of EGTA was not statistically significant 

(p >0.05). The incubation of fat cells with EGTA alone produced a slight 

but insignificant decrease in basal protein synthesis. However, EGTA 

totally inhibited the insulin stimulated protein synthesis. This con-

stitutes a highly significant inhibition (p <0.01). 

To determine whether the inhibition of the effect of insulin by EGTA 

could be reversed by calcium repletion, fat cells were incubated for 30 

min with EGTA (1 mM) and CaC12 was added to the incubates to produce final 

calcium concentrations between 0.5 and 6 mM. After a further 90 min, fat 

cell aliquots were removed for the determination of protein synthesis. 

Basal values have been subtracted from the stimulated mean values plotted. 

Figure 16 shows that the stimulation of protein synthesis by insulin (100 

pU/ml) was not apparent when the calcium concentration was increased be-

tween 0.5 and 2 mM. As more calcium was added to yield final concentra-

tions of 2 and 3 mM, however, a progressive enhancement of fat cell pro.-

tein synthesis by insulin was observed. At concentrations exceeding 3 mM, 

the enhancement of 3H-leucine incorporation induced by the hormone was 

dependent on Ca2+  ion concentration in the medium and at 6 mM Ca2+  protein 

synthesis activity was maximal and significantly (p <0.02) increased 4 fold 
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Restimulation of protein synthesis after 
pre-incubation with EGTA by the addition 
of calcium ions to fat cell incubates. 
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over the basal value. 

b. Lipoprotein Lipase  

The conditions under which this experiment was performed were simi-

lar to those described in section D. 1 b except that the tissue pieces 

were preincubated and incubated with EGTA and the insulin concentration 

used was 3,000 pU/ml. The control tubes contained 1.25 mai calcium. 

Figure 17 shows that insulin produced a stimulation of LPL activity 

in the presence of calcium (1.25 mM) which increased in time after a lag 

period of 10 min. At 90 min, the activity had increased by 300%. As 

shown in Table II, when EGTA (1 nM) was added to the incubation medium, 

the effect of insulin on the LPL activity was significantly (p <0.02) 

diminished. The inhibition of enzyme activity was already apparent after 

the first 40 min of incubation. At 90 min, the level of enzyme activity 

due to insulin was only 115% over basal in the tissue pieces incubated 

with EGTA. 

Table II shows the absolute values of LPL activity obtained from sim-

ilar experiments. EGTA alone did not decrease basal LPL to any signifi-

cant extent (p >0.05). 

c. c-GMP  

1. Cell 

Table I shows that EGTA did not alter basal c-GMP level in the fat 

cells. In contrast, the response of the cells to insulin was reduced by 

EGTA to nearly basal levels (p <0.01). 

2. Tissue 

Figure 18 illustrates the time course for the stimulation of c-GMP 

levels by insulin (3,000 UU/ml) in adipose tissue pieces incubated with 

and without EGTA (1 aiM). As described before, the c-GMP content of the 

adipose tissue incubated with insulin increased rapidly by 4 fold within 

2-5 min of incubation. Thereafter, the level of the cyclic nucleotide 

returned to within the basal range. In contrast, the addition of EGTA to 
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Effect of insulin on lipoprotein lipase induction 
in adipose tissue in the presence of EGTA (1mM) 
in the incubation medium. 
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Effect of insulin on cGMP level in adipose 

tissue in the presence of EGTA (1mM) in 

the incubation medium. 

Time curve 

350 - 

-- 300 - 

N 
CQ 
L2 
cF.. 

250 - 
N 
fC 
N 
L 

200 - tz 

r 

150 - 

100 - 

0 

FIGURE 18 

INCUBATION CONDITIONS WERE THE SAME AS 
DESCRIBED IN FIGURE 15. 



-182- 

the incubates markedly diminished the stimulated c-GRIP content of the 

tissue, whereas no measurable difference was observed in basal c-GMP 

level due to EGTA alone. Table II shows that tissues incubated with 

EGTA could not respond to insulin and the effect of the chelator was 

highly significant (p <0.02) . 

3. Calcium "Active" Agents 

a. Ca Ionophore A23187  

The effects of the Ca ionophore A23187 (0.2 nmol/ml) on protein syn-

thesis and c-GMP levels were studied with fat cells. For this purpose, 

fat cells were preincubated in buffers containing calcium (1.25 mM). At 

the beginning of the incubation phase, Ca ionophore was added to the sus-

pension. For comparison, the effects of insulin were also examined. In-

cubation was terminated at 2.5 min for c-GMP and at 90 min for protein syn-

thesis. 

Figure 19 illustrates the effects of calcium active agents on protein 

synthesis and c-GMP levels in fat cells. Insulin increased both protein 

synthesis and the nucleotide content of the cells as described before. 

The Ca2+  ionophore A23187 (0.2 nmol/ml) also enhanced both basal 31-1- 

leucine incorporation and c-GMP level by about 400%. The effect of A23187 

on both c-GMP and protein synthesis was highly significant (p <0.02; p<0.01, 

respectively). 

Fat tissue pieces were incubated with insulin (3,000 uU/ml) or Ca 

ionophore (0.2n mol/ml). c-GMP and LPL activity were measured after 2.5 

min and 90 min, respectively. Figure 20 shows the results obtained from 

three experiments. The ionophore increased LPL activity significantly from 

basal by 600% (p <0.05) . Similarly a significant rise of 250% in c-GMP 

level was observed due to the antibiotic (p <0.02). 

b. Lanthanum Chloride  

Experiments similar to those described above were performed to study 

the effects of lanthanum chloride on protein synthesis and c-GMP levels in 

fat cells. 
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EFFECT OF INSULIN AND CALCIUM ACTIVE AGENTS ON 
PROTEIN SYNTHESIS AND C—GMP LEVELS 

IN FAT CELLS 
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FIGURE 19 

THE PREPARATION OF SAMPLES FOR THE MEASUREMENTS OF LABELED, 
PROTEIN AND C-GMP WAS THE SAME AS DESCRIBED PREVIOUSLY. CA+  
IONOPHORE A23187 AND LANTHANUM CHLORIDE WERE ADDED TO THE 
FAT CELLS AT THE START OF THE INCUBATION PERIOD. 
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EFFECT OF INSULIN AND CALCIUM ACTIVE AGENTS ON 

LPL ACTIVITY AND C-GMP LEVELS IN 
ADIPOSE TISSUE PIECES 
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FIGURE 20 
FAT TISSUE PIECES WERE INCUBATED WITH CA2+ IONOPHORE AND 
LANTHANUM CHLORIDE IN A BUFFER CONTAINING 1.25 MM CALCIUM, 
THE LPL ACTIVITY AND C-GMP WERE MEASURED AS DESCRIBED PRE-
VIOUSLY, 
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The addition of La3+  (1 pmol/ml) to the incubation medium containing 

no insulin increased the fat cell c-GMP content by 350% and 3H-leucine 

incorporation by 310% (Figure 19). Both parameters were increased to a 

significant extent over the basal levels (p <0.05) . 

The tissue pieces were equally sensitive to lanthanum chloride. As 

shown in Figure 20, basal LPL activity was significantly enhanced by 350% 

(p <0.05) on addition of La3+  to the incubation medium. The c-GMP content 

of the tissue pieces measured after 2 min of incubation was also increased 

by La3+  addition. The increment of the cyclic nucleotide was significantly 

different from the basal value (p <0.05). 
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III. DISCUSSION 

A. 	Insulin, Protein Synthesis and Lipoprotein Lipase Activity  

For several years it has been recognized that insulin regulates the 

activity of adipose tissue lipoprotein lipase and that one of the major 

effects of this hormone on lipid metabolism is exerted via this effect. 

However, the mechanism whereby insulin regulates the activity remains 

controversial. 

Insulin stimulates the synthesis of various proteins and induces 

specific regulatory enzymes in mammalian tissue. The results presented 

in this section show that insulin stimulates protein synthesis in fat 

cells in vitro. The stimulation of protein synthesis by the hormone which 

was dose-dependent continued for a period of 90 min after an initial lag 

period of about 10 min (Figures 1 and 3). These results are in agreement 

with previous reports which show that insulin in vitro enhances the in-

corporation of amino acids into the protein of muscle and adipose tissue 

(Manchester 1970a, 1970b). Moreover, Minemura et al (1970) showed that 

insulin (100 pU/ml) stimulates 14C labeled amino acid incorporation into 

fat cell protein in vitro by a factor of 2.5. This is essentially similar 

to the results presented above. 

The incorporation of 3H-leucine into total fat cell protein was taken 

as a measure of protein synthesis. Leucine was the substrate of choice 

for the experiment because of the early studies by Russell (1955), Frame 

et al (1942) and Lotspeich (1949). These investigators showed that iso-

leucine, leucine and valine are amino acids with a particular sensitivity 

to the effects of insulin. 

Moreover, Crofford et al (1970) showed that in vitro the stimulation of 

leucine into fat cell protein by insulin is greater than when alanine, 

glycine or serine are used as precursors for protein synthesis. 

To confirm that the 311-leucine incorporation into fat cell protein 

was indeed due to a protein synthetic process, puromycin (10-4  M) was 
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also added to the fat cell preparations. 

Puromycin is an antibiotic obtained from Streptomyces alboniger. 

The structure of this compound resembles the terminal grouping of the 

amino acid joined to adenosine in an amino
A
transfer RNA (tRNA) molecule 

(see Figure 6, Chapter I ). Because of this structural similarity, 

Puromycin acts as an analogue of aminoacyl tRNA and reacts with peptidyl-

tRNA to yield peptidyl-puromycin. The binding of the inhibitor to the grow-

ing peptide chain causes its premature release from the polyribosome complex 

and this results in the inhibition of protein synthesis. The antibiotic 

very efficiently inhibited insulin stimulation.; 

•(Figure 3). This suggests that the hormone stimulated 

the protein synthetic apparatus at the polyribosomes during the trans-

lation process and that the labeled protein measured was indeed the re-

sult of enhanced protein synthesis. Minemura et al (1970) has also 

shown that the effect of this antibiotic on protein synthesis is inhibitory, 

and that the inhibitory effect was reversible. This indicates that 

puromycin did not prevent protein synthesis by acting as a cellular poison. 

Whether the effect of insulin on protein synthesis is dependent on 

the presence of glucose in the incubation medium remains controversial. 

Krahl (1964) showed that 14C-histidine incorporated into protein is stim-

ulated by insulin in the absence of glucose but another source of carbon, 

such as pyruvate, is necessary. In contrast, Miller et al (1967) reported 

that the omission of glucose from the medium did not prevent the insulin 

stimulation of protein synthesis in fat cells. In adipose tissue, the for-

mation of hexokinase II and its stimulation by insulin can proceed when 

glucose in the medium is omitted. The insulin effect in the latter ex-

periment is often greater when glucose is present but pyruvate or alanine 

must be present as substitute oxidizable substrates (Hansen et al 1970). 

The concentration of the substrates is important. It would appear that a trace 

of glucose or any other oxidisable substrate will not satisfy the 
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requirement to permit detectable insulin effects (Krahl 1964). The 

concentration of any substrate present must exceed 3 mM. Thus, the 

requirement for glucose in the extracellular medium differs depending 

on the tissue under investigation, e.g. maximum response of adipose 

tissue and muscle to insulin requires different incubation conditions. 

In vitro, the incorporation of amino acids into rat diaphragm protein 

is enhanced by insulin in the absence of any other metabolizable sub-

strate (Manchester 1970a). In liver obtained from mildly diabetic rats, 

the stimulation of amino acid incorporation into protein depends on the 

presence of glucose in the medium. In adipose tissue, protein synthesis 

mediated by insulin in vitro is not the result of increased entry of 

glucose into the cell since protein can be synthesized in the absence of 

glucose; but some other oxidizable substrate, e.g. pyruvate, is essential 

(Goodman _ 	1964) . 

Because of these differences in the substrate requirement, glucose 

was used in all the incubation media when the effects of insulin were 

studied in fat cells. Although the stimulation of amino acid uptake by 

insulin occurs in the absence of additional substrates, the observed 

stimulation of amino acid incorporation into protein appears to require 

an exogenous energy source. Thus, pyruvate may act simply to spare amino 

acid from oxidation. 

The ability of insulin to stimulate the LPL activity in rat adipose 

tissue in vitro is documented in this study. Following a lag period of 

10 min, LPL activity is increased linearly with time. This increase was 

dose-dependent (Figures 4 and 5). 

Pokrajac et al (1967) and Cunningham et al (1969) found that collagen-

ase can, under appropriate conditions, inactive LPL, particularly the extra-

cellular form (Nilsson-I]ile et al L976). Since collagenase is the digestive en-

zyme used in the isolating procedures of fat cells, fat tissue pieces were 

used in the experiments rather than fat cells. Moreover, the cells from 
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the stromal vascular tissue of the adipose tissue pieces represent only 

a small fraction (<3%) of the total LPL enzyme activity (Cunningham et 

al 1969). This suggests that most of the LPL activity measured must be 

associated with the adipocytes. 

The results presented are in agreement with the published reports of 

several investigators. Eagle et al (1964) showed that insulin (12 mU/mi) 

and glucose stimulate LPL activity in adipose tissue pieces obtained from 

starved rats (120 gm). The enzyme activity as measured after 5 hours of 

incubation increased by a factor of 11 over basal. In addition, LPL 

activity was totally inhibited by the addition of puromycin (0.5 mg/ml) to 

the incubation medium. Since the stimulation of LPL by insulin and glucose 

involves the process of protein synthesis, it is suggested that LPL is an 

inducible enzyme in vitro. 

Nikkilā et al (1968) demonstrated that LPL activity was increased by 

insulin (10 mU/ml) and glucose in vitro during a 3 hour incubation. The 

activity of the enzyme was greater with insulin alone than with glucose 

alone. This suggests that the effect of insulin on LPL can be measured 

in the absence of glucose but the sugar enhances the effect of insulin. 

Puromycin (0.5 mg/ml) was able to block the activation of LPL activity by 

insulin in vitro. These results were obtained from experiments on adipose 

tissue pieces taken from fed rats. Salaman et al (1966) showed that the 

response of the fat cell to insulin may be an essential factor in LPL ac-

tivation. Rat adipose tissue pieces were incubated for 3.5 hours. LPL 

activity measured in an acetone powder preparation was found to be low 

when insulin was omitted from the incubation medium in which the tissue 

pieces had been incubated. 

Insulin has also been demonstrated to stimulate LPL activity in vivo. 

Cryer et al (1978) studied the changes in LPL activity of white adipose 

tissue during the development of the rat. These investigators showed that 

soon after birth, there is a rapid rise in serum triacylglycerol concentra-

tion. The latter is correlated to food intake because if the fat is removed 
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from the neonatal diet, the concentration of the lipid falls (Friedman 

et al (1961). Furthermore, the triacylglycerol concentrations measured 

remained high throughout the suck,  ng period and were at the highest when 

adipose LPL activity was lowest between 19 and 22 days of age. This sug-

gests that hormonal factors can affect adipose tissue LPL activity in the 

rat. This  has also been shown to be so in the adult rat (Cryer et al 1975) 

when a close correlation was found between serum insulin concentration 

and the activity of the enzyme in the tissue (Cryer et al 1976). Indeed, 

changes in insulin concentration have been implicated in the control of 

the increase in LPL activity (Pequignot-Planche et al 1977) during the 

first 24 hours of life. 

Vanhove et al (1978) also performed experiments on adipose tissue LPL. 

They found that LPL activity was distributed in two peaks following heparin-

sepharose chromatography. The first peak of activity was associated with 

the microsomal fraction of the adipose tissue. This peak had 10 times the 

LPL activity when the enzyme was isolated from adipose tissue of fed rats 

compared to the LPL activity obtained from tissue of starved rats. Compared 

to the second peak, the first peak had more activity and was sensitive to 

1 Ai NaCl. 

Since the fed and starvation states would govern the level of cir-

culating insulin, it would appear that this hormone has a stimulating 

effect on LPL activity. Indeed, Vanhove et al (1978) concluded that the 

increase observed in the microsomal LPL activity may be due to an increase 

in intracellular synthesis of LPL as seen in peak 1. These investigators, 

however, did not use the protein synthesis inhibitors in their experiments 

to confirm this possibility. 

Other evidence that insulin in vivo may induce LPL synthesis is ob-

served from the experiments of Garfinkel et al (1976). These investigators 

injected rats intraperitoneally with insulin and/or cycloheximide. Four 

hours after the injection, LPL activity was measured in adipose tissue 
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pieces and cells following acetone powder preparation. Cycloheximide 

clearly inhibited the stimulating effects of adipose tissue LPL by insulin. 

The concentration of the inhibitor used was 0.2 mg/kg body weight. 

Previously, Oler et al (1970) had reported that cycloheximide at a 

concentration of 1.5 mg/kg inhibited the incorporation of labeled leucine 

into rat liver protein by 94%. This drug is known to inhibit protein synthe-

sis by interfering with the 80s ribosomes of eukaryotes. Moreover, Desai et al(1975) 

showed that on addition of cycloheximide (10 pg/ml) to fat cell incubates, 

the effect of insulin on LPL was abolished after 50 min incubation. In 

addition these investigators showed that the activation of LPL was related 

to protein synthesis in fat cells. They concluded that LPL is an in-

ducible enzyme in vitro when adipocytes are incubated with insulin. 

Finally, a recent investigation utilizing cultured fibroblasts in which 

adipocyte; and prearlipocytes could be distinguished, has shown clearly that LPL is 

an inducible enzyme and this process is stimulated by insulin(Spooner et al 1978). 

The evidence cited above clearly supports the hypothesis that LPL 

activity in the adipose tissue is increased by insulin, both in vivo and 

in vitro. Since puromycin and cycloheximide block the activity of the 

insulin stimulated LPL in vitro (Eagle et al 1964, Desai et al 1975, Wing 

et al 1968a) the increase in the enzyme activity due to insulin is probably 

related to an enzyme induction phenomenon. Whether the hormone induces the 

synthesis of LPL at the transcription or the translation level is not known. 

The experiments of Wing et al (1968a) in which it was demonstrated that 

actinomycin D does not inhibit the activity of LPL but rather enhances the 

insulin stimulation of the enzyme, indicates that the regulation of LPL by 

insulin at the nucleus is unlikely. Thus, insulin probably induces the 

synthesis of LPL at the translational site of protein synthesis. Alternative-

ly, the stimulation of a protein synthesis event by insulin may not involve 

the lipoprotein lipase molecule per se but may result from the induction of a 

"companion" molecule which converts the inactive LPL to an active form. The 
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evidence for this stems from the work of Davies et al (1974) who showed 

that the enzyme which is exported from the adipocyte is a larger enzyme 

than its precursor inside the cell. 

Besides the rapid control of enzyme activity observed during its 

antilipolytic effect (see Chapter, insulin exerts a long term effect 

on cellular events resulting in the regulation of enzyme biosynthesis. 

The experiments to show that insulin stimulates de novo synthesis 

of enzymes have involved the following: a) measurement of enzyme con-

centration in the tissue, b) the use of actinomycin D to block the form-

ation of RNA precursors, c) use of puromycin or cycloheximide to block 

the formation of peptide chain 	 d) the measure- 

ment of specific enzymes in relation to the cell proteins by double label-

ing techniques, e) the increase in the amount of labeled enzyme protein 

precipitable by specific antibody against that protein when the enzyme can 

be obtained in a highly pure form. 

Several investigators have demonstrated that the de novo biosynthesis 

of glucokinase is inducible by insulin (Florini et al 1966, Weber 

1968, Steiner 1966). Moreover, the induction of this enzyme by the hor-

mone can be prevented by inhibiting RNA synthesis by Actinomycin D 

(Sols et al 1965, Niemeyer et al 1965, Salas et al 1963). Experiments 

with various insulin sensitive tissues and in vivo experiments that in-

volved fasting, refeeding and induced diabetic conditions demonstrated 

that hexokinase II was also inducible by insulin (Katzen et al 1965, 

McLean et al 1966, Moore et al 1964). Borrebaek(1967) showed that insulin 

increased the activity of hexokinase II in adipose tissue incubated for 

16 hours in a tissue culture medium. This stimulation was blocked by 

cycloheximide (20 ug/ml) and by actinomycin D at a concentration that . 

normally reduces RNA synthesis by 97% under similar experimental conditions 

(Hansen et al 1970). The latter result suggests that insulin may also 

regulate protein synthesis at the transcription level. This conclusion 
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is supported by the results of Hansen et al (1970). They experimented 

with tissue using a double labeling technique. Fat pads from fasted 

rats were incubated for 16 hours with 3f-I-histidin with 14C-histidine 

with and without insulin, respectively. At the end of the incubation, 

the pads were pooled and hexokinase II was isolated by a chromatogrāphic 

method. The enzyme ratio of 14C/3H was 1.52 compared to 1.10 for the non-

hexokinase containing cell slices. The results obtained above,when 

actinomycin D was used,are of interest because Morgan et al (1970) des-

cribed an increase in template activity of liver chromatin after treating 

diabetic rats with insulin. Moreover, rat liver nuclear RNA shows an 

increase in specific activity after the administration of insulin (Oravec: 

et al 1972). This stimulation of RNA synthesis, however, can be blocked 

by puromycin (Steiner et al 1966), thus, its regulation seems to be 

closely linked to protein synthesis. Indeed, protein synthesis is de-

pressed in skeletal muscle of alloxan diabetic rats and the number of 

polysomes is diminished. These deficiencies can be corrected by the ad-

ministration of insulin (Wool et al 1968, Castles et al 1971, Stirewalt et al 

1967). Similar findings in the liver werecbtained by mer (1960), Pi{kis et al (1971). 

From the experimental data described above, it appears that both the 

nucleus and the ribosomal complex may be involved in the regulation of pro-

tein synthesis and enzyme induction in the adipose tissue. Since most of 

the data obtained are from experiments performed with inhibitors only, 

the conclusions can only be tentative. Indeed, the problems associated 

with the use of actinomycin D are well known. Garren et al (1967) 

shown that under certain conditions, actinomycin 

D stimulates RNA synthesis and hence, protein synthesis. It appears that 

a "superinduction" phenomenon is responsible for this effect. The mech-, 

anism of "superinduction" is, however, not understood at present. 
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B. Relation of C-GMP to The Effects of Insulin on Protein Synthesis  

and LPL Activity  

c-GMP levels were measured in rat fat cells and tissue pieces. The 

incubation conditions were the same as for protein synthesis and for LPL 

measurements in cells and tissue pieces, respectively. The results show 

that insulin stimulated c-GMP in both cells and tissue pieces. However, 

a higher concentration of insulin (3,000 iUiml) was required to stimulate 

c-GMP level to one-half maximal in the tissue pieces whereas only 100 uU/ml 

was required in the fat cell preparation. The peak stimulated level of 

c-GMP was reached within 3 min of incubation. This high level was trans-

ient and basal level was observed after 6 min of incubation. Comparison 

of c-GMP stimulation in tissues and cells by insulin suggests that 

the increase in the cyclic nucleotide level is within the adipocytes and 

not in the stromal connective tissue. The latter is not known to have 

any hormone receptors for insulin. 

The tissue pieces respond much less to stimulation by insulin than 

do the isolated cells. Differences in the response between tissue pieces 

and cells to insulin, have been noted by other investigators. One ex-

planation for the discrepancy is that the surface area of the cells that 

are exposed to the hormone in the incubation medium is larger in the cell 

preparation than in tissue pieces. Thus, the insulin molecules have a 

unrestricted access to the receptors present on the plasma membrane. There 

are other factors involved in the choice of the incubation material. The 

effective concentration of insulin used in the fat cell incubates is more 

comparable to the expected concentration of insulin in the rat circulation. 

In contrast, the cells within the adipose mass of the tissue pieces re-

semble the in  situ distribution more closely than do isolated cells. 

The data presented (Figure 7 through 11) are in agreement with the 

findings of Illiano et al (1973) and Fain  et al (1976). These 

investigators showed that insulin stimulates c-GMP in fat cells and liver 
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slices. However, peripheral lymphocytes and rat spleen lymphocytes were in-

sensitive to insulin and the hormone failed to stimulate the c-GMP content in 

these cells (Illiano et al 1973). Lymphocytes are knave to have few insulin re-

ceptors and are not metabolically dependent on the hormone. The c-GMP 

levels measured in the fat cell were transient and reached maximal level 

at 2 min and 4 min in fat cells and liver cells, respectively. The con-

centration of insulin that these investigators found effective in the 

fat cell preparations  was 1 20 pU/ml. Similar effects of insulin in fat 

cells were reported by Fain et al (1976). 	They reported that in- 

sulin at a concentration of 240 pU/m1 stimulated c-GMP in adipocytes by 

175%. The peak c-G1P level due to insulin was achieved at 2 min. Pointer 

et al (1976) also showed that insulin can stimulate c-qMP levels in liver 

cells. The hormone produced a 4-fold increase in c-CHIP over basal. 

From the above discussion, it would appear that c-GMP level is 

elevated when fat cells are exposed to insulin. In the experiments il-

lustrated in Figures 1, 4 and 8 , the elevation in c-GMP levels preceded 

the activation of protein synthesis and LPL by insulin. This data does 

not necessarily indicate a cause-and-effect relationship between a high 

nucleotide level and the observed physiological responses. Nevertheless, 

the demonstration that agents such as acetylcholine which increases c-GMP 

also stimulates insulin action in hepatocytes (Illiano et al 1973) and the 

observation that dibutyryl c-GMP added to liver tissue in vitro is able to 

reverse the glucagon stimulated gluconeogenesis, an effect analogous to 

that of insulin,support the view that the physiological responses due to 

insulin may be mediated by c-GMP. 

The generation of c-GMP by guanylate cyclase and degradation by c-GMP 

phosphodiesterase have been studied in avariety of cellular systems. Since c-AMP 

had been shown to function via a protein kinase, the search for a similar 

enzyme that would be specific for c-GMP was attempted once c-GMP in bio-

logical tissues had been identified by Ashman et al (1963). With a few 



-196- 

exceptions, c-GMP has been shown to be a relatively poor substitute for 

c-AMP as an activator of c-AMP-dependent protein kinase present in a var- 
ei- a-C 

iety of tissues obtained from a number of different phyla (Kuo 

1965 6 ?A") 
	

Hence, there appears to be no role for c-GMP in c-AMP- 

dependent protein kinases. Moreover, in 1970, Kuo et al found a protein 

kinase in lobster tail muscle to be more selective to c-GMP than c-AMP. 

A c-GMP protein kinase has also been isolated from adipose tisuse. In 

the rat epididymal fat pads, Kuo showed that c-GMP stimulated a protein 

kinase activity by 3 fold. The basal activity of c-GMP-dependent protein 

kinase in adipose tissue is very low compared to that found in other mam-

malian tissues (Kuo 1974). The relative stimulation of the kinase by c-

GMP, however, is of the same order of magnitude as c-GMP protein kinases 

obtained from tissues such as the brain, liver and heart. From kinetic 

studies and double-reciprocal plot analysis, Kuo (1974) found that the Ka 

values of the adipose tissue kinase for c-GMP and c-AMP were 0.06 and 1.0 

uM, respectively. This result indicates that the protein kinase isolated 

from adipose tissue has a specific requirement for c-GMP before it is 

fully activated. 

The mechanism of action of c-GMP-dependent protein kinase is con-

troversial. It appears that the protein kinase activation by c-GMP may 

not be analogous to the model proposed for the c-AMP-dependent kinase. 

Several investigators have reported that c-GMP-dependent protein kinase 

is not dissociable into catalytic subunits (Lincoln et al 1977, Gill et al 

1976, Takai et al 1975, 1976). Moreover, the protein kinase dependent on c-AMP 

has a known function in lipolysis and glycogenolysis. No physiological func- 

tion has yet been ascribed to the c-GMP-dependent kinase. It is conceivable 

however, the c-CHIP-dependent protein kinase could function to phosphorylate 

important components in the ribosomal and/or nuclear compartments. There 

is evidence that c-GvIP stimulates the protein and RNA synthesis in vitro  

(Donovan et al 1972, Mendelson et al 1973, Hadden et al 1973, Varrone 

et al 1973). 
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Studies with isolated lymphocyte nuclei have also indicated that 

c-G4P increases RNA synthesis (Goldberg et al 1974), a process which is 

associated with the phosphorylation of nuclear proteins (Kleinsmith 

et al 1966, Johnson et al 1974). Furthermore, Steiner et al (1975), 

using an immunochemical technique, recently reported that in mammalian 

tissue there is a prominent nuclear localization of c-GMP suggesting 

that the nucleotide might operate at such a location. 

Insulin when given to diabetic animals, stimulates the incorporation 

of precursors into rapidly labeled total RNA and the total RNA content of 

the liver is reported to increase (Steiner et al 1966, Pilkis et al 1972). 

It appears that the labeling of the polynucleotide occurs both in the 

nucleolus and the extranucleolar compartments. In addition, this effect 

on RNA appears to be associated with an increase in the activity of RNA 

polymerase in both compartments. Insulin has also been demonstrated to 

stimulate the synthesis of DNA in cell proliferating systems and organ 

cultures (Turlington 1975). Similarly, an increase in DNA synthesis was 

observed in the liver of diabetic rats following treatment with insulin. 

These effects of insulin were observed after a long interval and were 

preceded by the stimulation of RNA and enhancement of protein synthesis. 

At present, there is no satisfactory explanation for the mechanism 

whereby insulin could induce the effects in the nuclear activities of 

target cells. However, studies in epithelial cell cultures in the pres-

ence of the hormone suggest that these events are associated with an in-

crease in DNA synthesis and the phosphorylation of histone and non-histone 

proteins of the nucleus (Turlington et al 1969, Stockdale et al 1966). 

These proteins have been implicated in the regulation of gene expression. 

Recent studies have indicated that insulin stimulates the aggregation 

of ribosomal subunits to form polyribosomes. This is an important step in 

the process of protein synthesis and enzyme induction. Morgan et al (1971) 

have observed that in the presence of glucose and amino acids, protein 



-198- 

synthesis in perfused normal heart was stimulated by insulin. At the 

same time, insulin produced a decrease in the number of ribosomal subunits 

and a concomitant increase in polysomal formation. 

These results and those obtained by our study showing the effective-

ness of puromycin in inhibiting the protein synthesis and LPL activity, 

suggest that the translation event of protein synthesis is under the con-

trol of insulin. Moreover, there is evidence to show that ribosomal pro-

teins are phosphorylated in vivo and in vitro by a protein kinase which 

is present in the cytoplasm and which may or may not be bound to proteins 

(Eil et al 1973). At least two protein kinases have been identified in 

liver cytoplasm that are capable of phosphorylating a number of proteins 

of the 40s and 60s ribosomal subunits (Eil et al 1971).These results sug-

gest but do not prove that a reversible phosphorylation-dephosphorylation 

cycle could regulate ribosomal activity. 

C. Relation of Calcium to the Effects of Insulin on c-GMP, Protein  

Synthesis and LPL Activity 

As shown in the present study, the c-GMP stimulation by insulin is 

completely inhibited when the fat cells are incubated with EGTA (Figure 

18). The c-GMP content of various cells have been found to increase in 

response to hormonal stimuli. The increase in the nucleotide level 

is assumed to result from the activation of guanylate cyclase. There is 

some evidence that it is the soluble form of guanylate cyclase rather 

than the particulate form which is responsible for the catalysis of GTP 

during the synthesis of c-GMP. Moreover, Cat+  ions appear to be involved 

in the activation of the enzyme (Schultz et al 1973b:;Schultz et al 1975; 

Hardman et al 1971; Kimura et al 1974). But in both the heart and in the 

arterial wall smooth muscle, Ca2+  dependent and Cat+  independent activa-

tion of guanylate cyclase have been described. There is a particulate 

enzyme in the heart that is markedly inhibited by Cat+  ions and a soluble 

enzyme that is stimulated by the cation (Kimura et al 1975, Kimura et al 
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1974). From the results presented in this section, it is not possible 

to differentiate between soluble guanylate cyclase from the particulate 

cyclase. However, the guanylate cyclase in the fat cell required Ca2+ 
 

ions for its activity (Figure 18). From the above evidence on cardiac 

muscle, it is the membrane-bound cyclase that is calcium independent. 

It follows that insulin stimulation of c-GMP in the fat cell is likely 

to be through the activation of a soluble guanylate cyclase. If this 

proves to be the case, Ca2+  ion would thus be an appropriate messenger 

to transmit the membrane signal from the insulin receptor complex to a 

cytosolic enzyme for the stimulation of c-GMP formation. 

Schultz et al (1973b) reported that the increases in c-GMP levels in the 

ductus deferens and rat maxilery gland stimulated by carbachol were 

abolished when calcium was omitted from the medium. These observations 

indicate that cholinergic agents increase the accumulation of c-GMP and 

this increase is dependent on Ca2+  ions. The stimulation of guanylate 

cyclase activity by calcium reported by Hardman et al (1971, 1972) is 

consistent with the above observations. 

Kakiuchi et al(1970, 1975a,b) showed that Ca2+  and a heat-stable activator 

protein together cause an unfractionable phosphodiesterase to become 

more active toward c-GNP and less active toward c-AMP. Since Ca2+  ion 

is apparently required to demonstrate the biological effects of exogenous-

ly added c-GMP (Schultz et al 1973b) and also activates both c-G1P syn-

thesis and its hydrolysis, Ca2+  may serve as an important regulator of 

intracellular c-GMP concentration. 

Our results show that omission of extracellular Ca2+  ions from the 

incubation medium had no measurable effect on insulin stimulation of 

either c-GMP or protein and LPL synthesis (Figures 12,13). However, when 

fat cells were exposed to EGTA to reduce intracellular Ca2+  levels, the 

c-GMP levels were reduced to basal values and this was followed by equally 

marked reduction in insulin induced enzyme synthesis (Figures 15,17). This 
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suggests that intracellular Ca2+  is essential in order for insulin to 

promote the anabolic events related to enzyme induction. From the dis-

cussion of chapter III,  it appears possible that insulin stimulates the 

c-GMP formation in fat cells by promoting an increase in cytosolic cal-

cium concentration. Both Cat+  and c-GMP, by promoting the activity of the 

protein synthesis apparatus, could mediate the action of insulin in the 

fat cell. 

In support of this interpretation, Fain and Butcher (1976) showed 

that the elevation of c-GMP by insulin was not affected by norepinephrine 

but this elevation was markedly reduced when the fat cells were incubated 

in calcium free buffer containing 1 mM EGTA. Furthermore, Pointer et al 

(1976) demonstrated that the stimulation of c-GMP by insulin in the liver 

cell was almost completely blocked by incubation of the cells in a calcium 

free buffer containing EGTA (1.3 N60. 

DeRubertis et al (1976) reported that carboxylcholine (CCH) increased 

c-GMP content in rat renal cortex slices. This effect was blocked by 

atropin (a CCH inhibitor) and was dependent on the presence of Cat+  in the 

medium. The exclusion of Cat+  lowered basal c-GMP level and abolished 

increases mediated by CCH. The exclusion of Mgt+, however, was without 

detectable effect on c-GMP. Glucagon and isoprenaline which maximally 

increased renal cortical c-AMP did not alter c-GMP. 

The extensive investigations performed by Ohga et al (1977a, 1977b) 

in guinea pig brain have yielded useful information about the role of 

c-GMP and Cat+  ions. Some of the data obtained by these investigators 

may be applicable to the fat cell. In the brain, the elevation of c-GMP 

levels results from the stimulation of the a receptors. The evidence for 

this is as follows: methoxamine, an a-agonist, elicits a small accumula-

tion of c-AMP in rat cortical slices which is blocked by a-antagonists 

but is unaffected by propranolol (a pure 13-antagonist (Skolnick et al 1976). 

Isoprenaline has little effect on c-AMP level in the brain. Hence, the 
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role of the a-adrenergic receptor mediated increase in c-AMP accumulation 

in brain slices is well established. 

In the adipocyte, the situation is the exact opposite. Isoprenaline, 

a pure 13-agonist, stimulates c-AMP level in these cells and this effect 

is antagonized by propranolol but not by an a-agonist. However, a-receptors 

in the brain are dependent on Ca2+  ions for their activity and the a- 

receptors in other tissues have been implicated in c-GMP stimulation. Since 

the c-GMP generation is dependent on Ca2+  ions, it follows that Ca2+  ion 

is an important component in c-GMP function. Moreover, the omssion of 

Ca2+  from the medium led to marked reduction in final levels of c-GMP in 

cerebellar slices from guinea pig, rabbit and mouse. Under the same con- 

ditions, c-AMP level was not altered (Ohga et al 	1977b). Since the 

introduction to the incubation medium of Ca2+  ion elicits a rapid ac-

cumulation of c-GMP of cerebellar slices, it is concluded that Ca2+  from 

the extracellular medium is intrinsically able to activate c-GMP generating 

systems in the absence of exogenous neūromodulating agents. Moreover, 

extracellular Ca2+  would appear primarily responsible for maintenance of the 

high basal levels of c-GMP. In addition, it appears that the half-life 

Of Ca2+  elicited c-GMP levels of 3 min is comparable to the half-life for 

permeation of small molecules into such slices (Schultz et al 1973 a). 

The results presented below illustrate the effects of calcium ionophore 

A23187 and lanthanum chloride on c-GMP level, protein synthesis and LPL 

activity in fat cells. The mechanisms by which these agents might favor 

an increase in intracellular calcium have been described in Chapter III. 

Protein synthesis and LPL activity were stimulated by the addition 

of A23187 or Lai+  to the incubation medium. This stimulation was preceded 

by a rise in c-GMP level.-The findings concerning c-GMP agree with those of 

Fain et al (1976) and Butcher (1975). Using fat cells, these investigators 

showed that the addition of calcium ionophore A23187 at a concentration 

of 10 pM increased basal c-GMP level to 130%. The effect of A23187 on 
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c-GMP was blocked if the cells were incubated in a calcium free buffer 

with EGTA (1 mM). 

DeRubertis et al (1976) used rat renal cortical slices and showed 

that A23187 increased c-GMP level 5-fold in the presence of Ca2+. The 

ionophore effect was not additive to those of CCH and was not apparent 

when Ca2+  was omitted (but not Mg2+) from the medium. Tetracaine reduced 

basal c-GMP and inhibited the accumulation of c-GMP increases due to 

A23187. The action of 1 mM tetracaine or CCI3 mediated increase in c-GMP 

was partially reversed by increase in Ca2+  concentration in the medium 

from 1.5 to 5 mM, but not by increase of Mgt+. In contrast to their ef-

fects on c-GMP, A23187, calcium exclusion and tetracaine did not alter 

the renal cortical c-AMP or c-GMP responses to PTH. These studies dem-

onstrate modulation of renal cortical c-GMP can be regulated by stimuli 

by cholinergic agents and Ca2+  ions. They also indicate that c-GMP and 

c-J'4P in renal cortex can be regulated independently. 

In the experiments illustrated in Figures 19 and 20, the fat cells 

were incubated with A23187 (0.2 pi) and calcium (1.25 mM). No preincuba-

tion of the cells with A23187 was necessary to obtain the responses des-

cribed. Since c-GMP generation is rapid (3 min), it appears that delivery 

of Ca2+  from the external medium is a fast phenomenon. This would agree 

with the findings of Schultz et al (1973a), that entry of Ca2+  ions into 

the cell can elicit a hormone-like response. In the case of fat cells, 

A23187 would seem to mimic the action of insulin. Jacobs et al (1973) 

have shown that the omission of Ca2+  from the incubation medium has a more 

dramatic effect on protein synthesis in fat cells than the omission of Mgt+
. 

Pointer et al (1976) also showed that A23187 could elevate c-GMP levels in 

the liver. This effect was abolished by Ca2+  free EGTA (1.3 mM) buffer. 

When Ca2+  A23187 is added to neutrophil in a concentration range of 

0.5 to 1.0 pM, the following events occur: there is a) an uptake of Ca2+
, 

b) a rise in c-GRIP concentration and c) a release of lysosomal enzymes 
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(Smith et al 1975). The agent A23187 has also been shown to elevate 

c-GMP by a process dependent on extracellular Ca2+  in the medium in 

slices of rat parotid (Butcher 1975). Similar results have been observed 

in brain slices (Ferrendelli et al 1975) and thyroid tissue (Van Sande 

et al 1975) when a rise in c-GMP due to A23187 is dependent on extra-

cellular calcium. 

A23187 acts as a mobile carrier of both Ca2+  and Mg2+. Williams 

(1970) has emphasized that total and loosely bound Mg2+ is often higher 

inside cells than in the extracellular medium while free Ca2+  is much 

lower (by a factor of 103  to 104) inside the cells compared to the med-

ium. Thus, the main effect of adding A23187 to the medium containing 

1.2 mM of both Ca2+  and Mg2+  is to increase free Ca2+  both by accelerating 

influx of extracellular calcium and by release of mitochondrial calcium. 

The available information about the effects of A23187 on cellular 

events is adequate to allow a proposed mechanism of this agent in the 

fat cell. However, an equivalent proposal is not possible for the effects 

of lanthanum chloride. 

La3+  produced effects similar to those of A23187. This agent is 

known to inhibit Ca-ATPase. Hence, the relatively high concentration 

of calcium in the medium would tend to move down the concentration 

gradient into the cell. Since the energy dependent pump is likely to 

be "paralyzed" by the La3+  (Krasnow 1978), it is proposed that a net 
2+ 

increase in cytosolic Ca would result. As argued above, this would 

tend to generate c-GMP and protein synthesis. 

There is no recorded observation in the literature of direct effects 

of La3+  or A23187 on protein synthesis or LPL activity. From the results 

described, it would be possible to formulate a hypothesis as to the con-

tribution of Ca2+  ions to the generation of c-GMP and to the subsequent 

physiological responses to insulin. 

In this hypothesis, it is suggested that the initial event in insulin 
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action favors an increase in intracellular calcium concentration together 

with elevation in adipocyte c-GMP level. Calcium ions might then act in 

concert with c-GMP to provoke nuclear and/or polysomal events with activa-

tion of protein synthesis and lipoprotein lipase induction. This hypo-

thesis would be complementary to the previously proposed view regarding 

the role of calcium in the regulation of lipolysis. 



CHAPTER V 

GENERAL CONCLUSION 
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GENERAL CONCLUSION 

The regulation of fat cell lipolysis by adrenaline can be explained 

partly by the stimulatory effects of this hormone on the c-AMP gen-

erating system within the adipocyte. The increase in the c-AMP content 

by adrenaline results in the activation of the triglyceride (hormone 

sensitive) lipase which catalyzes the hydrolysis of the stored fat to 

produce FFA and glycerol. 

Insulin functions as an antilipolytic hormone in fat cells by 

antagonising the catabolic effects of the catecholamines. Insulin also 

promotes the synthesis of proteins and specific enzymes, such as lipo-

protein lipase which regulates the triglyceride storage within this 

cell. The molecular mechanisms by means of which the hormone controls 

the physiological processes have not yet been elucidated. Moreover, 

current theories regarding the peptide hormone-cell interaction indicate 

that insulin exerts its intracellular effects while remaining extra-

cellular. A second messenger for insulin action is thus a prerequisite 

for the transmission and amplification of the hormonal signals from the 

plasma membrane to the control sites within the cell. 

The data presented shows a high sensitivity by the adipocytes to 

submaximal concentrations of both adrenaline and insulin. The cate-

cholamine produced an immediate but transient rise in the c-AMP content 

of the cell. The rise in the level of the nucleotide preceded a pro-

gressive increase in lipolysis. In contrast, insulin inhibited the 

adrenaline stimulated lipolysis significantly but there was no cor-

responding fall in the c-AMP content. Moreover, the correlation between 

c-AMP levels and glycerol production in fat cells incubated with in-

creasing concentrations of adrenaline and a fixed concentration of 

insulin, showed that the inhibition of lipolysis promoted by insulin 

was much greater than the decrease in c-AMP levels. 
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Unlike its effects on c-AFP, insulin produced an immediate, but 

transient, increase in c-GMP levels of fat cells. This increase was 

followed by a progressive stimulation of protein synthesis and LPL 

activity, processes which were markedly inhibited by puromycin. 

These results indicate that the physiological responses evoked by 

insulin cannot be explained by the effect of the hormone on the c-AMP 

system in fat cells. Factors in addition to c-ANIP are, therefore, 

almost certainly involved in the mediation of the intracellular effects 

of insulin. Insulin regulates the activity of LPL by a process which 

may involve enzyme induction. The observation that the process of 

protein synthesis is preceded by a rise in c-GMP would imply that this 

nucleotide could function as one of the intracellular factors in the 

regulation of protein and enzyme synthesis by insulin. 

Reports from several investigators have indicated that the enzyme 

mediating the intracellular effects of adrenaline and especially insulin 

are sensitive to minute changes in cytosolic Ca2+  concentrations. To 

test this hypothesis, fat cells were incubated in media containing var-

ious concentrations of Ca2+  and the effects of the two hormones were re-

examined. 

The addition of EGTA to the incubates to deplete intracellular Ca
2+  

inhibited the adrenaline stimulated lipolysis to some extent, although 

the c-AMP levels remained unaltered. EGTA markedly inhibited the insulin 

stimulated c-GMP levels, protein synthesis, LPL activity and the reversal 

of lipolysis by the hormone. The effects of the chelator on all these 

parameters were, however, reversible. The incubation of fat cells in 

Ca-free buffer, without EGTA, had no inhibitory effect on any of the 

above parameters in the presence or absence of the hormones. In contrast, 

the effects of adrenaline on c-AMP levels and lipolysis were significant-

ly inhibited when the fat cells were incubated in a medium containing 

hyperphysiological concentrations of Ca2+. 
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The depletion of cytosolic Ca2+  by EGTA is thus able to inhibit all 

the intracellular effects of insulin but only some of the effects of 

adrenaline. In contrast, the incubation of fat cells in a high calcium 

medium inhibits all the effects of adrenaline. Hence, the stimulation 

of the lipolytic enzymes (protein kinase, lipase) by adrenaline does not 

only depend on the availability of c-AMP but also requires a low calcium 

environment. Since the adenylate cyclase is tightly bound to the plasma 

membrane, the calcium pool stored in this organelle may not be completely 

accessible to EGTA. The guanylate cyclase is, however, probably located 

in the soluble fraction of the adipocyte and its activity is, therefore, 

likely to be more sensitive to alterations in the cytosolic Ca2+  pro-

moted by EGTA. 

The observation that an increase in intracellular calcium inhibits 

the lipolytic function of adrenaline and that the depletion of cytosAlic 

Ca2+  abolishes the effects of insulin, indicates that insulin may exert 

its intracellular effects by promoting increases in cytosolic calcium 

concentrations and thereby modulate the activity of the key regulatory 

enzymes. In addition, agents (A23187 and Lai+) which facilitate an ac-

cumulation of Ca2+  in the cytosolic compartment, inhibited the adrenaline 

stimulated lipolysis and c-AMP levels. However, these agents exerted an 
c-iqMP 

insulin-like effect on 	, protein synthesis and LPL activity. Thus, 

it is possible that insulin may regulate the availability of intracellu-

lar c-GMP and enzyme induction in the adipocyte by modulating the dis-

tribution of intracellular Ca2+  ions. 

The antilipolytic action of insulin may thus be explained by means 

of a mechanism which does not implicate a change in adipocyte c-AMP. It 

appears that the transmembrane transport of substrates and the intra-

cellular events in the adipocyte may be modulated by Ca2+  ions. The pro-

posed unifying hypothesis (Figure 1) suggests that Ca2+  ions may serve 

as the second messenger for insulin action. The insulin induced 



Altered cell 
responses 

FIGURE 1 

Insulin induces displacement of Cat+ from the external surface of the plasma 
membrane changing its stability to enhance the transport of substrates and ions 
into the cell. Insulin also decreases the binding of Cat+ to the inner surface 
of the plasma membrane and/or the ER while inhibiting the release of Cat' from 
cytoplasmic pools resulting in an increase in intracellular Ca concentration. The 
latter in association with the changes in c-AMP and c-GMP could influence the 
activity and synthesis of intracellular enzymes to decrease lipolysis while stim-
ulating lipogenesis. 
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displacement of Ca2+  from the external surface of the plasma membrane 

changes the stability of the membrane and, thus, enhances the transport 

of substrates and ions into the cell. In addition, the binding of Ca 2+ 

to the inner surface of the plasma membrane and the endoplasmic reticulum 

is diminished by insulin while the hormone inhibits the release of cations 

from the cytoplasmic pools. The resulting increase in the intracellular 

Ca2+  is associated with changes in c-AMP and c-GMP which may influence 

the activity and the synthesis of intracellular enzymes, thus eliciting 

a decrease in lipolysis and a stimulation of lipogenesis. 
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The Role of Calcium in Insulin Action 
I. Purification and properties of enzymes regulating lipolysis in human adipose tissue: 
effects of cyclic-AMP and calcium ions* 

A.H. Kissebah, N. Vydelingum, B.R. Tulloch, H. Hope-Gill and T.R. Fraser 
Endocrine Unit, Department of Medicine, Royal Postgraduate Medical School, London, England 

Summary 
The reaction steps involved in the activation and inactiva-
tion of the hormone sensitive lipase have been studied in 
human adipose tissue. 

Homogenates prepared from adipose tissue shreds or isolat-
ed fat cells contained a cyclic-AMP dependant protein 
kinase. This enzyme was partially purified from the 
100,000 g supernatant using DEAE Cellulose Column Chro-
matography. The activity of the purified preparation was 
stimulated 3-4 fold with cyclic-AMP and inhibited with pro-
gressive increases in free calcium concentration in the reac-
tion mixture. Calcium seems to inhibit the binding of cyc-
lic-AMP to the protein kinase regulatory units and thus 
abolishes cyclic-AMP stimulation. 
In the presence of cyclic-AMP and ATP the protein kinase 
phosphorylates a lipase preparation partially purified from 
the same tissue with synchronous increase in the lipolytic ac-
tivity. Inactivation of the lipase is preceedcd by its dephos-
phorylation by a phosphatase(s) which is present in 105,000 
g supernatant. 
Increasing flee calcium concentration between 10-8  and 
10-3M produced progressive inhibition of the lipase activity. 
This inhibition can be attributed to a dual mechanism. First, 
calcium ions inhibited the protein kinase activation of the 
lipase. Second, calcium ions stimulated the adipose tissue 
phosphatase(s) and this increased the rate of inactivation of 
the hormone sensitive lipase. 

A role for calcium ions as well as cyclic-AMP in the control 
of lipolysis is postulated. 

Key-Words: Cyclic-AMP — Protein Kinase — Hormone Sensi-
tive Lipase — Phosphatase — Calcium — Insulin — Lipolysis 

Introduction 
Hypertriglyceridaemia is an important risk factor in 
the development of atherosclerosis (Carlson and Bot-
tiger 1972). Understanding of the pathogenic factors 
involved in the production of this lipid abnormality 
might, therefore, offer some clues to its prevention. 
Several reports have suggested that hyperinsulinaemia 
may be associated with this condition, and be an u n- 
portant'causal factor (Farquhar, Frank, Gross and 
Reaven 1966, Ford, Bozian, Knowles 1968, Kissebah, 
Adams, Harrigan, Stokes and Wynn 1973). Our studies 

*Presented in part to European Association for the study of 
diabetes, Madrid, 6-8 September 1972 
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on the kinetics of plasma FFA and triglyceride, trans-
port in hyperlipaemic subjects have shown that hyper-
insulinaemia alone cannot be the responsible factor 
unless associated with enhanced lipolysis (Kissebah et 
al. 1973). Such results suggested that the hyperinsulin-
aemia observed was associated with some resistance 
to the action of insulin in adipose tissue which con-
tributed to the enhanced lipolysis. Studies on the 
control of lipolysis and its regulation in man might 
therefore provide valuable information on the initial 
lesion responsible for the hypertriglyceridaemia. 
In animals, the adipocyte response to lipolytic hor-
mones is mediated by a rise in tissue cyclic-AMP 
(Butcher, Ho, Meng and Sutherland 1965). This rise 
activates a protein kinase which in turn activates a 
hormone sensitive lipase resulting in•lipolysis (Hut-
tenen and Steinberg 1971). Less information, how-
ever, is available concerning the control of lipolysis 
in hurtian adipose tissue. Subcutaneous human adi= 
pose tissue shreds respond to noradrenaline (Kissebah 
and Fraser 1972) and to beta adrenergic stimuli (Tul-
loch, Vydelingum and Galton 1972) by a rise in tissue 
cyclic-AMP prior to lipolysis. The controlling factors 
linking the cyclic-AMP rise to the triglyceride lipase 
activation, however, have not been identified in this 
tissue. 
Considerable variations in the antilipolytic effects of 
insulin have been described in adipose tissue from dif-
ferent species. For example, hormone stimulated lipo-
lysis can be inhibited by insulin in adipose tissue of 
the rat and hamster but not in adipose tissue from 
pigeon, guinea pig or rabbit (Rudman and Shank 
1966, Goodridge and Ball 1965). Both in vivo and 
in vitro experiments have shown that insulin has an 
anti-lipolytic effect on human adipose tissue (Zierler 
and Rabinowitz 1964, Moskowitz and Fain 1969). 
The mechanism by which insulin produces this effect, 
however, remains unidentified. In rat adipocytes the 
hypothesis that insulin operates through a reduction 
in cellular cyclic-AMP (Butcher, Sneyd, Park and Suth-
erland 1966, Soderling, Corbin and Park 1973) has 
been challenged by recent reports showing that the 
anti-lipolytic effects of insulin were not associated 
with comparable changes in cyclic-AMP levels (Fain 
and Rosenberg 1972, Siddle and Hales 1973). Further- 
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more, studies on human adipose tissue biopsies ob-
tained from a group of diabetics with marked gluc-
ose intolerance have shown that the basal cyclic-
AMP levels were not detectably different from that 
of control subjects (Tulloch, Vydelingum and Gal-
ton 1972). Such observations suggest that factors 
other than cyclic-AMP may be involved in the media-
tion of insulin action in the adipose tissue of both 
rat and man. 
This paper reports partial purification from human 
adipose tissue of some of the enzymes that regulate 
lipolysis. Evidence is also presented to indicate that 
these enzyme preparations can be regulated by cal-
cium ions as well as by cyclic-AMP. These observa-
tions suggest an alternative mechanism to explain 
the anti-lipolytic action of insulin, independent of 
the effects of this hormone on cyclic-AMP. 

Materials and Methods 
A. Isolation of the cyclic-AMP dependent protein 

kinase and triglyceride lipase from human adi-
pose tissue 

1. Subcellular fractionation 
Human adipose tissue was obtained during routine abdomi-
nal surgery. Patients with diabetes, uraemia, jaundice or 
other metabolic disease were excluded. Tissue pieces were 
pooled and homogenised in 4 volumes of 0.25M sucrose in 
2mM EDTA at 4°C using glass homogenisers. The homogen-
ate was centrifuged at 600 g for 10 minutes at 4°C. The 
pinkish infranatant was re-centrifuged at 16,000 g for 15 
minutes to sediment the mitochondrial fraction. This frac-
tion was re-suspended in the homogenisation medium and 
re-spun for a further 15 minutes at 16,000 g. The mitochond-
rial pellet was then suspended in phosphate buffer (pH 7.0 
and 50 mM) containing 2 mM mercaptoethanol. The mito-
chondria were then disrupted by successive freezing and 
thawing. 
The supernatant remaining after separation of the mitochon-
dria was re-centrifuged at 105,000 g for 60 minutes. The se-
dimented microsomes were re-suspended in homogenisation 
buffer and centrifuged at 105,000 g for a further 60 min-
utes. The pellet was then re-suspended in phosphate buffer 
and stored at 4°  C. 
Isolated human adipocytes were prepared from adipose tissue 
fragments according to Rodbell (1964). The cells were then 
ruptured by shaking the tubes vigorously in a vortex. The 
105,000 g supernatant was then prepared as described for 
the intact tissue. 

2. Partial purification of the cyclic-AMP dependent protein 
kinases 

Protein kinases were isolated from the post-microsomal super-
natant of human adipose tissue homogenates using a method 
similar to that described by Miyamoto, Kuo and Greengard 
(1969). The pH of the supernatant was adjusted to 5.2 using 
IN acetic acid. After 10 minutes standing the precipitate was 
removed by centrifugation at 20,000 g for 30 minutes. The 
pH of the clear supernatant solution was then adjusted to 
6.5 with 1M potassium phosphate buffer, p11 7.2 and solid 
ammonium sulphate (35-40 gm/100 ml) was added. After 
60 minutes stirring at 4° the precipitate was collected by 
centrifugation at 20,000 g for 30 minutes and dissolved in 
5% of the original homogenate volume of 5mM phosphate 

buffer pH 7.0. The resulting solution was then dialysed 
against 20 volumes of the same buffer with two changes 
during a 24-hour period at 4°. After dialysis the solution 
was applied to a column of DEAE cellulose (DE 52) which 
had been equilibrated with 5 m111 potassium phosphate buf-
fer (pli 7.0). Elution of the protein kinases from the col-
umn was performed using a linear gradient phosphate buf-
fer of pH 7.0, and automatically adjusted to deliver a gra-
dient between 5 and 500 mM potassium phosphate. The 
fractions were collected and when required were concentrat-
ed by re-precipitation using ammonium sulphate (40 gm/100 
ml), followed by dialysis as described above. 

3. Partial purification of the triglyceride lipase 
The triglyceride lipase was precipitated from the 105,000 g 
supernatant by adjustment of the pH to 5.2, using IN acetic 
acid after the method of Aquino and Steinberg (1970). The 
precipitate was removed by centrifugation and solubilised in 
0.2 M Iris buffer (pH 7.4) containing 1 mM mercaptoethanol. 
The precipitate was adjusted to density 1.12 by adding con-
centrated sucrose solution and then centrifuged in a Spinco 
40.3 rotor for 48 hours at 4° (40,000 rpm). The upper one-
fourth of the tube was removed by slicing to give a d < 1.12 
fraction. The density was then re-adjusted to 1.06 and the 
precipitate was centrifuged for a further 48 hours. The sedi-
mented pellet was then re-suspended in phosphate buffer. 

B. Assay methods 

1. Protein kinase activity 
Protein kinase activity was determined by measuring the rate 
of phosphorylation of histone from 7-32 P-labelled ATP. The 
assay mixture contained ATI' (0.2mM and y-32 P-ATP 1 uCi/ 
tube), histone (10 mg/ml) magnesium acetate (16 mM), theo-
phylline (8 mist), mercaptoethanol (5 mM), potassium phos-

'bhate buffer (50 mM, pH 6.5), sodium fluoride (40 mbf) in 
a total volume of 100 Al. Cyclic-AMP (0.2 µ6i) was added 
where indicated. The assay mixture was incubated at 37°  in 
a shaking water bath for the appropriate times before deter-
mination of the histone bound J2  P using the filter paper 
technique suggested by Rieman, Walsh and Krebs (1971). 
50 Al of the incubation mixture was spotted on a glass fibre 
disc (Whatman GF/C) arranged in a plastic rack and immedi-
ately immersed in cold 10% trichloro-acetic acid. The acid 
container was shaken gently for 30 minutes and the racks 
were transferred to a basin containing 5% trichloro-acetic 
acid for 30 minutes. This process was repeated once more 
and finally the discs were immersed in absolute alcohol and 
dried overnight before counting in 10 mis. of scintillant in a 
Packard Scintillation Counter (Model 3320). 

2. Cyclic-AMP binding to the protein kinase 

The binding of cyclic-AMP to the protein kinase was deter-
mined by incubating the protein kinase with 3H cyclic-AMP 
for 90 minutes in a phosphate buffer (50 mM, pH 7.4) con-
taining mercaptoethanol (2 mM) and theophylline (8 mM). 
The free cyclic-AMP was separated from the bound material 
using albumin coated charcoal as described by Brown, Albano 
and Ekins (1971). 

3. Measurement of cyclic-AMP levels 
Cyclic-AMP measurements were performed using a modifica-
tion of the method of Brown, Albano and Eking (1971). In 
this modification the protein kinase in crude bovine adrenal 
extract was purified using a method similar to that described 
above. This step was found essential since the crude homo-
genate contained some phosphodiesterase activity which was 
capable of interfering with the assay of cyclic-AMP. 
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4. Triglyceride lipase activity 
The triglyceride lipase was assayed using the 14C-triolein 
method of Hut tenen and Steinberg (1970). The assay mix-
ture contained triolein (2 mM), EDTA (100 mM), sodium 
chloride (150 mM) and 2% albumin in a phosphate buffer 
(100 mM, pH 6.8). The reaction was terminated by the ad-
dition of 5 rills of Dole's extraction mixture. After separa-
tion of the phases the heptane layer was shaken with 0.5 gm 
of alkaline treated Dowex to extract the 14C fatty acids re-
leased. The heptane was removed and the FFA released from 
the Dowex with 0.5 mis of hyamine solution before count-
ing in 10 mis of scintillation fluid. Recovery of the 14C fat-
ty acids using this technique was over 90%. Under these con-
ditions the release of 14C fatty acid was linear up to 60 min-
utes. 

C. Other materials and ntetltods 
Calcium EGTA buffers were constructed according to Port-
zehl, Caldwell and Ruegg (1964). Protein estimations were 
performed according to the method of Lowry, Rosebrougll, 
Farr and Randall (1951), adenosine-5-triphosphate y 32 P, gly-
cerol trioleate-1-14C, adenosine-8-311-3', 5'-cyclic monophos-
phate were obtained from Amersham Radiochemical Centre, 
England. Other chemicals were of Analar grade and obtained 
from Sigma Chemical Co. 

Results 
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Subcellular fraction Phosphoprotein 
kinase activity 
% total activity 
genate 

Triglyceride 
 lipase activity 
in crude homo- 

Crude homogenate 

Fat cake 
Infranatant (600 g for 

10 mins.) 
Mitochondria (16,000 g 

for 15 mins.) 
Microsomes (105,000 g 

for 60 mins.) 
Microsomal supernatant 

pH 5.2 supernatant 
pH 5.2 isoelectric preci-
pitate 
d<1.12 fraction 

100 
(0.75 nmol/ 
gm/10 min) 

2.1 

97.9 

3.1 

12.0 

82.8 
70.8 

12.0 
4.0 

100 
(72 peq/gm/h) 

26 

74 

2.9 

4.8 

66.3 
3.2 

63.1 
38.6 

256 grams of human adipose tissue were homogenised in 
0.25 M sucrose. Subcellular fractions were isolated by prepa-
rative centrifugation. Protein kinase activity was measured ac-
cording to Krebs et al. (1971) and the triglyceride lipase was 
measured using the method of Huttenen and Steinberg (1970). 
The amount in the fat cake was calculated as the differences 
between the activities in crude homogenates and the 600 g in-
franatant. Other values were determined on aliquotes from 
each fraction. Results are expressed as % of the total activi-
ty in the crude homogenate. 

Fig. 1 Elution pattern of the protein kinase. 
The ammonium sulphate precipitate was applied to a DEAE 
cellulose column (DE 52) and elution performed with potas-
sium phosphate (pH 7.4) adjusted to deliver a gradient be-
tween 5 and 500 mM (see text). The upper grapli (A) shows 
the protein content per fraction. The centre and lower 
graphs show the cyclic-AMP binding (B) and the protein kin-
ase activity (C). 

Table 1 shows the protein kinase and triglyceride li-
pase activities found in the various subcellular frac-
tions of human adipose tissue homogenates. it is evi-
dent that more than 80%.of the protein kinase and 
60% of the lipase activities are recovered in the 
105,000 g supernatant. About 26% of the lipase acti-
vity is lost with the fat cake. During isoelectric preci-
pitation of the 105,000 g supernatant, most of the 
lipase was precipitated at pH 5.2. A small fraction of 
the protein kinase remained as a contaminant. 
Fig. 1 shows the elution pattern of the protein kinase 
purified from the 105,000 g supernatant using a linear 
gradient phosphate buffer. A distinct peak of kinase 
activity (both binding cyclic-AMP and stimulated by 
its addition) was eluted at a phosphate concentration 
of approximately 100 mM. Another smaller peak 
which is not stimulated by cyclic-AMP and which 
binds 3 H-cyclic-AMP to a lesser degree was eluted at 
higher phosphate concentrations. 
Table 1 shows that the lipase activity in the p11 5.2 
isoelectric precipitate can also be further purified by 
centrifugation in sucrose gradients. The d < 1.12 frac-
tion did not contain detectable kinase activity, but 
the lipase activity in this fraction was found to be 
unstable and hence few experiments were performed 
using this fraction. 

A. Subcellular distribution of the cyclic-AMP depen-
dent protein kinase and triglyceride lipase in 
human adipose tissue 

Table 1 Subcellular distribution of phosphoprotein kinase 
and triglyceride lipase in human adipose tissue homogenates 
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Fig. 2 Reaction requirements for the protein 
kinase assay 
Time curve (A), and the effects of enzyme con-
centration (B), pH (C) and magnesium ions (D). 
Protein kinase activity was measured in the pres-
ence and absence of 0.2 01 cyclic-AMP as de-
scribed in the Methods. 

2. The effect of cyclic nucleotides 
Table 2 The effect of cyclic nucleotides on the protein kin-
ase activity 

32P bound to histone 
% Basal 

Nucleotide concentration (pM) 
0.2 	 20 

Cyclic-AMP 
	

340 ± 36 

Cyclic-GMP 
	

116 ± 12 

Cyclic-1 MP 
	

112 ± 18 

416 ± 52 

128 ± 20 

185 ± 16 

After 10 minutes incubation, protein kinase activity was de-
termined as described under Methods. Results are expressed 
as a percentage of the basal activity assayed on the same 
fraction obtained after DEAL cellulose chromatography in 
the absence of cyclic nucleotides. Values are means •- SEM 
of triplicates. 

Table 2 shows the effects of cyclic-AMP on the pro-
tein kinase activity eluted from the cellulose column. 
Cyclic-AMP stimulated the kinase activity in this frac-
tion some four-fold. C-GMP, on the other hand, did 
not produce a marked effect on the activity of this 
enzyme. Cyclic-IMP, however, produced a slight sti-
mulation of kinase activity when added in high con-
centrations (20 µM). Table 3 compares the 'protein 
kinase activity found in the 105,000 g supernatant of 
fat shreds with that obtained from the isolated fat 
cell preparation. In the absence of cyclic-AMP the 
activity per mg protein was higher in homogenates 
from fat cells compared to those obtained from fat 
shreds. Both enzymes were stimulated, however, pro-
portionately by cyclic-AMP (0.2 pM). When the re-
sults were expressed in terms of extractable lipids 
the cyclic-AMP stimulated protein kinase activities 
in both preparations were similar. Such results sug- 

Table 3 Cyclic-AMP dependant protein kinase activity in homo-
genates of human adipose tissue shreds and isolated fat cells 

Protein kinase activity32 P bound to Histone 
CPMi100 pg protein x 103  CPM/gm lipids x 10) 
-cyclic- 	+cyclic- 	-cyclic- 	+cyclic- 
AMP 	AMP 	AMP 	AMP 

	

1.8±0.2 	6.2± 1.05 	26±4 	162±16 

	

2.6±0.6 	9.1±1.2 	28±6 	150±22 

The 105.000 g supernatant was prepared from either intact 
adipose tissue pieces or isolated fat cells and the protein kin-
ase activity was determined as described under Methods. Cy-
clic-AMP when added was at a concentration of 0.2 pM. Re-
sults of means ± SEM of triplicates. 

B. 	Properties of the protein kinase purified from 
human adipose tissue 

1. Time course of histone phosphorylation: effect of 
enzyme concentration, pH and magnesium 
Fig. 2 shows the time course of histone phosphoryla-
tion catalysed by the protein kinase isolated from 
human adipose tissue homogenates. The reaction was 
linear with time for at least 20 minutes. In subsequent 
experiments reactions were therefore terminated at 20 
minutes. Under these conditions the rate of phospho-
rylation of histone in the presence and absence of 
cyclic-AMP was linearly related to the enzyme concen-
tration. Maximal kinase activity was observed at pH 
6.5 in the presence of 10 mM magnesium ions. 

Nucleotide 
Added 

Source of 
homogenate 

Adipose 
tissue shreds 
Isolated 
fat cells 



no addition 	cyclic-AMP, ATP, 	 cyclic-AMI', ATP% 
Lipase fraction 	 magnesium and 

	 magnesium and 
no protein kinase 	 protein kinase 

105,000 g - supernatant 

pH 5.2 precipitate 

d < 1.12 fraction 

30.2± 	6 44.7 ± 13 44.1 ± 	9 

360.5 ± 48 416.4 ± 26 605.6 ± 64 

418.0 ± 60 443.0 ± 22 773.3 ± 80 

Fig. 3 Activation and phosphorylation of the 
triglyceride lipase 
The lipase in pH 5.2 fraction was incubated 
together with ATP, magnesium acetate (5mM), 
cyclic-AMP and purified protein kinase (12 pg) 
in phosphate buffer (50 nmM, pH 6.8) contain-
ing mercaptoethanol (5mM) and theophylline 
(8mM). After 10 minutes aliquots were taken 
to determine the protein bound 32P and the 
lipase activity. 
A = the effect of changes in ATP concentration 
B = the effects of changes in cyclic-AMP con-

centration. 

MOO 

1600 

1400 

1200 

I5 

1000 
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Table 4 Activation of the triglyceride lipase in various fractions 

Triglyceride lipase activity (PFA release peg/mg protein/hour in the presence of) 

The lipase was purified from the 105,000 g supernatant of human adipose tissue homogenates as described un-
der Methods. Samples taken at each step of purification were assayed for lipase activity before any additions and 
after activation with cyclic-AMP, ATP, magnesium ± protein kinase. Activation was performed for 10 minutes 
in a reaction mixture similar to that described in Fig. 5. Results are means ± SEM of three independent experi-
ments. 

gest that the protein kinase activity in homogenates 
of intact adipose tissue shreds was derived mainly 
from the adipocytes rather than the connective tis-
sue stroma. 

C Properties of the lipase from human adipose tissue 
1. Activation of the lipase 
The triglyceride lipase activity in the 105,000 g super-
natant, pH 5.2 isoelectric precipitate and the d < 1.12 
fraction was measured in the presence and absence of 
various additions as shown in Table 4. The pH 5.2 pre-
cipitate and the d < 1.12 fractions did not contain 
detectable concentrations of cyclic-AMP. Addition of 
ATP, cyclic-AMP to the 105,000 g supernatant in-
creased the lipase activity in this fraction to a value. 
of 48% above the control preparation. Addition of 
the protein kinase did not further increase the lipase 
activity. The triglyceride lipase activity in the pH 5.2 
isoelectric precipitate was increased 28% in the ab-
sence of exogenous protein kinase. When the latter 
was added, however, the activity was increased to 
68% over control values. Addition of ATP or cyclic-
AMP to the d < 1.12 fraction did not increase the 
activation of the lipase in this fraction unless the pro-
tein kinase was also added. When the protein kinase 

was present, the triglyceride lipase activity of this 
fraction rose to + 85% over control values. 
Fig. 3 shows the phosphorylation and activation of 
the lipase in the pH 5.2 isoelectric precipitate incub-
ated with added cyclic-AMP, ATP and exogenous pro-
tein kinase. During the activation of the lipase, labell-
ed phosphate was transferred from ATP and bound to 
the protein. Maximal phosphorylation and activation 
of the lipase were observed in the presence of ATP at 
a concentration of 3 x 10-4 M and cyclic-AMP (0.211M). 
To investigate whether the phosphorylated protein in 
the pH 5.2 precipitate was in fact the lipase, aliquots 
of the unlabelled unphosphorylated fraction were in-
cubated with 32 P ATP, cyclic-AMP and protein kinase 
at levels to produce maximal phosphorylation. Follow-
ing incubation, the preparation was centrifuged in su-
crose to prepare the d < 1.12 fraction. The results 
have shown that less than 5% of the 32 P was bound 
to other protein fractions. 

2. Phosphatase activity associated with inactivation 
of the lipase 

Lipase activity in the 105,000 g supernatant, the pH 
5.2 isoelectric precipitate, and in the sucrose gradient 
d < 1.12 fraction was maximally stimulated by pre- 

A 	lipase activity - B 	lipase activlt) 

1 

phosphorykrtion at the lipase 

1. 

phosphorylation at the lipase 

1 	2 	3 
	05 fO 1 S 20 - 20 200 

ATPconcentratlon Mx 10 • 	C-AMPconcerrtrvtion Mx 10 
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FREE Ca++ CONCENTRATION (MOLAR) 

Fig. A The effects of _calcium ions on the protein kinase 
activity and its interaction with the lipase. 
Protein kinase activity (top graph) was determined in the 
presence of cyclic-AMP and increasing free calcium con-
centrations prepared in EGTA buffers. 
The middle and lower sections show the phosphorylation 
and activation of the lipase in the pH 5.2 fraction. As-
says were performed in the presence of ATP (0.5 mM, 
1 pCi/tube) and cyclic-AMP (20 pM) with increasing calcium 
concentrations. 

incubation with ATP, cyclic-AMP and the protein 
kinase fraction. Aliquots taken after 30 minutes pre-
incubation showed activation of the lipase associated 
with an increase in protein bound 32 P in each of the 
fractions. To each of the incubation tubes 10 pl of 
the protein kinase inhibitor (22 pg) was added. This 
amount produced 85-90% inhibition of protein kin-
ase activity (Kissebah, Tulloch, Vydelingum, Hope-
Gill, Clark and Fraser 1973). Incubation was then re-
commenced and samples were taken at intervals to 
determine the lipase activity and the trichloro-acetic 
acid (TCA) precipitable 32  P. Fig. 5 shows the changes 
in the lipase activity in samples taken over a 30 min-
ute period. After addition of the protein kinase inhi-
bitor to the 105,000 g supernatant, the triglyceride 
lipase activity dropped progressively. This reduction 
in lipase activity was associated with a simultaneous 
decrease in TCA precipitable 32 P in these fractions. 
These effects were maximal within 20-30 minutes 
following the addition of protein kinase inhibitor. 
Similar results were obtained when the pH 5.2 iso-
electric precipitate was used instead of the 105,000 g 
supernatant although changes were less marked. 
Addition of the protein kinase inhibitor to the 
d < 1.12 fraction, however, was not followed by . 
measurable de-phosphorylation or inactivation of the 
lipase in this fraction. These results suggest that, in 
the 105,000 g supernatant from human adipose tis-
sue homogenates, there is found a phosphatase which 
catalyses the -dephosphorylation.or inactivation of the 
the triglyceride lipase. This phosphatase remains a 
minor contaminant of the pH 5.2 isoelectric preci-
pitate from the same homogenate. 

D. The effect of calcium ions on the protein kinase 
phosphatase and triglyceride lipase activities 

Increasing the free calcium concentrations in the 
medium using calcium EGTA buffers progressively 
inhibited the protein kinase activity stimulated by 
cyclic-AMP (Fig. 4). Maximal kinase activity was ob-
served at calcium concentrations between 10-a and 
10-7 M .Calcium ions also inhibited the cyclic-AMP 
binding to the protein kinase (Table 5). 

2500 

A 	 13 
PROTEIN PHOSPHORYLATION 	1500 

21 

LIPASE ACTIVITY 

5 	2003 B 1000 
1̀ \  

2 

1500 
2-2 

1003 
,s. •Ca 110-3M1 

TT 503 
3MI •Ca 110 
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8 
0 0 

Fig. 5 The effect of calcium ions.on the dephos-
phorvlation and inactivation of the triglyceride 
lipase. 
The lipase in 105,000 g supernatant was maximally 
activated by the addition of cyclic-AMP, magnesium 
and ATP as described under Fig. 3. The protein 
kinase inhibitor (22 pg/tube) was then added and 
aliquots were removed at intervals to determine the 
protein bound 32 P and the triglyceride lipase activi-
ty. Experiments were performed in the presence 

30 	and absence of calcium (10-3,\1). Results are means 
± SEM of 4 experiments performed in triplicate. 
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Table 5 Effects of addition of calcium ions on the bind-
ing of 311-cyclic-AMP to the purified protein kinase 

3H-cyclic-AMP bound to the protein 
Cyclic-AMP Con-  kinase P-moles/tube 
centration 
P-moles/tube 	-calcium 	+ calcium (10-3M) 

4 2.3 ± 0.6 1.1 ± 0.4 
8 4.2 ± 1.0 1.9 ± 0.6 

12 5.8 ± 1.1 2.2 ± 0.4 
20 6.2 ± 0.8 2.4 ± 0.2 

200 6.4 ± 1.2 2.3 ± 0.8 

Protein kinase (80 pg/tube) was incubated with 3H  cyclic-
AMP for 90 minutes in a phosphate buffer (50 mM, p11 7.4) 
containing mercaptoethanol (2 mM) and theophylline (8mM) 
and magnesium acetate (10 mM). The bound cyclic AMP 
was separated from the free material using albumin coated 
charcoal as described under Methods. Results are means 
SEM of three independent experiments performed on the 
same protein kinase preparations. 

Calcium ions were added in increasing concentrations 
to the lipase activation preparation. In the presence 
of cyclic-AMP, ATP, Mg and protein kinase, added 
calcium produced a progressive inhibition of lipase 
activity in the pH 5.2 isoelectric precipitate. This in-
hibition was associated with a progressive decrease in 
the rate of phosphorylation of this fraction. These 
observations suggest that calcium interferes with The 
lipase activation by inhibiting phosphorylation 
brought about by the protein kinase. 
To test possible effects of calcium ions on the phos-
phatase activity, the pre-activated phosphorylated in-
cubate of the 105,000 g supernatant was dialysed 

. and was then incubated in the presence of the kinase 
inhibitor and calcium ions (10-3M). As shown in Fig. 
5, it is evident that addition of calcium increased 
the rate of inactivation of the lipase together with a 
decrease in TCA precipitatable 32  P, suggesting that 
the inactivating phosphatase is stimulated by increas-
ing calcium concentration. 

Discussion 
This study provides evidence that the activation of 
lipolysis by cyclic-AMP in human adipose tissue is 
effected by the phosphorylation of a triglyceride 
lipase fraction. This phosphorylation is catalysed by 
a protein kinasd which in turn is activated by 3-5-
cyclic-AMP. Such a sequence is similar to that de-
scribed for rat adipose tissue by Huttenen, Aquino 
and Steinberg (1970); Huttenen and Steinberg (1971) 
and is in parallel to the protein kinase catalysed phos-
phorylase by kinase (Walsh, Perkins, Brostrom and 
Krebs 1971) and glycogen synthetase (Soderling, 
Hickenbottom, Reiman, Hunkeler, Walsh and Krebs 
1970). 
The mechanism of kinase activation involves the bind-
ing of cyclic-AMP to the regulatory subunits of the 

kinase, causing the dissociation of this inactive holo-
enzyme to release the active catalytic subunits (Walsh 
et al. 1971, Soderling, Corbin and Park 1973). The 
latter catalyses the phosphorylation and activation 
of the lipase. The observations of Soderling et al. 
(1973) showing that hormones can modify the activa-
tion state of cyclic-AMP dependent protein kinase in 
adipose tissue suggests that such an in vitro mechanism 
is applicable to the in vivo regulation of lipolysis. The 
results shown in another report (Kissebah, Tulloch, 
Hope-Gill, Clarke and Fraser 1974) also show a close 
correlation between the changes in the protein kinase 
activation state and the rate of lipolysis in rat adipose 
tissue pre-exposed to catecholamines, insulin and pro-
caine hydrochloride. 
Lipolysis and glycogenolysis seem to be regulated by 
a common mechanism. Thus many of the hormones 
that stimulate glycogenolysis also activate lipolysis 
(Vaughan 1960). Both processes involve a rise in tis-
sue cyclic-AMP with subsequent activation of a phos-
phoprotein kinase (Soderling et al. 1970, Soderling, 
Corbin and Park 1973). Conversely, some of the anti-
lipolytic agents inhibit glycogenolysis without concor-
dant changes in tissue cyclic-AMP levels (Friedman 
and Rasmussen 1970, Miller and Larner 1973). Such 
observations stimulated the search for another mech-
anism to explain the inactivation of glycogenolysis 
and lipolysis induced by these agents. Experiments 
with liver have led to the identification of a phos-
phatase which inactivates the phosphorylase and in-
hibits glycogenolysis (Miller and Lamer 1973). The 
activity of this enzyme was independent of cyclic-
AMP. Experiments in adipose tissue have shown a 
similar phosphatase in the mitochondria which cata-
lyses the dephosphorylation and activation of the en-
zyme pyruvate dehydrogenase (Denton, Randle and 
Martin 1972). The latter enzyme is important in the 
regulation of lipogenesis in rat adipose tissue and is a 
site for hormonal control of this process (Coore, Den-
ton, Martin and Randle 1971). 
In this study we provide preliminary evidence to sug-
gest the presence of a phosphatase in human adipose 
tissue homogenates which is capable of the dephos-
phorylation and inactivation of the triglyceride lipase. 
This enzyme or enzymes is present in the 105,000 g 
supernatant of adipose tissue homogenates and is par-
tially precipitated together with the lipase during iso-
electric precipitation. Although the properties of this 
enzyme have not yet been fully identified, in an asso-
ciate study (Kissebah et al. 1974) we have shown that 
changes in the rate of lipolysis induced by insulin are 
preceded by simultaneous changes in the phosphatase 
activity in homogenates of adipose tissue pre-incubated 
with the hormone. It is therefore possible that this 
phosphatase(s) might be an alternative site where hor-
mones can effect lipolysis without or prior to their ef-
fects on cyclic-AMP. 
The role of cyclic-AMP in the regulation of lipolysis 
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has been the subject of several reviews (Robison, But-
cher and Sutherland 1971, Bitensky and Gorman 
1973). Although there is common agreement that the 
cyclic-AMP response to lipolytic hormones correlates 
well with the Iipolytic response of rat adipocytes the 
role of cyclic-AMP in the mediation of insulin action 
remains controversial (Butcher et al. 1966, Fain and 
Rosenberg 1972, Siddle and Hales 1973). The poor 
correlation observed between changes in lipolysis and 
changes in cyclic-AMP levels induced by insulin have 
led to efforts to find an alternative regulatory factor 
active in the control of lipolysis. This investigation 
shows that in addition to cyclic-AMP the activation-
inactivation process of triglyceride lipase in adipose 
tissue can be regulated by calcium ions. Thus changes 
in the medium free calcium concentrations within the 
postulated cytoplasmic range (Weber, Herz and Reiss 
1964) inhibits the cyclic-AMP dependent protein kin-
ase and its activation of the triglyceride lipase. In this 
case calcium ions override the action of cyclic-AMP 
and prevent the activation of the phosphoprotein kin-
ase. Two possible mechanisms can explain the calcium 
ion effects on this process. First, calcium ions might 
interfere with the binding of cyclic-AMP to the pro-
tein kinase holo-enzyme and thus prevent the disso-
ciation and liberation of the catalytic sub-unit. In this 
study, the binding of 3H cyclic-AMP to purified pro-
tein kinase preparations was inhibited by calcium ions. 
The second possibility is that calcium ions in some 
way might interfere with the activity of the catalytic 
sub-units once released. In this case, the liberated ca-
talytic sub-units induced by cyclic-AMP would be in-
operative. The results of either of these possibilities 
would be the inhibition of further phosphorylation of 
the lipase with consequent inactivation. 
A further possible way by which calcium ions might 
modify the activity of the hormone sensitive lipase 
can be related to their effects on the adipose tissue 
phosphatase(s). The stimulatory effect of calcium 
ions on the adipose tissue phosphatase(s) with conse-
quent inactivation of the lipase shown in this study 
favours such a possibility. These findings are not com-
pletely surprising since several phosphatases have been 
shown to be sensitive to changes in calcium ion con-
centration. Thus the mitochondrial pyruvate dehydro-
genase phosphatase obtained from several tissues is ac-
tivated by calcium ions (Denton, Randle and Martin 
1972) and the adenosine triphosphatase and phospho-

, diesterase in muscle were found to be sensitive to 
changes in the calcium environment (Katz 1970, 
Teo and Wand 1973). 
In conclusion these results provide evidence that the 
cascade involved in the intracellular regulation of 
lipolysis in the human adipose tissue can be effect-
ed by changes in the free calcium level as well as by 
alteration in cyclic-AMP. The former might be involv-
ed in the mechanism of insulin action, and would ex-
plain the finding of normal cyclic-AMP levels in adi- 

pose tissue of diabetics, in spite of enhanced lipo-
lysis (Tulloch, 6ydelingum and Galton 1972). Fur-
ther studies, however, are required to delineate the 
stage at which insulin affects this cascade in vivo 
and to determine the relationship between the ef-
fects of this hormone on cell responses to lipolytic 
hormones and its control of intracellular calcium 
distribution 
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Summary 

The effects of insulin and procaine-hydrochloride on the 
protein kinase activation ratio and the phosphatase(s) ac-
tivity have been studied in rat adipose tissue. The relation-
ship between the changes in the activities of these enzyme 
preparations and tissue cyclic-AMP has also been investigated. 

Insulin decreased the protein kinase activation ratio and in-
creased the phosphatase(s) activity prior to its effect on li-
polysis. Such changes were not associated with comparable 
alterations in tissue cyclic-AMP. The changes in protein 
kinase and phosphatase activities correlated both in time 
and magnitude with the inhibition of lipolysis. 

Procaine hydrochloride did not affect the tissue accumula-
tion of cyclic-AMP in response to adrenalin, yet it produced 
similar changes to insulin in affecting the protein kinase ac-
tivation ratio, phosphatase(s) activity and inhibition of lipo-
lysis. 

These results suggest a common mechanism for the anti-lipo-
lytic effect of insulin and procaine which involves an altera-
tion in cellular calcium distribution and is independent of 
their effects on tissue cyclic-AMP: 

Key-Words: Cyclic-AMP — Adipose Tissue — Insulin — Pro-
caine HCl — Glycerol Release — Adrenalin — Lipolysis 

Introduction 

The mechanism by which insulin exerts its anti-lipo-
lytic effects remains in dispute. Some workers have 
claimed that insulin lowers the intracellular level of 
3'5' cyclic-AMP (Butcher, Sneyd, Park and Suther-
land 1966, Corbin Soderling and Park 1973). Others, 
on the other hand, failed to demonstrate a correla-
tion between the anti-lipolytic effects of insulin and 
the changes in tissue cyclic-AMP levels (Fain and Ro-
senberg 1971, Siddle and Hales 1973). Such observa-
tions suggest that factors other than cyclic-AMP are 
involved in the mediation of the anti-lipolytic effects 
of insulin. In an associated report (Kissebah, Vydelin-
gum, Tulloch, Hope-Gill and Fraser 1974)„ we have 
shown that the regulation of triglyceride lipase ac-
tivity partially purified from adipose tissue involves 
both a protein kinase and a phosphatase(s). The ac-
tivities of these regulating enzymes appear to be 

*Presented in part to the British Diabetic Association, Spring 
meeting 13-14 April 1973. 
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modified by calcium ions in such a way that an in-
crease in calcium concentration would favour inac-
tivation of the lipase with subsequent inhibition of 
lipolysis. When considered together with the contro-
versy concerning the role of cyclic AMP in the med-
iation of insulin action, these results suggest that 
calcium ions might be of significance in the response 
of adipocytes to insulin. 

In this study we provide evidence that insulin inhibits 
the phosphoprotein kinase and activates the phos-
phatase(s) in adipocytes prior to its effects on lipo-
lysis. Similar changes were observed with procaine 
hydrochloride, an agent which alters calcium move-
ment across cell membranes (Friedman and Rasmus-
sen 1970) without significant changes in cyclic-AMP 
levels. From these observations a hypothesis is pro-
posed to explain. tlie anti-lipolytic effects of insulin 
independent of its effects on cyclic-AMP. 

Material 

Adipose tissue was obtained from male Wistar rats, 150-200 
gms, fed laboratory chow ad-lib. Adenosine-5-triphosphate-
7-32P, adenosine-8-3H-3'5'-cyclic monophosphate and 3H 
insulin were purchased from the Radiochemical Centre, 
Arnersham, England. Enzymes used for glycerol assay were 
obtained from Boehringer, Mannheim Corporation, England. 
Other chemicals were of Analar grade and obtained from 
Sigma Chemical Company. The protein kinase inhibitor was 
prepared according to the method of Walsh, Ashby, Gonzales, 
Calkins, Fisher and Krebs (1971), and was a gift from Dr. B. 
Knight, MRC Research Fellow, Lipid Research Unit, Hammer-
smith Hospital. 

Methods 
A. Measurement of the adipose tissue cyclic-AMP and gly-
cerol release 
The effects of insulin and procaine-hydrochloride on the 
adrenaline stimulated lipolysis. were determined using adipose 
tissue pieces as well as isolated adipocytes. Epidydimal fat 
pads were cut into pieces and distributed into flasks for pre-
incubation. Each flask contained 4 pieces of tissue from each 
rat and one from each region of the pad. The other pads 
from the same rats were distributed in an identical manner 
into another 4 flasks to serve as duplicates. Pre-incubation 
was performed in Krebs' bicarbonate buffer (pH 7.4) con-
taining 2% albumin at 37°C for a 30 minute period. There-
after the tissue was transferred to a fresh medium with and 
without the hormones or procaine-hydrochloride at the con-
centrations given in the appropriate table or figure. After in-
cubation the tissue was removed from the flasks and im-
mediately frozen using tissue clamps precooled in liquid 
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nitrogen. The incubation medium was kept at -20°C until 
assayed for glycerol. 

The frozen tissue was homogenised in cold trichloroacetic 
acid using all glass homogenisers. The homogenate was centri-
fuged at 0°C and the clear solution between the precipitated 
protein and the floating fat layer was removed. This solution 
was washed 3 times with 20 volumes of water-saturated ether 
to remove the trichloroacetic acid. Any residual ether was 
then removed under a nitrogen jet and the solution was 
frozen until assayed. 

Isolated fat cells were prepared according to Rodbell (1964). 
Adipose tissue pieces (3-4 grams) were incubated for 45 min-
utes in 4 ml of Krebs' albumin bicarbonate buffer contain-
ing 20 mg of Collagenase. The fat cells were then dispersed, 
suspended in fresh medium and distributed in incubation 
flasks with and without the hormones or drugs as detailed 
in the appropriate figures. At the end of the incubation an 
aliquot was taken for glycerol measurement and the remain-
der was extracted in trichloroacetic acid as described above. 
Cyclic-AMP was measured in aliquots of the tissue extract 
using a competitive protein binding assay as described (Kisse-
bait et al. 1974). Glycerol was measured on samples using 
a fluorimetric modification of the method of Garland and 
Randle (1968). 

B. Measurement of adipose tissue protein kinase and phos-
phatase activity 
Epididymal adipose tissue pieces were pooled and distributed 
for incubation with and without the hormones or drugs as 
described in (A). After incubation the tissue pieces were re-
moved from the medium and homogenised in equal volumes 
of cold phosphate buffer (10 mM pH 6.5) containing 10 
mM theophylline and 0.5 M sodium chloride. Homogenisation 
was performed with three passes of a motor driven teflon 
pestle in glass homogenisers. The pinkish infranatant was 
then centrifuged at 12,000 G for 5 minutes at 4°C. 

Protein kinase activity was measured in aliquots of the 
12,000 G supernatant in presence or absence of cyclic-AMP. ' 
The protein kinase assay tubes contained ATP (0.2 mM and 
7-labelled 32P ATP, 1 pCi/tube), histone (10 mg/ml), Mg 
acetate (16 mM), theophylline (10 mM) mercaptoethanol 
(5 mM), NaF (40 mM) and potassium phosphate buffer (50 
mM, pH 6.5) in a total volume of 100 pl, with or without 
0.2 FIM cyclic-AMP. Following incubation at 37°C for 10 
minutes in a shaking water bath, the protein kinase activity 
was then determined (Kissebah et al. 1974). The protein 
kinase activity ratio was calculated from the protein kinase 
activity in the presence or absence of cyclic-AMP as sug-
gested by Soderling et al. (1973). 

For the determination of phosphatase activity aliquots of 
the supernatant were pre-incubatcd with 7-72P ATP in a-
mixture similar to that used for the protein kinase but with-
out fluoride. Pre-incubation was performed for 30 minutes 
in the presence of cyclic-AMP (0.2 it/M) to produce maximal 
phosphorylation of the histone. Aliquots of the protein kinase 
inhibitor previously prepared from bovine skeletal muscle 
were then added to the incubation medium (Fig. 1). The 
amount of inhibitor was titrated to produce 80-86% inhibi-
tion of the kinase activity. Samples were taken to determine 
the protein bound 32P and the incubation was then continued. 
At appropriate times aliquots were taken to determine the 
protein bound 32P remaining following this second incuba-
tion. Phosphatase activity was calculated from the bound 
32P expressed as a percentage of the initial value of 32P 
bound to protein. 

Results 

A. The effects of insulin or procaine hydrochloride 
on the adrenaline stimulated cyclic-AMP levels and 
lipolysis 

TIME IN MINUTES 
	

TIME IN MINUTES 

—o---INHIBITOR 
-..a--. +INHIBITOR 

Fig. 1. The effect or protein kinase inhibitor on phosphorylation of histone by adipose tissue homogenates. 
The incubation mixture contained 250 pl of adipose homogenate, ATP (0.2 mM and 7-labelled 32P ATP 10 Xi/tube), 
histone (10 mg/ml), Mg acetate (16 mM), theophylline (10 mM), mercaptoethanol (5 mM), cyclic AMP (0.2 pM) in potas-
sium phosphate buffer (50 mM, p11 6.5) with or without the protein kinase inhibitor (220 pg/m1) in a total volume of 1 
ml. 50 pl samples were removed in duplicates at the appropriate intervals to determine the protein bound 32P. In (A) the 
inhibitor was added at the start of incubation. In (B) incubation was performed for 30 minutes followed by the addition 
of the inhibitor. Samples were then taken to determine the dephosphorylation of histone. Results are means of two ex-
periments performed in triplicate. 
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The time course relating the cyclic AMP accumula-
tion and the glycerol release by adipocytes in the 
presence of adrenaline is shown in Fig. 2. Adrenaline 
(0.1 pg/ml) caused a 2- to 3-fold increase in the cel-
lular level of cyclic-AMP following two minutes in-
cubation. The nucleotide level was then maintained 
for a further 10 minutes before its gradual decline 
in subsequent samples. Similar changes were ob-
served in the rate of lipolysis, assessed as glycerol 
released into the medium. Two minutes following 
adrenaline addition the rate of glycerol release was 
markedly increased to reach maximum at 10 min-
utes. Insulin, at a concentration of 100 pU/ml mark-
edly reduced the rate of adrenaline stimulated lipo-
lysis. This effect was clearly evident in samples ob- 
tained after 2, 5 and 10 minutes incubation. Yet at 
these times, insulin did not significantly alter. the 
cyclic-AMP response to adrenaline (Fig. 2). Insulin 
did, however,. tend to decrease the cyclic-AMP levels 
in later samples (20 and 30 minutes). Similar changes 
were also noticed when insulin was added to intact 
adipose tissue pieces previously stimulated with ad-
renaline. At a concentration between 10 and 100 
pU/ml, insulin induced the maximal anti-lipolytic 
response (Table 1). 

The antilipolytic effect of procaine hydrochloride is 
shown in Fig. 2. Addition of procaine hydrochloride 
(1 pmol/ml) prevented the lipolytic response of rat 
adipocytes to adrenaline. This effect was observed in 

samples obtained as early as 2 minutes following pro-
caine addition. The presence of procaine hydro-
chloride in the incubation medium, however, did 
not reduce the cyclic-AMP response of the adipo-
cytes to adrenaline (Fig. 2 and Table 1). 

Table 1 shows the dose response relationship for the 
effects of procaine hydrochloride on the cyclic-AMP 
level and the glycerol release of adipose tissue pieces 
incubated for 10 minutes in the presence of adren-
aline. Although it did not reduce the tissue cyclic-
AMP level, procaine-HCL produced marked.inhibition 
of lipolysis in doses as low as 0.1 pmol/ml. The lipo-
lytic effect of adrenaline (0.1 pg/ml) was complete-
ly abolished by procaine at concentrations between 
0.1 and 0.25 pmol/ml. The basal lipolysis was also 
reduced when the procaine hydrochloride concentra-
tion was increased to 1 pM/ml. 

B. Effects of adrenaline ± insulin or procaine on the 
protein kinase activity 
1. Response to adrenaline 
Adipose tissue pieces were incubated in the presence 
or absence of adrenaline (0.1 Mg/ml) and homogenised 
before determining the protein kinase activity in the 
defatted homogenate in the presence or absence of 
cyclic-AMP (0.2 phi). Homogenates obtained. from 
adrenaline incubated tissue showed higher protein 

A-EFFECTS OF INSULIN  

30 

20 

10 

ADRENALIN 

ADRENAIJN + INSULIN 

/_---b-----y 
— -r 

20 

TIME IN MINUTES 

2 

K 

Y 

1  

2 s 30 

ADRENALN+PROCNNEHCI 

r 
.6 

ADRENALIN 

0.4 1 	 ADRENALIN 20 

    

02 

  

10 
ADRENALIN PROCAINE HO  

2 1 10 	20 

TIME IN MINUTES 

    

 

2 6 10 	20 	30 

TIME IN MINUTES 

 

Fig. 2. The effects of insulin and procaine UCl on the adrenaline-stimulated cyclic AMP response and lipolysis. 
Isolated adipocytes were incubated with adrenaline (0.1 pg/m1) ± insulin (100 pU/ml) or procaine-HCI (pmol/nil). 
Samples were removed at intervals to determine the cyclic AMP level and the rate of glycerol release to the medium. 
The results arc means ± S.E.M. of three experiments performed in triplicate. 
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kinase activity than those of controlled tissue when 
the assay was conducted without added cyclic-AMP. 
When the kinase activity was maximally stimulated 
i.e. by addition of cyclic-AMP, no significant differ-
ences were found between the activities in the ad-
renaline stimulated and control tissue. Two minutes 
following the exposure of tissue to adrenaline 0.1 
pg/ml, the protein kinase activity ratio had risen to 
0.62 (Fig. 3). Maximal activity was observed in sam-
ples obtained at 10 minutes following adrenaline ad-
dition. Thereafter, the activity decreased slightly with 
time. As shown in Figures 2 and 3, these changes in 
protein kinase activity followed closely in time with 
changes in the rate of glycerol release induced by ad-
renaline. 

2. Effects of insulin 
Fig. 3 shows the time course for the effects of insu-
lin on the adrenaline stimulated protein kinase activi-
ty. The concurrent addition of insulin prevented the 
rise in protein kinase activity ratio as early as two 
minutes. There was no discernible difference in the 
protein kinase activity when maximally stimulated 
by cyclic-AMP between the adrenaline treated and 
adrenaline-insulin treated samples. The small incre-
ment in protein kinase activity ratio seen when tissue 
was preincubated with insulin thus reflected the chan-
ges in the activity assayed in the absence of added 
cyclic-AMP. The protein kinase activity ratio-in sam-
ples obtained 10 minutes after the addition of insulin 
was not significantly different from zero-time values 
and correlated with changes in lipolysis as observed 

in Fig. 2. It is also apparent that the changes in pro-
tein kinase activity ratio were not associated with 
concordant changes in cyclic-AMP levels. Table 1 
shows the effects of increasing concentrations of in-
sulin on the protein kinase, lipolysis and cyclic-AMP 
levels in rat adipose tissue. It is evident that insulin, 
at concentrations as low as 10 pU/ml, produced 
marked reduction in the protein kinase activity ratio 
with maximal effects at concentrations of 100 ;AN 
ml. Lipolysis was also reduced by the addition of 
10 µU of insulin and a maximal suppression was ob-
served in the presence of insulin 100 pU/mi. Within 
this range of insulin concentration changes in cyclic- 
AMP levels were modest and not significant. 	- 

3. Effects of procaine hydrochloride 
Procaine hydrochloride (1 mM) prevented the in-
crease in protein kinase ratio produced by adrenaline 
(Fig. 3). The reduction of protein kinase activity 
ratio produced by procaine was due to the low kin-
ase activity assayed in the absence of cyclic-AMP. 
The cyclic-AMP stimulated activity on the other hand 
was not influenced by the presence of procaine hyd-
rochloride during the pre-incubation. These changes 
were similar to those produced by insulin and cor-
related with the antilipolytic effects of this agent. 
The procaine hydrochloride concentration which pro-
duced maximal inhibition of the protein kinase was 
the same as that producing the maximal anti-lipolytic 
effects. In all the experiments performed with pro-
caine hydrochloride, the cyclic-AMP response to ad-
renaline remained unaltered (Fig. 2 and Table 1). 

Table 1. The effect of added insulin and procaine hydrochloride on cyclic-AMP levels, protein kinase, phosphatase activity 
and lipolysis in rat adipose tissue, incubated with adrenaline 0.1 pglml 

Additions to medium 
other than adrenaline 
(0.1 pg/ml) 

C-AMP 
level 
pmol/gm 

Protein kinase 
activity ratio 

-C-AMP  
+C-AMP 

Phosphatase 
activity 
32p bound 
% of basal 

Glycerol 
release 
mM/gram 

*p > 0.05. Values are means ± S.U. of 4 experiments performed in triplicate. All values not marked by * are significantly 
different from control samples incubated with adrenaline alone. Results of phosphatase assay are expressed as % of the 
initial value of protein bound 32 P before addition of the protein kinase inhibitor. Phosphatase activity was measured after 
20 minutes incubation. 
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TIME IN MINUTES Fig. 3. Time course (A,A) and dose res-

ponse curves (B,B) for the effects of in-
sulin or procaine HCl on the adrenaline 
stimulated protein kinase activity. 
Adipose tissue pieces were incubated for 
various periods with adrenaline (0.1 11g/ 
ml) ± insulin (100 11U/ml) or procaine 
HCI (I itmol)ml). As shown in A and A, 
homogenates were prepared and assayed 
for protein kinase activity in the presence 
and absence of added cyclic AMP. The 
protein kinase activation ratio was deter-
mined as described under Methods. 
B,B' shows dose response curves for the 
effects of insulin and procaine NCI res-
pectively. Results are means ± SEM of 
three experiments. 

C. Effects of adrenaline.  ± insulin or procaine hydro-
chloride on adipose tissue phosphatase 
Fig. 1 shows the time course for the phosphoryla-
tion of histone by adipose tissue homogenates in the 
presence and absence of the protein kinase inhibitor. 
It is evident that the addition of 20-30 pg of the in-
hibitor preparation at the start of incubation marked-
ly reduced the rate of histone phosphorylation in 
spite of maximal concentrations of cyclic-AMP. This 
concentration of the inhibitor was therefore con-
sidered suitable to produce maximal inhibition of the 
protein kinase. 
As shown in Fig. 1, the incubation of histone, pre-
labelled with 32 P, with the adipose tissue homogen-
ates containing maximal inhibitory dose of the kin-
ase inhibitor, results in a gradual removal of 32  P from 
histone. The reduction in histone phosphorylation 
under these conditions was taken as a measure of 
the homogenate phosphatase activity. 

Fig. 4 shows that the preincubation of adipose tissue 
with adrenaline produced a slight (10-15%) reduction 
in histone phosphorylation during a 30 minute incu-
bation period. On the other hand, homogenates ob-
tained from tissue samples pre-incubated also with 
either insulin or procaine hydrochloride showed high-
er phosphatase activities than after pre-incubation 
with adrenaline alone. The enhancement of phosphat-
ase activity induced by either insulin or procaine 
hydrochloride was readily detectable within two min- 

o 20 5060 100 	1000 
INSULIN Conc (0U /m1) 

utes from the start of incubation. Maximal activation 
Was observed in samples obtained at 5-10 minutes. 
After 10 minutes incubation with either insulin or 
procaine hydrochloride, more than 50% of the 32P 
bound to histone was removed. As shown in Fig. 4 
and Table 1, the changes in phosphatase activity in-
duced by procaine hydrochloride or insulin were 
dose dependent and correlated with the changes in 
lipolysis induced by these agents. 

Discussion 

The experiments described in this study were under-
taken to define the mechanisms involved in the anti-
lipolytic action of insulin, an effect which is evident 
at doses which do not demonstrably affect glucose 
uptake (Zierler and Rabinowitz 1964, Fain, Kovacev 
and Scow 1966). Lipolytic hormones, including cat-
echolamines, seem clearly to induce their effects by 
a rise in tissue cyclic-AMP (Butcher, Ho, Meng and 
Sutherland 1965, Kuo and de Renso 1969, Manganiel-
lo, Alurad and Vaughan 1971). As confirmed in this 
study, the rate of glycerol release in response to ad-
renaline correlated in time with the changes in cel-
lular cyclic-AMP levels. The anti-lipolytic effects of 
insulin, however, are not simply the result of a re-
versal of elevated tissue cyclic-AMP levels, since small 
doses markedly reduced glycerol output without con-
cordant changes in tissue cyclic-AMP. Even when 
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response curves (B,BJ for the effects 
of adrenaline ± insulin or procaine 
JIC1 at the adipose tissue phosphatase(s). 
Incubation conditions are as in Fig. 3. 
The phosphatase activity was determined 
as described render Methods. Results are 
± SEM of three experiments. 
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larger doses of insulin were used, the falls in cyclic-
AMP were small and occurred at a time-well after 
lipolysis had been reduced. Other studies (Fain and 
Rosenberg 1971, Siddle and Hales 1973) have also 
failed to demonstrate a correlation between the chan-
ges in tissue cyclic-AMP levels and the reduction in 
lipolysis induced by insulin. Moreover, Khoo, Stein-
berg, Thompson and Mayer (1973) observed that in-
sulin decreases the activation state of the hormone 
sensitive lipase in adipose tissue without comparable 
reductions in tissue cyclic-AMP levels. 

The data presented in this study indicates that incu-
bation of adipose tissue with some hormones mo-
difies the activity of the cyclic-AMP dependent pro-
tein kinase. and induces corresponding changes in li-
polysis. Thus, adrenaline increased the protein kinase 
activation ratio prior to its effect on lipolysis. When 
insulin was added to the incubation medium the pro-
tein kinase activation ratio was reduced with subse-
quent inhibition of lipolysis. The reduction in the 
protein kinase activation induced by insulin corre-
lated both in time and magnitude with changes in 
glycerol release. The protein kinase activation ratio 
determines the ratio of free active catalytic units to 
the•inactive protein kinase holo-enzyme (Corbin, So-
derling and Park 1973). An increase in this ratio as 
observed during incubation with adrenaline would, 
therefore, favour the activation of the hormone sen-
sitive lipase and stimulation of lipolysis. The reduc-
tion in the activation ratio induced by insulin would 
explain, at least in part, the effects of this hormone 

on lipolysis. The timing as well as the dose response 
relationship between the changes in-the protein kin-
ase activation and the rate of glycerol release provide 
an in vivo support for such a mechanism. 

Studies in rat liver have shown that the activity of 
some enzymes mediating insulin action involves a 
phosphatase which is activated by insulin. Thus, the 
activation of liver glycogen synthetase induced by 
insulin is facilitated by a glycogen synthetase phos-
phatase (Miller and Lamer 1973). The regulatory 
role of a similar enzyme in adipose tissue, however, 
has not previously been reported. In the previous 
report (Kissebah et al. 1974) we have shown that 
the inactivation of"the hormone sensitive lipase 
might involve phosphatase(s) which catalyses its de-
phosphorylation with subsequent inactivation. The 
observation in the present study that insulin activates 
this enzyme with concordant inhibition of lipolysis 
suggests an important role for a phosphatase in the 
mediation of insulin action. Furthermore, the tim-
ing as well as the dose response relationship between 
the changes in the activity of this enzymeand the 
rate of lipolysis in response to insulin provide an al-
ternative pathway for this hormone to exert is intra-
cellular effects in adipose tissue. 

The effects of insulin on the protein kinase and adi-
pose tissue phosphatase(s) cannot be simply explained 
by its effects on intracellular cyclic-AMP levels. 
There was a poor correlation between the insulin in-
duced changes in cyclic-AMP levels, and those ob- 
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served in the protein kinase and phosphatase activi-
ties. Insulin almost instantaneously inhibited the pro-
tein kinase and stimulated the phosphatase(s) in adi-
pose tissue pre-incubated with this hormone. These 
effects were detected 2 minutes from the addition 
of insulin, and reached maximal at 10 minutes. 
During these periods the cyclic-AMP levels did not 
show significant change from those in tissue pieces 
incubated without insulin. 

The data with procaine hydrochloride also offer sup-
port for an anti-lipolytic action of drugs independent 
of changes in cyclic-AMP levels. In this study, pro-
caine hydrochloride exerted marked antilipolytic ef-
fects without reduction in tissue cyclic-AMP. Both 
basal and hormone stimulated lipolysis was reduced 
by the addition of this drug to adipose tissue incu-
bates. Local anaesthetics have previously been shown 
to inhibit lipolysis by other workers (Siddle, Chand-
ler and Hales 1973, Amer, Artier and Ostrnan 1973). 
Furthermore, procaine hydrochloride stimulates gly-
cogenesis and lipogenesis in adipose tissue in a man-
ner similar to that observed with insulin (Hope-Gill, 
Kissebah, Tulloch, Vydelingunr and Fraser 1973). 
The similarities in the effects of insulin and procaine 
on protein kinase and phosphatase(s) raises the pos-
sibility that insulin and procaine may exert their in-
tracellular effects via a common mechanism not re-
lated to changes in tissue cyclic-AMP levels. 

In a previous study (Kissebah et al. 1974) we have 
shown that in addition to cyclic-AMP, calcium ions 
can modify the activation state of the hormone sen-
sitive lipase. Thus increases in the free calcium con-
centrations inhibited the cyclic-AMP stimulated pro-
tein kinase and activated the adipose tissue phosphat-
ases(s) resulting in inactivation of the triglyceride lip-
ase. These results suggested that a rise in intracellular 
calcium could inhibit lipolysis and would explain the 
effects of ouabain and hyperosmolarity in this pro-
cess. Martin, Clausen and Gliemann (1973) have re-
ported that ouabain and hyperosmolarity increase 
the calcium-45 uptake by isolated rat adipocytes. 
These agents also inhibited lipolysis in the same tis-
sue (Ho and Jeanrenaud 1967). The results would 
also explain the antilipoly tic effects of procaine 
hydrochloride, since local anaesthetics were found 
to inhibit the calcium efflux in the perfused rat liver 
(Friedmann and Rasmussen 1970), an effect which 
might lead to accumulation of calcium in the intra-
cellular environment. It is also possible to postulate 
that insulin produces its intracellular effects through 
changes in the cellular distribution of calcium. The 
mechanism by which insulin achieves such a change 
in cytoplasmic calcium remains speculative. Thus, 
insulin might stimulate calcium uptake from the 
extracellular compartment with subsequent increase 
in cytoplasmic free calcium concentration. The ob-
servation. however, that insulin can still exert its 

intracellular effects in the absence of calcium (Le-
tarte and Renold 1969) makes this possibility un-
likely. Alternatively, insulin might stimulate the 
mobilisation of calcium from a membrane bound 
compartment or store resulting in an increase in 
cytoplasmic free calcium. The presence of such a 
compartment has been suggested by the studies of 
Siddle, Chandler and Hales (1973). These authors, 
using electron-probe micro-analysis, reported the pre-
sence of calcium stores in the endoplasmic reticulum 
in close proximity to the mitochondrial and plasma 
membranes. Insulin decreases the binding of calcium 
to artificial membranes of lipid monolayers (Kajka 
and Park 1969) and might also exert similar effects 
on the cellular plasma membranes. 

In conclusion, these studies suggest a mechanism to 
explain the anti-lipolytic action of insulin not insoly-
ing a change in tissue cyclic-AMP. It is suggested that 
insulin acts by increasing intracellular free calcium 
with subsequent inhibition of the cyclic-AMP depend-
ent protein kinase and stimulation of adipose tissue 
phosphatase(s). These enzyme changes inhibit the 
hormone sensitive lipase and reduce lipolysis. Other 
intracellular effects of insulin can be explained by 
such a mechanism, since the activity of glycogen syn-
thetase is regulated by a protein kinase (Soderling, 
Hickenbottonr, Reiman, Hunkeler, Walsh and Krebs 
1970). The changes in protein kinase activity induced 
by calcium could therefore activate glycogenesis. 
Furthermore, the activity Of the enzyme pyruvate • 
dehydrogenase phosphatase, active in the regulation 
of lipogenesis, is also stimulated by calcium ions 
(Randle, Dental and Park 1973). The mechanism 
by which insulin increases the cellular free calcium 
concentration, however, remains to be clarified. 
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The Role of Calcium in Insulin Action 
III. Calcium Distribution in Fat Cells; Its Kinetics and the Effects of Adrenaline, Insulin and Procaine-HCI 
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Abstract. The effects of adrenaline, insulin and procaine-HC1 On Ca distribution in intact fat cells and 
on Ca binding to fat cell ghost membranes have been investigated. 1. Fat cells incubated in 45Ca contain-
ing media till isotopic equilibrium indicated that the exchangeable Ca in these cells averages 25.7 ± 
3.2 nmol/mg protein, which represents approximately 9.8 7 of their total Ca content. 2. Perifusion of 
4SCa prelabelled fat cells gave washout curves whose analysis conformed with three kinetically distinct 
Ca pools (Fig. I). The fast exchangeable pool (Compartment A) had an efflux rate constant of 0.193 ± 
0.013 min.-1. The release of Ca from the second and third pools (Compartments B and C) was much slower 
with efflux rate constants of 0.032 ± 0.0018 min.-1 and 0.0042 ± 0.0006 min.-1  respectively. Changing 
the Ca concentration in the perifusing medium modified the initial fast phase and its rate constant, 
while added dinitrophenol (DNP) inhibited the efflux rate from the latter compartments. The results'sug-
gest that the initial fast component of the 45Ca washout represents Ca exchange from an extracellular 
pool probably present on the outer surface of cell membranes, while the release of Ca during the second 
and third slow phases represent Ca derived from two distinct intracellular compartments. The rate constant 
for 45Ca efflux from compartment (B) is of the same order of magnitude as the transmembrane fluxes mea-
sured in other'cells and presumably represents Ca efflux from the cytoplasmic pool. The efflux of Ca from 
compartment (C), on the other hand, occurs at a much slower rate and probably reflects the release of Ca 
from a storage pool bound to the plasma membrane and/or endoplasmic reticulum. 3. Analysis of Ca binding to 
fat cell ghosts suggests that the membrane structures in these preparations contain two classes to Ca 
binding sites, a high affinity site with K (assoc) of 1.4 x 10-6  P1 and a low affinity site with K (assoc) 
of 1.3 x 10-5  M. The maximum amount of Ca that could be stored in these membranes would be approximately 
60 nnol/mg protein. 4. In perifused 45Ca prelabelled fat cells adrenaline increased the 45Ca efflux from 
intracellular compartments prior to its stimulation of lipolysis.. Previous perifusion with insulin or 
procaine-HC1 prevented the effects of adrenaline on 45Ca efflux and lipolysis. Moreover, both insulin 
and procaine-HC1 decreased the binding of Ca by ghost membranes. The dose response of these effects com-
pared with that for their effects on lipolysis in isolated fat cells. Pretreatment of fat cells with tryp-
sin to delete the insulin receptor abolished the effects of insulin both on Ca binding and on lipolysis 
while the insulin like response for procain-HC1 remained. These experiments suggest that the effects of 
insulin and procaine-HC1 on fat cells could be mediated by increasing mobilisation of Ca from membrane 
bound stores and inhibition of Ca efflux thereby facilitating an increase in intracellular Ca concentration 
These effects of insulin require the presence of an intact insulin receptor while procaine-HCl operates 
beyond the insulin receptor site. 

Key words: Insulin action, calcium, c-AMP, fat cells, fat cell ghosts, lipolysis, procaine-HC1. 

Introduction 

Three main lines of evidence have recently 
pointed to the hypothesis that insulin exerts its 
effects on membrane permeability and intracellular 
responses not primarily by altering the tissue 
3', 5'-cyclic AMP (C-AmP) levels, but by affect-
ing the cellular Ca distribution. 

Firstly, many studies have failed to correlate 
the changes in tissue C-AMP levels with the cell 
responses to insulin. Insulin effects on the trans-
location of sugars, amino acids and ions have not 
proved relatable to C-AMP response (1). Moreover,  

the fall in tissue C-AMP observed after insulin did 
not correlate either in time or in magnitude with 
the effects of insulin on lipolysis (2, 3, 4), 
glycogenesis (5) or protein synthesis (2). 

Secondly, several relevant cell functions seem 
to be sensitive to changes in Ca concentration. 
The permeability of cell membranes to water sol-
uble substances and also the membrane's ATPase 
activity seem to vary with the amount of Ca 
attached to these structures (6, 7). As well, the 
activity of adipose tissue protein kinase and 
phosphoprotein phosphatase(s) are modulated by 
Ca ions to favour inhibition of lipolysis and 
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glycogenolysis while stimulating glycogenesis (8). 
In vitro Ca ions activate the enzyme pyruvate 
dehydrogenase phosphatase (9) which is an activator 
of lipogenesis and they are also apparently essen-
tial for protein synthesis (10). 

Thirdly, studies designed to assess the effects 
of changes in Ca distribution on cell metabolism 
have shown that agents which promote a rise in 
intracellular Ca induce insulin-like effects. Thus 
ouabain, hyperosmolarity and local anaesthetics 
stimulate lipogenesis and inhibit lipolysis in 
rat adipose tissue (4, 11, 12, 13, 14, 15). Also, 
Lanthanum and the Ca Ionophore (A23187) have been 
found to inhibit the glucagon stimulated glyco-
genolysis in isolated liver cells (40). 

It remains, however, undetermined whether in-
sulin alters the intracellular Ca distribution 
while inducing these cell responses. In this 
paper we report some measurements of the fat 
cell's exchangeable Ca pools and the effects of 
adrenaline, insulin and procaine-HC1 on the Ca 
distribution in these cells, which offer support 
for the hypothesis that insulin may act on fat 
cells by altering their distribution of Ca. 

Material and Methods 

Adipose tissue was obtained from Wistar rats, 
150 - 200 grams, fed laboratory chow ad-lib. The 
radiotracers 45Ca C12, DL [7-3H] adrenaline, 3-
oxymethyl- [14C]- glucose were purchased from the 
Radiochemical Centre, Amersham, England. 

Chemicals and reagents used were of Analar 
grade (BDH Chemicals Ltd). Bovine Serum Albumin, 
Crude Collagenase (Type II), trypsin and soyabean 
trypsin inhibitor were obtained from Sigma Chemi-
cal Company. Substrates and enzymes used for the 
glycerol assay were purchased from Boehringer 
Chemical Corporation, England. 

Stock solutions for Ca binding experiments were 
chromatographed on Chelex x 100 resin to remove 
traces of Ca. Plastic columns and connections were 
used and the purified reagents were stored in 
plastic containers. 

Methods 

Measurements of Exchangeable Ca in Fat Cells 

Fat cells were isolated by collagenase digestion 
using the method of Rodbell (17). Rat epididymal 
adipose tissue pieces were incubated in Kreb's 
bicarbonate buffer (pH 7.4), containing Ca C12 
(1.25 mM), bovine serum albumin (2 %) and colla-
genase (2 mg/ml). 

Pooled adipocytes obtained from 8 - 12 rats 
were washed twice with Kreb's buffer and finally 
suspended in an appropriate volume of the same 
buffer together with [3H] inulin (0.1 uCi/ml) 
and 45Ca C12 (0.02 uCi/ml). The fat cell sus-
pension was then distributed into cellulose ni-
trate incubation tubes, gassed with 95 7 oxygen 
and 5 % CO2 and incubated at 37°C in a metabolic 

shaker. At the end of incubation period the cells 
were separated from the medium by floatation 
through dinonyl-phthalate oil (BDH, specific 
gravity 0.98) using the method of Gliemann et al. 
(18). By slicing the tubes the floating fat 
cell cake was then removed and homogenised in 
deionised water using an ultrasonic probe. Three 
determinations were then performed on aliquots of 
the cell homogenate: cell protein was measured 
by the method of Lowry (19), total Ca by the Ca 
electrode, 3H and 45Ca radioactivity by liquid 
scintillation spectrometry. 

Initial experiments indicated that the cells 
45Ca uptake from medium reached isotopic equi-
librium within 2 hours. At this equilibrium the 
relative specific radioactivity (cell specific 
radioactivity/medium specific radioactivity) was 
measured to derive the fraction of cellular 
Ca which was exchangeable with medium. From the 
concurrent [311] insulin counts corrections were 
made for the Ca trapped in the extracellular 
space during the separation procedure. For de-
termination of the intracellular water space, 
after aliquots of fat cells were incubated with 
either [3H] inulin or 3-oxymethyl -E140-glucose 
for 20 minutes, the cells were isolated by dinonyl 
phthalate floatation (16). The intracellular water 
space was calculated as the difference between 
the 3-oxymethyl glucose space and that of inulin. 

B. Measurement of Analysis of 45Ca "Wash-Out" 
Curves with Prelabelled Perifused Fat Cells 

Fat cells were prelabelled with 45Ca during the 
collagenase digestion and for 2 hours after 
isolation of the cells. The adipocytes were then 
separated from the medium, washed twice in Ca free 
buffer before being distributed to the perifusion 
chambers. The washing of the cells and allocation 
in the perifusion chambers takes approximately 
one minute. The concentration of cells during the 
loading phase was approximately similar to their 
concentration in the perifusion chambers. 

The perifusion apparatus was a modification of 
that described by Allen at al. (20). In this 
modification two identical chambers were per-
fused simultaneously from two independent re-
servoirs. One of the chambers served as control, 
while the second chamber received the various ad-
ditions shown under appropriate table or figure. 
The perfusion chambers and reservoirs were kept 
at 37°C during the experimental period. The ends 
of each chamber were plugged with fibrous inert 
filter material and the chamber volume was 5 mis. 
Two equal aliquots of fat cells from the same 
cell pool were placed in the chambers so that 
each chamber contained about 3 mis of packed fat 
cells. The perfusion fluid was pumped into the top 
of each chamber and the effluent collected from 
the bottom at intervals. The flow rate was ad-
justed to deliver 4 mis per minute. This flow 
rate produced constant mixing of the fat cell 
suspension in the chambers. The perifusate was 
collected by an automatically driven fraction 
collector and samples were transferred to scintil-
lation vials for counting of 45Ca radioactivity. 
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Compartmental analysts of"Ca release from prelabelled perfused fat cells 

Time in minutes 

Fig. 1. Fat cells were pre-
labelled with 45Ca and peri-
fused with Krebs' albumin 
buffer containing CaCli (1.25 
mM) for 3 hours. The sum of 
the radioactivity in each 
wash with the radioactivity 
remaining in the cells at the 
end of the experiment was 
taken as the total radioac-
tivity. The radioactivity in 
the cells at each time point 
was obtained by subtracting 
the radioactivity of each wash 
and plotted as percent of the 
total to give the desaturation 
curve. Graphical analysis of 
the curve was done as demon-
Strated in the model shown 
on the top right corner 

The time constant for removal of extracellular 
space of the fat cell suspension in the perifusion 
apparatus was approximately 30 seconds. 

The perifusion fluid was Krebs' bicarbonate 
buffer (pli 7.4) containing Ca C12, 1.25 mM and 
1 7.. bovine serum albumin, unless specified. 
Samples of perfusate were collected every 15 
seconds for the first 10 minutes, every 30 seconds 
for a further 20 minutes then every 60 seconds 
for the remaining experimental period. At the end 
of the experiment the fat cells were homogenised 
in deionised water and aliquots were used to de-
termine the cellular protein and 4SCa remaining 
in the cells. 

The total radioactivity present in the cells 
at 0 time was derived from the sum of all the 
radioactivity in each wash plus the radioactivity 
remaining in the cells at the end of the experi-
ment. The radioactivity present in cells at each 
time point was obtained by sequentially substract-
ing the radioactivity of each wash and plotted 
on semilogarithmic paper as percent of the total 
radioactivity. The "wash-out" curve (Fig. 1) 
graphical analysis derived three different phases 
of Ca efflux, and the slope as well as the inter-
cept of each component were determined. Since 
the time constants of the three phases differed 
by approximately one order of magnitude the data 
were analysed as if the system consisted of three 
parallel compartments (Fig. 1) without introducing 
error greater than 10 7. (21). The basic assumptions 
and mathematical equations used to calculate the 
efflux rate constant and pool size of each com-
partment have been described in detail by Borle 
(21) . 

C. Measurement of the "Ca Efflux Rate Coefficient" 

To study the effects of various agents on 
calcium efflux two such desaturation experiments  

were performed simultaneously on aliquots of 45Ca 
prelabelled cells from the same pool. 70 minutes 
after starting the perifusion, one chamber was 
exposed to the test medium while the other chamber 
served as a control. The rate of efflux was cal-
culated as: 

AC x 100 % where AC is the radioactivity lost 
Cmpt 
from cells during the time interval At and Cm is 
the mean radioactivity in cells between time t 
and t + At. Then the rate of efflux of the con-
trol group being taken as 100 R, the experimental 
group "Ca efflux coefficient" was derived by ex-
pressing the experimental group efflux rate as 
percent of the control (21). 

D. Measurement of Ca Binding to Fat Cell Ghosts 

Fat cell ghosts were prepared by osmotic lysi 
of isolated fat cells and maintained in hypotoni 
medium as described by Rodbell (34). The ghost 
preparations were washed in Tris-HC1 buffer (0.1 
M and pH 7.4) containing .l mM EDTA. To remove 
EDTA the pellet obtained by centrifugation was 
rewashed twice in Tris-HCl buffer without EDTA 
and finally suspended in the same buffer to a 
concentration of 0.5 - I mg protein/ml. 

For the binding experiments, tubes were pre-
pared containing 50 - 100 pg of ghosts protein, 
0.5 uCi of 45Ca C12, varying concentrations of 
unlabelled Ca C12 and Tris-HC1 buffer in a total 
volume of I ml. Samples were then incubated at 
37°C in a metabolic shaker for 10 minutes unless 
otherwise specified. Using pasteur pipettes, 
samples were then placed on a Millipore suction 
apparatus containing 0.45 pm type HAWP Millipore 
filters (25 mm in diameter). Before addition of 
samples filters were rinsed with 250 mM KC1 and 
washed with deionised water. The binding mixturt 
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was completely filtered by vacuum and then washed 
twice with 5 ml aliquots of Tris-IICI buffer. The 
filters were then removed, allowed to dry and 
transfered to counting vials each containing 10 ml 
Of scintillant. Controls containing all reagents 
except the ghosts were run simultaneously in each 
experiment to correct for non-specific 45Ca bind-
ing to the filters. 

To determine the effects of insulin or procaine-
HC1 on Ca binding, aliquots of fat cells ghosts 
were preincubated together with these agents for 
10 minutes. Thereafter the binding mixture was 
added and incubation was continued for another 
10 minutes. 

E. Other Methods 

Glycerol was determined on aliquots from 
medium using the method of Garland and Randle 
(22). 

Results 

A..Cellular Distribution of Calcium in Fat Cells 

1. Total Exchangeable Calci!ca (Table 1). Fat 
cells isolated from rat epididymal fat pads and 
pre-incubated for 2 hours in Krebs' bicarbonate 
buffer with Ca C12 (1.25 mM) and glucose (5 mM) 
contained a total calcium of 262 ± Il nmol/mg 
protein. 

Under these experimental conditions and in 
the presence of 45Ca in the incubation medium 
the relative specific radioactivity of cells to 
that of medium at isotopic equilibrium was 0.098, 
which implies that 9.8 7 of the total cellular 
Ca was readily exchangeable within the experimen-
tal period. Table 1 shows that the average ex-
changeable Ca determined in four separate ex-
periments was 25.7 ± 3.2 nmol/mg protein. Since 
the intracellular water in these cells was found 
to be 38.6 ± 2 mg/mg protein, the exchangeable Ca 
in fat cells would therefore amount to approxi-
mately 0.66 mmol/kg cell water. 

2. Cellular Calciwg Fools (Fig. 1). Fig. I shows 
one representative study of the "wash-out" ex-
periments. Fat cells were prelabelled with 45Ca 
and then continuously perifused with Krebs' al-
bumin bicarbonate buffer containing Ca C12 (1.25 
mM). The graphical analysis of this effluent 
curve resolved it into three exponentially de-
fined phase, an initial fast phase with a half-
time 2-4 min., a second slower phase with a half-
time 20-40 min., and a third much slower phase 
with half-time approximating 200 min. 

In 8 separate experiments the "wash-out" curves 
were analysed according to the three compartments 
model shown in Fig. I. The average rate constant 
for the first phase (Compartment A) was 0.193 ± 
0.013 min.-1 , that of the second phase (Compart-
ment B) was 0.032 ± 0.0018 min.-1  and that of the 
third phase (Compartment C) was 0.0042 ± 0.0006 
min.-1. Ca efflux rate from compartment (A) was 
therefore 2.05 ± 0.23 nmol/mg protein, the efflux 
rate from compartment (B) 0.157 ± 0.017 nmol/mg 

Table 1. Measurement of total and exchangeable 
Ca in Eat cells 

Ca Content (Means ± SEM) 

4 	262 ± 11 	6.78 ± 0.28 

Exchangeable 
Ca: 
-45Ca infLux 
experiments 	4 	25.7 ± 3.2 	0.66 ± 0.08 

u45Ca washout" 
experiments 	8 	21.8 ± 3.4 	0.56 ± 0.09 

Total Ca was determined in. fat cells isolated 
from 8 - 12 rats and homogenised in deionised 
water. In the 45Ca influx experiments fat cells 
were incubated with 45Ca for 2 hours. The ex-
changeable Ca was determined form the relative 
specific radioactivity of cells to that of medium. 
In the 45Ca washout experiments the sum of Ca in 
compartments A, B and C corresponds to the ex-
changeable Ca. Intracellular water space was 
determined on aliquots of fat cells incubated 
with [3111- inulin and 3 oxymethyl- 14C -glucose 
(see text). The error in the determination of the 
intracellular water space was less than 10 7,, and 
was not therefore taken into account in calculations 
of calcium content/kg cell water 

protein, while the efflux rate from compartment 
(C) averaged 0.025 ± 0.0038 nmol/mg protein. 

The exchangeable Ca pools in compartments (A), 
(B), and (C) were respectively 10.6 ± 2:8, 4.9 ± 
0.80 and 6.3 ± 1.05 nmol/mg protein. The sum of 
the exchangeable Ca in these three compartments 
approximated reasonably to total exchangeable Ca 
determined from the influx experiments (Table I). 

To assess the physiological meaning of each 
of these compartments experiments were performed 
to determine the effects of the metabolic inhi-
bitor dinitrophenol (DNP) and alteration of medium 
calcium concentration on the release of Ca during 
each of these phases. The exposure*of fat cells to 
DNP (10-4  M), during the 30 min. before the 0 time 
of the washout and thoughout the perfusion period, 
did not affect the release of 45Ca from compartrent 
(A). However, in these DNP treated cells, the efflu: 
rate constant from compartment (B) was reduced from 
0.028 ± 0.0012 to 0.018 ± 0.0009 min.-1. Also 
the 45Ca efflux rate constant for compartment C 
was decreased from 0.0038 ± 0.0004 to 0.0020 ± 
0.0004 min.-1. The addition of DNP during the 
45Ca loading phase was essential to evaluate the 
effects of this agent on the initial Ca flux 

Total Ca 
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Table 2. Effects of insulin and procaine-HC1 on Ca 
"efflux coefficient" and lipolysis 
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Adrenaline,(I0-6M) 

Adrenaline (10-6M) 

Insulin (100 uU/ml) 

Adrenaline (10-6M) 

Procaine-HC1 (10-4M) 

Fat cells were prelabelled with 45Ca and perifused 
for 70 minutes in the presence and absence of 
insulin or procaine-HC1. Adrenaline was then added 
and the perfusion was continued for another 50 
minutes. The basal glycerol release averaged 
98 ± 11 nmol/mg protein/min. The underlined values 
are significantly different by "t" test from those 
with adrenaline alone (P < 0.01) 

Table 3. Effect of previous trypsin treatment on 
the resonse of fat cells to procaine-HC1 

tryp- untryp- tryp- untryp- 
sinised sinised 	sinised sinised 

Control 	9.2±1.2 8.9±1.6 360±28 410±34 

Procaine- 
HCI (10-4M) 4.2±0.8 	3.6±0.4 	162±15 	186±17 

Experimental details as in Fig. 6. Results are 
means ± SEM in three experiments. The underlined 
values are significantly different by "t" test 
from the controls (P < 0.001) 

ratio. However, in 3 independent experiments the 
addition of DNP 10 minutes after starting the 
perifusion still produced marked inhibition of Ca 
efflux from compartments (B) and (C). On the 
other hand the release of Ca from compartment (A) 

was only markedly reduced from 0.186 ± 0.011 to 
0.041 ± 0.008 min.-1  when the calcium concentration 
in the perifusing medium was decreased from 1.25 
m1 to 0.5 mM. Under these experimental conditions 
the efflux of calcium from compartments (B) and 
(C) was not significantly effected by changes in 
medium calcium concentration. These results suggest 
that the Ca released during the fast initial phase 
of "wash-out" experiments represents a readily 
available Ca pool probably present on the exter-
nal surface of plasma membrane and does not re-
quire energy sources for its release. On the 
other hand, the release of Ca from compartments 
(B) and (C) probably represents Ca derived from 
intracellular pools from which the efflux is 
maintained by expenditure of energy. 

B. The Correlation between Ca Efflux and Lipoly-
sis Seen in the Effects of Adrenaline, Insulin 
and Procaine-HC1 

1. Effects of Adrenaline. (Fig. 2). When 45Ca • 
prelabelled fat cells were first perifused for 70 
min., and then adrenaline (10-6 M) added to the 
perifusion medium (Fig. 2), this adrenaline pro-' 
duced a prompt burst of 45Ca release which oc-
curred I - 2 minutes prior to the increase in 
glycerol release induced by this hormone. In 
some experiments, in order to assess the dead 
space of the apparatus, [3H] adrenaline was added 
to the reservoir and aliquots of perfusate were 
collected for counting. In throe separate ex-
periments it was found, within the limits of 
precision in sample collection, the effects of 
adrenaline on Ca efflux occurred within a period 
less than I min. from the time of its arrival 
to the perifusion chamber. 

The data shown in Fig. 2 are derived from a 
representative experiment replicates of which 
were performed. The "rate coefficient of Ca 
efflux" shown expresses the values of the adrena-
line treated samples as 2 of the values obtained 
in the control cells. Adrenaline (10-6  M) caused 
196 ± 38 7, increase in the efflux coefficient 
over control. 

To determine whether the 45Ca released in res-
ponse to adrenaline was derived either from intra-
cellular pools or from Ca bound to the external 
surface of fat cells, the experiments were re-
peated in cells pretreated with DNP (10-4  M).DNP 
markedly diminished the burst of 45Ca and de-
creased the "efflux rate coefficient" stimulated 
by adrenaline; in the presence of DNP, adrenaline 
produced only 28 ± 16 % increase in the Ca efflux 
over the control values. Thus, the release of 
45Ca induced by this hormone seems to be derived 
from intracellular Ca pools and is dependent on 
the availability of energy resources. 

Effects of Insulin (Fig. 3 and Table 2). 
Fig. 3 shows the effects of insulin on the 
adrenaline stimulated Ca efflux and glycerol 
release. After perifusion of 45Ca prelabelled 
fat cells with insulin (100 uU/ml) the release 
of both 45Ca and glycerol in response to adrena- 
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EFFECTS. OF ADRENALNE ON"Ca EFFLUX AND LIPOLYSIS IN PRELABELLEO PERIFUSED RAT FAT CELLS 

BUFFER 
ADRENALINE (10-6 M)  

-A- 

Fig. 2. 45Ca prelabelled fat 
cells were divided into two 
equal aliquots and trans-
ferred to two perfusion 
chambers. After 70 minutes of 
perfusion with Krebs' buffer, 
adrenaline was added to one 
of the reservoirs to give a 
final concentration of 10-6M 
and perifusion was continued 
for another 50 minutes. Per-
fusate was collected at inter-
vals for 45Ca counting and 
glycerol release. 

Time inmin. 	 Time inmin. 

EFFECTS OF INSULIN ON THE ADRENALINE STIMULATED "CQ EFFLUX AND LIPOLYSIS 
IN PRE LABELLED PERIFUSED RA FAT CELLS 
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Fig. 3. Continuous washout 
of 45Ca prelabelled fat cells 
was performed from two re-
servoirs. One reservoir con-
tained Krebs' buffer while 
the second reservoir con-
tained the same buffer plus 
insulin (100 pU/ml). After 
70 minutes of perifusion, 
adrenaline (10-6M) was added 
• to the two reservoirs. Samples 

of perifusate were collected 
for 45Ca radioactivity and gly-
glycerol measurement 

E BUFFER• INSULIN (I00pu/m1) 

ADRENALINE (10 • M ) 

Time in min. 
	 Time inmin. 

line (10-6 M) was reduced. The experiment shown 
in Fig. 3 was repeated three times and the data 
are shown in Table 2. In the presence of insulin, 
adrenaline produced only 36 % increase in the 
Ca "efflux rate coefficient" over the control. 
This is in contrast to the 196 % increase ob-
served in cells treated with adrenaline alone. 
At the same time, insulin produced 40 - 50 7 re-
duction in the rate of glycerol release stimu-
lated by adrenaline. 

3. Effects of Procaine-HCl (Table 2). When 
45Ca prelabelled fat cells were perifused with  

the local anaesthetic procaine-HC1 (10-4 M), the 
subsequent addition of adrenaline (10-6 M) did 
not produce remarkable changes in Ca efflux. In 
the presence of procaine-HC1 the "efflux rate 
coefficient" was increased by adrenaline only 
8 % over the control while adrenaline alone 
produced an increase of 196 7 (Table 2). Similarly, 
procaine-HCl markedly reduced glycerol release 
from perifused fat cells stimulated with adrena-
line. The effects of procaine-HCl on the adrena-
line stimulated Ca efflux and lipolysis are 
qualitatively similar to those produced by in-
sulin. 
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C. Relationship between Calcium Binding to Fat 
:Cell Ghosts and the Effects of Insulin and Pro-
caine-HCl on Lipolysis 

1. +:r,,-_tics of Ca B1.17,  ng to Fat Cell Ghosts 
(Figs. 4 and 5). Ca binding to fat cell ghosts 
occurred at a fairly rapid rate reaching saturation 
within 10 minutes from the start of incubation 
(Fig. 4). The amount of Ca bound to the ghost 
preparations within 10 minutes increased linearly 
with increases in the ghosts' protein between • 
20 and 120 pg/incubation tube. 

The results shown in Fig. 5 represent a 
Scatchard plot showing the proportion of Ca bound 
as a function of calcium concentration in the 
medium. The plot is biphasic implying the pre-
sence of at least two classes of binding sites, 
a high affinity site with a K (assoc) of-1.4 x 
10-6  M and a low affinity site with a K (assoc) 
of 1.3 x 10-5  M. The number of binding sites 
as calculated from the extrapolated intercepts 
of the linear segments of the plot indicated that 
the high affinity sites can accommodate about 
12 nmol of Ca/mg protein while the low affinity 
sites can accomodate 48 nmol of Ca/mg protein. 
The maximum amount of Ca that could be bound to 
the ghost membranes could be 60 nmol/mg protein. 

2. Effects of Insulin (Fig. 6). Fig. 6 shows 
a dose response curve for the effects of insulin 
on Ca binding to fat cell ghosts. Insulin dimin-
ished the binding of calcium to ghost membranes. 
Scatchard plots of Ca binding indicated that in-
sulin decreased the number of high affinity 
binding sites with maximal effects at insulin 
concentrations between 100 and 1000 uU/ml. This 
concentration is nearly similar to that required 
to produce maximal inhibition of the adrenaline 
stimulated lipolysis in intact cells obtained 
from the same pool from which the ghosts were 
prepared. These effects of insulin were detected 
only with experimental conditions designed to 
assess the high affinity binding. Insulin did 
not affect the binding of Ca to the low affinity 
sites. 

Properties of Ca binding to fat cell ghosts 
2 	A-time curve 
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Fig. 4. Fat cells ghosts were incubated with CaC1) 
(5 X 10-6M), 45CaC12 (0.5 uCi/ml) and Tris-HCl 
(0.1M and pH 7.4) in a total volume of ]ml. Ca 
bound to ghost membranes was then determined by 
Millipore flitration 

To assess the specificity of insulin in pro-
ducing these effects, further experiments were 
performed with fat cells pretreated with trypsin 
(1 mg/ml) for 10 minutes prior to addition of the 

• 	

Scatchard plot for Ca binding to fat cell ghosts 
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Fig. 5. Fat cell ghosts were incubated in dup-
licate with increasing CaCl2 concentrations from 
10-7 to 10-3M and 45CaC12 (0.5 uCi/ml). Bound Ca 
was determined by Millipore filtration (see test). 
Results are means of three separate experiments 

Insulin conc.(pu/mI) 

Fig. 6. Fat cell ghosts were preincubated"for 
10 minutes in Tris-HC1 buffer with and without 
insulin. Thereafter CaCl2 (5 X I0-6t-t) and 45CaC12 
(0.5 uCi/ml) were added and incubation continued 
for another 10 minutes. Ca bound to ghost mem-
branes was then determined by Millipore filtration. 
Fat cells from the same pool were incubated with 
adrenaline (0.1 ug/ml) ± insulin and glycerol 
release was determined. Experiments were repeated 
with fat cells pretreated with trypsin (1mg/m1) 
followed by addition of trypsin inhibitor (1mg/m1) 
and fat cells were then washed in Krebs' buffer 
before incubation and preparation of ghosts. Re-
sults are expressed as % from values obtained in 
the absence of insulin. Results are means ± SEM 
of three experiments. The mean basal value for 
Ca binding was 8.6 ± 1.8 nmol/mg protein while 
that for glycerol release was 460± 46 nmol/mg 
protein per minute 
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trypsin inhibitor (I mg/ml). Cells treated in this 
manner respond with a 2 - 3 fold increase of gly- 
•cerol release in response to adrenaline (10-6  M). 
Insulin, however, failed to reverse the adrenaline 
stimulated lipolysis in these trypsinized cells 
(Fig. 6). Moreover, insulin did not inhibit the 
Ca binding to fat cell ghosts prepared from the 
trypsin treated cells. The results suggest that 
the ability of insulin to decrease the binding 
affinity of fat ghosts to Ca and to inhibit 
lipolysis in intact cells was dependent on the 
presence of the insulin receptor which was de-
leted with trypsinization. 

3. Effects of Procaine-HCZ (Table 3). Table 3 
shows the effects of procaine-HC1 on Ca binding 
to fat cell ghosts and on the adrenaline stimu-
lated lipolysis in intact cells. In contrast to 
the findings with insulin, procaine-HC1 (10-4  M) 
decreased the binding of Ca to ghost membranes 
equally whether they had been prepared from tryp-
sinized or untrypsinized cells. Moreover, procaine-
HCI inhibited the adrenaline (10-6  M) stimulated 
lipolysis in fat cells equivalently whether they 
were trypsinized or untrypsinized cells. 

Discussion 

The data presented in this study suggest a 
direct effect of insulin on Ca distribution in 
fat cells, which parallels the effect of this 
hormone on lipolysis. Such evidence suggests that 
Ca ions might operate as the second messenger for 
insulin action (4, 8). 

As in other cells (23), over 90 % of the total 
Ca in fat cells exists in an unexchangeable pool 
probably forming part of the glycoprotein complex 
matrix of fat cell membranes. The remaining Ca 
fraction which is exchangeable with that in the 
surrounding medium, when expressed on the basis 
of water content of fat cells, amounts to ap-
proximately 0.66 mmol/kg cell water. This amount, 
however, is not entirely intracellular, since 
our "wash-out" curve analysis has suggested that 
about half the exchangeable Ca in fat cells 
appears to be bound near the external surface 
of cell membrane. This latter conclusion is based 
on two main lines of evidence. First, the release 
of calcium during the initial phase of the "wash-
out" experiments occurs at a very fast rate (half-
time 2 - 4 min.), which is at least one order of 
magnitude faster than that reported for trans-
membrane fluxes in other cells (21, 24, 25, 26). 
Second, the rate constant for Ca efflux from this 
pool is not affected by metabolic inhibitors such 
as DNP, but is instead increased by higher calcium 
concentrations in perfusion medium. A similar pool 
of Ca has now been identified in other cells in-
cluding skeletal muscle (27), HeLa cells (23), 
monkey kidney (21) and rat thymocytes (28). 

It follows, therefore, that the intracellular 
calcium concentration in fat cells is approxi-
mately 0.3 mM. There is evidence, however, that 
the mitochondria are able to maintain a 1000 fold 
calcium concentration gradient between their 
inner and outer surface (29) and hence the cyto- 

plasmic calcium activity can be of the order of 
10-6 M. In addition, part of this Ca will be bound 
to intracellular protein and so it can be expected 
that the free ionic calcium in cytosol is certainly 
below the above values. It is, therefore, con-
cluded that the cytoplasmic free calcium concen-
tration in fat cells is well below the dialysable 
Ca in the extra cellular fluid so that a calcium 
gradient must exist from outside to inside. 

But how might this Ca gradient be regulated 
at the cellular level? At least two possible ways 
would be feasible. Firstly, the intracellular Ca 
could be adjusted by changes in the activity of 
the transmembrane active Ca efflux. Alternatively, 
redistribution of Ca between intracellular stores 
and the cytoplasm could provide a mechanism where-
by the intracellular events regulate the cytoplasmic 
Ca level independently of changes in extracellular 
Ca concentrations. 

As with red cells (30),•fat cell membranes con-
tain a Ca sensitive ATP-ase and resealed fat cell 
ghosts are capable of active extrusion of Ca 
against a concentration gradient (Kissebah, un-
published). The results of experiments with pre-
labelled perifused fat cells shown in the present 
study confirm these findings' since the release 
of calcium from the intracellular compartments 
(compartments B and C in Fig. I) was inhibited 
by DNP, a substance which decreases the avail-
ability of cellular energy. A change. in the ac-
tivity of membrane Ca sensitive ATP-ase could 
therefore provide a mechanism whereby hormones 
or other agents might modulate intracellular Ca 
levels. 

The 45Ca desaturation experiments shown in this 
study reveal at least two kinetically distinct 
intracellular Ca pools (compartments B and C in 
Fig. 1), with different time constants of exchange. 
The efflux of Ca from both compartments is in-
hibited by DNP and is independent of extracellular 
Ca concentrations. The rate constant for 45Ca 
release from compartment (B) is of approximately 
the same order of magnitude as the transmembrane 
fluxes measured in nerve (24), muscle (25, 27), 
kidney cells (21), and HeLa cell cultures (23). 
The release of Ca during this phase, therefore, 
presumably represents the active efflux of Ca 
from the cytoplasm plus a fraction which exchanges 
rapidly with the cytoplasmic pool. As the calcium 
in compartment (C), on the other hand, exchanges 
much more slowly, it probably reflects an intra-
cellular Ca store capable of exchanging with the 
cytoplasm. 

It is not possible, however, to determine the 
exact location or to confer any specific function 
on the latter pool (compartment C), since direct 
measurement of cytoplasmic calcium in adipocytes 
is not yet feasible. One possible site for Ca 
storage might be the endoplasmic reticulum and/ 
or the plasma membrane. Using electron probe 
micro-analysis, Hales et aZ. (31) have demonstrated 
the presence of Ca deposits inside the smooth 
endoplasmic reticulum of adipocytes. Also purified 
plasma membrane preparations obtained from liver 
cells (32), and red cells (33) have been found 
to contain highly specific Ca binding sites. The 
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results reported here show that fat cell ghosts 
contain specific Ca binding sites which can ac-
comodate a high proportion of fat cell Ca. Since 
the ghost preparation contains parts both of, the 
plasma membrane and of endoplasmic reticulum, 
it is not possible to distinguish between the 
binding affinity of these structures. The ghost 
preparations, although representing a complex 
system, are of interest since these structures 
respond to hormones in vitro (34) and therefore 
could serve as a model to study the effects of 
these hormones on Ca binding. 

Another subcellular compartment which can 
accommodate significant quantities of Ca is that 
of the mitochondria. Although in the studies of 
Hales at al. (31), no demonstrable Ca deposits 
were located in the mitochondria of fat cells, 
studies in liver cells (35, 36) have confirmed 
the presence of large quantities of Ca in the 
mitochondria. Moreover, kinetic analysis of Ca 
movements in kidney cell cultures (21) have 
suggested the presence of a calcium store in the 
mitochondria. The accumulation of Ca in this 
compartment is increased by raising the extra-
cellular phosphate concentration and is abolished 
by inhibitors of mitochrondrial Ca uptake. The 
physiological role of the mitochondria in cellular 
Ca homeostasis remains speculative since the de-
monstration of Ca in these structure requires the 
prior exposure of cells to membrane poisons such 
as carbon tetrachloride (35, 36). Warfarin or 
Antimycin A (21). 

The data presented in this study indicate that 
hormones modulate the Ca transport in fat cells 
in correlation with their effects on lipolysis. 
Thus in prelabelled perifused fat cells, adrenaline 
produced an increase in 45Ca release, an effect 
which was abolished by pretreatment of the cells 
with DNP. The results are in parallel with those 
previously reported for perfused rat liver which 
showed an increase in Ca efflux in response to 
adrenaline (37). In this latter study the increase 
in 45Ca release was paralleled by a chemically 
measurable Ca efflux and was not grossly affected 
by omission of Ca or addition of EDTA to the 
perfusion medium. Thus the adrenaline stimulated 
Ca release may originate from an intracellular 
pool and the exposure of cells to this hormone 
probably results in a reduction in intracellular 
Ca concentration. Although there is no direct.  
proof that the effects of adrenaline on Ca ion 
flux antedate the activation of the C-AMP depen-
dent protein kinase or other intracellular actions, 
of the hormone, it seems clear that the Ca efflux 
is an early effect of adrenaline, preceding the 
stimulation of lipolysis. 

After perifusing fat cells with insulin, the 
subsequent addition of adrenaline induced only 
minimal lipolysis and Ca efflux. Also the anti-
lipolytic action of procaine-HC1 was associated 
with a parallel reduction in Ca efflux induced 
by adrenaline. Evidently, insulin or procaine-1lC1 
can inhibit the adrenaline stimulated Ca efflux 
and may thereby facilitate an increase in intra-
cellular Ca concentration prior to their effects 
on lipolysis. 

In addition to their effects on Ca efflux, 
insulin and procaine-HCl decrease the binding 
affinity of Ca stores in cell ghosts. Thus insulin 
at concentrations as low as 10 uU/ml decreased the 
binding of Ca by the high affinity binding sites 
on these preparations, correlating with the in-
sulin induced reversal of lipolysis in intact 
cells. Procaine-HCl also decreased the binding of 
Ca to fat cell ghosts and inhibited lipolysis. 
It is not possible, however, to predict the ulti-
mate effect of such a change in Ca binding on 
cytoplasmic free calcium concentration, since-the 
direction of released Ca may be either into or 
out of the cell. The low K(assoc) value for -the 
high affinity Ca binding affected by insulin, how-
ever, would favour an intracellular direction for 
Ca movement. 

The interrelationship between the effects of 
insulin and procaine-HCl on calcium binding on 
one side and on calcium efflux on the other side 
remains obscure. Wolf (38) has proposed a model 
derived from his studies in human erythrocyte 
plasma membranes to explain this relationship. In 
this model, the cleavage of ATP by the Ca sensitive 
ATP-ase requires the initial binding of Ca to a 
specific site in the catalytic centre of the en-
zyme located within the structure of the plasma 
membrane. This binding site acts as an autosteric 
site for the enzyme's active centre resulting in 
ATP hydrolysis. It is possible that insulin and 
procaine-HC1, by displacing calcium from the mem-
brane binding sites, may inhibit the calcium sen-. 
sitive ATP-ase and so cause a reduction of Ca. 
efflux. 

Our study found that the effects of insulin on 
Ca binding and lipolysis were dependent on the 
integrity of the insulin receptor. Thus, fat cells" 
pretreated with trypsin to delete the insulin re-
ceptor (39) still responded to adrenaline though 
the antilipolytic effects of insulin were no 
longer discernible. Further, in ghosts prepared 
from such cells insulin did not affect their bind-
ing affinity to Ca ions. But in contrast to the 
findings with insulin, procaine-HC1 both produced 
a reduction in Ca binding to fat cell ghosts from 
trypsinized cells and also inhibited their adrena-
line stimulated lipolysis. Thus procaine-HC1.must 
operate at a step beyond the insulin receptor and 
this drug can, therefore., be used to test whether 
a fat cell's unresponsiveness to insulin depends 
on a defect in the insulin receptor or on one of 
the post receptor responses. 

In conclusion, we hypothesise that the binding 
of insulin to its specific receptor produces a 
displacement of Ca ions from some high affinity 
binding sites probably in the plasma membrane 
and/or the endoplasmic reticulum. This effect to-
gether with inhibition of active Ca efflux, will 
favour an increase in cytoplasmic calcium level. 
The increased mobilisation of membrane bound Ca 
enhances the transport of water soluble substrates 
while the increase in cytoplasmic Ca modulates 
the activity of intracellular enzymes to inhibit 
lipolysis and stimulate glycogen deposition. A 
simultaneous increase in mitochondrial Ca might 
also explain the effects of this hormone on 
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lipogenesis. In this way, calcium ions might pro-
vide the missing second messenger for insulin 
action. 
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Simulation and Enhancement of the Adipose Tissue Insulin Response 
by Procaine Hydrochloride: Evidence for a Role of Calcium in Insulin Action 

H. Hope-Gill, N. Vydelingum, A.H. Kissebah, B.R. Tutloch and T.R. Fraser 

Endocrine Unit, Royal Postgraduate Medical School, Hammersmith Hospital, London, W12 OHS, England, 
and Department of Medicine, Sunnybrook Medical Centre, University of Toronto Medical School, 
Toronto. Canada 

Summary 

The effects of procaine hydrochloride (0.1 mM and 1.0 
mM) on the metabolism of rat adipose tissue shreds in 
vitro have been compared with those of insulin. 

Procaine had effects similar to those of insulin: increasing 
glucose uptake from the medium, the incorporation into 
glycogen of either glucose or fructose and the incorporation 
into fatty acid of glucose, fructose or pyruvate. The CO2-1/ 
CO2-6 ratio and pentose shunt activity were also increased. 

Procaine augmented the effect of 1 mU/ml of insulin on 
these indices of adipose tissue metabolism; less augmenta-
tion occurred with insulin 10 mil/mi. 

Measurement of tissue cyclic AMP levels in the presence and 
absence of theophylline revealed that procaine produced no 
significant decrease in either basal or adrenaline-stimulated 
cyclic AMP levels. 

Since procaine does not appear to reduce tissue cyclic AMI' 
concentrations but does affect the cellular handling of cal-
cium, it is suggested that some of the actions of insulin may 
N mediated b_v alteration of the intracellular calcium distri-
bution. 

Key-Words: Procaine NCI — Insulin — Glucose — Fructose -
Prruvate — Glycogen - Glucogen Synthetase — Fatty Acid 
- Pynn•ate Dehydrogenase -- Pentose Shunt — Carbon 
Dioxide — Cyclic AMP 

Introduction 

The concept that insulin exerts its intracellular ef-
fects through lowering of cyclic-AMP levels has been 
challenged by a number of observations. Insulin has 
no demonstrable effects on basal cyclic-AMP levels 
in adipose tissue (Butcher, Sneyd, Park and Scalier-
:und 1966, Manganielle, Murad and Vaughan 1971) 
and yet under these conditions produces changes in 
glycogen synthetase and phosphorylase activity 
(lungas 1966). Furthermore, Fain and Rosenberg 
11971) and Jarrett, Steiner, Smith and Kipnis (1972) 
save shown that insulin can decrease hormone stimu-
lated lipolysis in the absence of detectable changes 
in cyclic-AMP concentrations. Insulin also activates 
the pyruvate dehydrogenase complex, a key step in 
fatty acid synthesis which is not demonstrably af-
fected by added cyclic-AMP (Coore, Denton, Martin 
:lid Randle 1971). In muscle further inconsistencies 
an be found in this concept. Despite no apparent 

Received: 2 Jan. 1974 	Accepted: 18 June 1974 

reduction in basal or hormone-stimulated cyclic-AMP 
levels, insulin induces activation of glycogen syn-
thetase and inactivation of phosphorylase (Goldberg, 
Villar Palasi, Sasko and Lamer 1967, Lanier 1971, 
Torres, Marechal, Bernard and Belocopitow 1968). 

The mechanism by which insulin modifies the ac-
tivity of these enzymes in the absence of change in 
cyclic-AMP levels is as yet unclear. Cogent here are 
observations that key regulatory steps of glycogen 
synthesis (Belocopitow, Fernandez, Biitcbaunier and • 
Torres 1967), glycogen breakdown (Brostroni, Hun-
kelor and Krebs 1971) and fatty acid synthesis (Den-
ton, Randle and Martin 1972) are sensitive to changes 
in calcium concentration. 

Accordingly, we have investigated whether some of 
the effects of insulin can be attributed to alterations 
in the intracellular calcium distribution. To determine -
this we studied the effect of procaine hydrochloride, 
a local anaesthetic which alters cell membrane hand-
ling of calcium (Seeman 1972, Mela 1969) on hexose 
metabolism in rat epididymal adipose tissue. The ob-
servations have been reported previously in abstract 
form (Fraser, Hope-Gill, Kissebah, Tu1Ioelc and Vyde-
lingum 1973, Hope-Gill, Kissebah, Tutloch, Yvūe-
lingum and Fraser 1973). 

Materials 
(1-14C) and (6-14C) glucose, (U-14C) glucose, (U-14C) fructose, 
and (U-14C) pyruvate were obtained from Amersham Radio-
chemicals, England. Procaine hydrochloride was obtained 
from 131)I1 Pharmaceuticals Ltd. Glucagon-free insulin was a 
gift from Lilly Pharmaceuticals Ltd. Reagents for glucose 
and pyruvate estimations were obtained from Bochringer 
Corporation, England. Rabbit liver glycogen Typc 111 was 
purchased from Sigma Chemical Co. Ltd., London. All rea-
gents were of ANALAR grade. 

Methods 
A. The Effect of Procaine Hydrochloride on Hexose Metabol-

ism 

Incubation Conditions: 

Adipose tissue fragments (100-200 mg) were obtained from 
the epididymal fat pads of fed male Wistar rats (150-250 
gms, killed by cervical dislocation). They were incubated for 
intervals front 30 minutes to 4 hours ip 1 ml of Krebs bi-
carbonate buffer (pit 7.4) containing 2% bovine scrum al-
bumin. Incubations were performed in polystyrene tubes, 
stoppered with rubber caps supporting a hanging well 1.5 x 
I cm. Incubation was carried out in an atmosphere of 95% 
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02 and 5% CO2 at 37°C and the tubes shaken at 60 cycles 
per minute. After incubation, 0.5 ml of 1 M hyamine was 
introduced into the centre well through a rubber cap and 
0.4 ml of 1 N sulphuric acid was then introduced via the 
side arm into the main compartment of the incubation tube. 
This stopped the reaction completely and ensured complete 
liberation of the CO2. incubation tubes were returned to 
the metabolic shaker for a further 1 hour to ensure com-
plete transport of CO2 to hyamine. Additions of substrates, 
isotopes, insulin and procaine were as stated in the individual 
tables of the results. All procaine-treated samples were com-
pared to basal or insulin-stimulated controls from the same 
rats under identical conditions. The significance of differ-
ences were calculated according to the two tail tests of signi-
ficance for paired data. 

Assay Methods: 
The CO2 production from labelled glucose, fructose or py-
ruvate )tretabolism was determined by transferring the centre 
well containing hyamine to a counting vial with 10 ml of 
toluene PPO and PPOP. Using known concentrations of 
labelled sodium bicarbonate the efficiency of CO2  recovery 
was determined and the counts corrected accordingly. After 
incubation adipose tissue pieces were removed, rinsed several 
times in cold saline and extracted in 15 nil of chloroform-
methanol (Folch, Lees and Sloane-Stanley 1957). The washed 
extract was dried and then dissolved in 5 ml ethanol. 1 ml 
was removed for counting in scintillation fluid. The remain-
der was saponified in alcoholic KOII at 60°C for 1 hour. 
After saponification the glyceride glycerol and fatty acids 
were isolated and determined according to the method of 
Denton and Randle (1967). The radioactive glycogen was 
isolated from the dclipidated tissue using the method of 
Stetten, Katzen and Stettin (1958). 20 mg of non-radioac-
tive glycogen was added to each tube to serve as a carrier. 
After isolation the purified glycogen was dissolved in 0.5 
ml water and counted in 10 ml of Toluene PPO/PPOP con-
taining 30% triton X 100 (Nuclear Enterprises Corporation, 
Edinburgh). Corrections for quenching were performed us-
ing internal standards. Counting was carried out in a Pack- _ 
and Tricarb Scintillation Counter, model 3320. 

Glucose in the medium was measured using the glucose 
oxidase method of Cramp (1967). Medium pyruvate was de-
termined according to the method of Bucher, Czak, Lamp-
recht and Latzko (1965). 

The relative activity of the pentose cycle was estimated us-
ing C-I and C-6 labelled glucose according to method A of 
Katz, Landau arid Bartsch (1966) using the formula: 

S 	 1CO2-6-0O2 
PC = }2S in which S = 

1-6-CO2 

B.R. Tulloch and T.R. Fraser 

Specific yields were calculated from the sum of total lipid 
and CO2. CO2-1/CO2-6 ratio is expressed as a ratio of the 
cpm/gin tissue collected as CO2 from paired 'liquots of 
adipose tissue. 

For determination of adipose tissue cyclic AMP levels, pa:reL 
samples of adipose tissue were incubated for 10 minutes to 
Krebs-Ringer buffer. At this time the samples were freem 
clamped using tongs precooled in liquid nitrogen and the 
were then homogenized in 10% trichloracetic acid. The de-
proteinized supernatant was wasted twice in water-satura: 
ether 20:1 v/v. Cyclic AMP levels were then determined in 
duplicate using a modification of the technique of Brown, 
Albano, Ekins and Scherzi (1971). 

Results 

I. Glucose uptake (Table 1) 
As shown in Table 1, procaine 0.1 mM in the ab-
sence of insulin increased adipose tissue glucose up. 
take 78% over basal levels. Insulin 1 mU/ml stimu-
lated glucose uptake to levels 194% greater than that 
of corresponding basal samples. The presence of pro-
caine 0.1 mM with this concentration of insulin signi-
ficantly augmented the insulin effect. Procaine 1 mM 
produced no stimulation of glucose uptake while pro-
caine 10 mM markedly depressed both basal and in-
sulin-stimulated glucose uptake. 

II. Glycogen synthesis 
Procaine 0.1 mNt and 1 mM increased glucose incor-
poration into glycogen by 38% and 50% respective:) 
above basal levels during 2 hours incubation (Figure 1) 
Insulin 1 mU/mI stimulated net glycogen synthesis 
five-fold over basal levels and inclusion of procaine 
0.1 mM or 1 mM increased this by a further 300 :t 
405% of basal levels. 

As fructose is not actively transported across the 
plasma membrane any enhancement of its incorpo 
tion would imply an intracellular rather than a cell-
membrane effect. Insulin 1 mU(ml increased the in. 
corporation of fructose into glycogen by 40% (Fig. 
ure I). Procaine I mM added to basal incubates Ilat: 

Fig. I. The effect of procaine on hexose in-
corporation into glycogen. Each value ex-
pressed as mean ± S.F.M. of at least 12 ex-
periments. Significance of differences of 
procaine treated samples from correspond-
ing basal or insulin-stimulated controls 
p <(1.01. 
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Table 1. Effect of procaine on basal and insulin-stimulated 
glucose uptake. 
The uptake of glucose by adipose tissue fragments was de-
termined following 2 hours incubation in Krebs buffer 
containing 5.5 rnM glucose. All values are expressed as mean 
!S.E.M. Number of determinations in ( ). 

Additions to 	No insulin 	Insulin 1 mU/ml 
medium 	pg C atoms/gm/ 	pg C atoms/gm/ 

2 hr 	 2hr 

0 	 33.3 ± 3.1 
	

109.2 ± 8.2 

Procaine 0.1 mM 

(22) 

55.2 ± 5.3** 

(22) 

133.5 ± 12.0** 
(10) (20) 

Procaine 1 mM 30.0 ± 4.7 102.9 ± 10.3 
(12) (19) 

Procaine 10 mM 15.0 ± 2.3** 21.3 ± 0.6** 
(3) 
	

(3) 

Significance of difference from corresporiding controls with-
out procaine P <0.02** 

a greater effect - doubling the net incorporation in-
to glycogen. Procaine 0.1 mM and 1 mM also en-
hanced the effect of insulin 1 mU/ml with ultimate 
levels of incorporation into glycogen 50 to 75% 
greater than the corresponding insulin-stimulated con-
trols. Insulin 10 mU/ml increased the incorporation 
of fructose into glycogen by 58% (p < 0.01, mean of 9 
experiments). With this concentration of insulin pro-
caine did not significantly augment insulin action. 

III. Pentose Shunt Activity and CO2  Production 
As shown in Table 2, procaine increased the CO2 -1/ 
CO2 -6 ratio and pentose shunt activity. Insulin 1 mU/ 
ml also increased pentose shunt activity. Procaine 
0.1 mAM augmented insulin-induced stimulation of 
total CO2  production from (U-14 C) glucose (to levels 

Table 2. The effect of procaine on basal and insulin-stimu-
lated pentose shunt activity: experimental additions were 
as indicated in the Table. (1-14C) glucose and (6-14 C) glu-
cose 5.5 mM (I µCi/ml) were used as substrate for paired 
samples of adipose tissue fragments. All values expressed 
as means ± S.E.M. Number of determinations in ( ). 
Calculations as in "Methods". 

Addition to Medium Pentosc Shunt 	CO2-1/CO2-6 
activity (%) 	ratio 

Experiment 1: 
0 (3) 
	

11.1 ± 0.6 

(3) 
Procaine 1 mM 	15.8 ± 0.8 

Experiment 2: 
17.7 +•1.0 0 (5) 

Procaine 0.1 mM 22.3 ± 2.0 
(5) 
Insulin 1 mU/ml 	27.3 ± 0.5 	4.5 ±0.2 (T)  

Significance of difference of procaine-treated samples or 
insulin-treated samples from controls p <0.01 

30% greater than those achieved by insulin alone) and 
from (U-14  C) fructose (to levels 19% greater. p <0.05). 

IV. Incorporation into Lipids 
Insulin 1 mU/ml increased glucose incorporation into 
fatty acid to levels 5 times those of basal. Inclusion 
of procaine 0.1 mM in the medium augmented this 
stimulation by a further 94% basal uptake (P < 0.01). 
A time course of the effect of procaine 0.1 nmM and 
of insulin on fatty acid synthesis is shown in Figure 
2. As with the fructose incorporation into glycogen, 
insulin produced a lesser increase in fatty acid syn-
thesis from fructose, i.e. to levels 55% greater than 
basal (Figure 2). Procaine 0.1 mM augmented the 
effect of insulin 1 mU/mI after 1, 2 and 4 hours in-
cubation. Procaine 0.1 mM in the absence of insulin 

2.5 ± 0.2 

3.4 ± 0.2 

2.8 ± 0.2 

3.8 ± 0.4 

Effect of Praalne HCI and Insulin on Fructose Incorporation 
Into Adipose Tissue fatty Add 

T 

Procaine 0.1mM 
• Insufin 
lmL''ml 

insulin 
ImU'mf 

•'•1 Prosaine 0.1 mM 

Fig. 2. Time course of the effect of pro-
mine and insulin on fructose incorporation 
into adipose tissue fatty acid. Values are 
indicated as means ± S.E N1. Significance of 
differences of procaine treated samples from 
corresponding basal or insulin-stimulated con-
Cols p <0.01. Number of experiments 30 
minutes: 3; 60 minutes: 5; 120 minutes: 12; 
140 minutes: 5. 
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also increased basal fatty acid synthesis by 20% 
(P < 0.1). Insulin 10 mU/ml increased fatty acid 
synthesis by 101% (average of 9 experiments, p < 
0.01). With this higher concentration of insulin aug-
mentation of fatty acid synthesis by either concentra-
tion of procaine was not significant. 

Table 3. Effect of procaine on medium pyruvate concentra-
tion: Adipose tissue was incubated 2 hours in l ml Krebs 
buffer containing 11.1 mM fructose and pyruvate 0.25 mM. 
Medium pyruvate concentration was determined at end of 
incubation. Each value is the mean of six determinations 
± S.E.M. 

Additions to medium 	Medium pyruvate concentration 
(mM) 

0 0.217 ± 0.031 
Procaine 0.1 mM 0.181 ± 0.032* 
Procaine 1 mM 0.174 ± 0.029* 

Insulin 1000 pU/m1 0.190 ± 0.031* 

*P <0.05 

Table 4. Effect of procaine on pyruvate incorporation into 
total lipids. U-14C pyruvate (2.5 mM) 1 pCi/ml was added 
to Krebs buffer with unlabelled fructose (11.1 mM). The 
number of experiments = 9, values expressed as means ± 
S.E.M. 

14C incorporation into lipid from 14 C 
pyruvate 

Additions to 	No insulin 	Insulin 1 mU/ml 
medium 	 pg C atoms/gm/ 	pg C atoms/gm/ 

2 hr 	 2 hr 

0 18.0 ± 3.4 22.1 ± 2.5 

Procaine 0.1 mM 37.6 ± 4.8* 

Procaine 1 mM 22.9 ± 2.8* 25.0 ± 3.1 

*P <0.05 

Incorporation was further assessed both from chan-
ges in the medium pyruvate levels and from measure-
ments of (U-14 C)-pyntvate incorporation into lipids. 
To facilitate equilibration of intracellular and extra-
cellular pynivate levels, six 2 hour incubations were 
carried out with 0.25 mM pyruvate in the medium in 
addition to 11.1 mM fructose. Following incubation, 
the medium pyruvate was determined. Insulin de-
creased the medium pyruvate concentration (Table 3). 
Like insulin, procaine 0.1 mM and 1 mM also 
lowered medium pyruvate concentration. The incor-
poration of (U-14  C) pyruvate into lipids was deter-
mined in the presence of unlabelled fructose as showr. 
in Table 4. Insulin increased lipid synthesis from py-
ruvate. Procaine stimulated lipid synthesis and aug-
mented the insulin effect. 

V. Adipose tissue cyclic AMP 
As shown in Table 5 procaine produced no signifi-
cant alteration in basal cyclic AMP levels in the pre-
sence or absence of theophylline. Nor did procaine 
reduce adrenaline-stimulated cyclic AMP levels. 

Discussion 

These observations indicate that procaine, when 
added in low concentrations to intact adipose tis-
sue in vitro, has several insulin-like actions. It stimu-
lated glucose uptake, glycogen synthesis and fatty 
acid synthesis. Procaine also augmented t!te effects 
of I mUfmi of insulin on these aspects of adipose 
tissue metabolism, suggesting that both insulin and 
procaine are acting through some common mecha-
nism. This conclusion is further supported by the 
demonstration that procaine inhibits Iipolysis in 
adipose tissue (Kissebah, Tulloch, Vydelingum, !lope. 
Gill, Clarke and Fraser 1974), while in the perfused 
rat liver tetracaine inhibits glycogenolysis and gluco-
neogenesis (Friedman and Rasmussen 1970). In these 

Table 5. Effect of procaine HCl on basal and adrenaline-stimulated cyclic-AMP levels 
All samples were incubated for 10 minutes in Krebs-Ringer buffer and cyclic-AMP was then determined as in "Methods". 
All values are expressed as mean ± S.U. Number of determinations in ( ). 

Additions to medium 

Cyclic AMP (nanomoles/gm wet wt.) 

No theophylline theophylline 
2 x 10-3 M  

Theophylline 10.2  M 
Experiment 1 	Experiment 2 	__ 

(4) 	 (6) (3) (3) 

0 
Procaine 10 mM 

Procaine 10 mM + insulin 
1 mU/ml 
Adrenaline 10 Mimi 
Adrenaline + procaine 1 mM 
Adrenaline + procaine 10 mM 

0.020 

0.040 

0.039 

0.054 

± 0.002 

± 0.004 

± 0.003 

± 0.005 

0.06 

0.21 

0.32 
0.40 

± 0.03 

± 0.04 

± 0.10 
± 0.14 

0.13 
0.13 

3.45 

3.95 

± 0.02 
± 0.02 

± 0.04 

± 0.06 

0.19 

5.25 

5.16 

5.65 

± 0.04 

± 0.50 
± 0.37 

± 0.85 
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studies local anaesthetics induced no reduction in 
basal or hormone-stimulated cyclic-AMP levels, sug-
gesting some mechanism common to insulin and pro-
caine which can alter cell response independent of 
changes in intracellular cyclic-AMP. 

Procaine, like insulin, increased incorporation of both 
(U-14 C) glucose and (U-14 C) fructose into glycogen. 
Fructose uptake in adipocytes is little affected by in-
sulin (Coore et al. 1971). Stimulation of fructose in-
corporation into glycogen therefore suggests an in-
tracellular effect of procaine or insulin on glycogen 
synthesis. That procaine and insulin have similar ef-
fects is further suggested by the observation that, 
whereas procaine augmented the effect of 1 mil/ml 
of insulin, no significant augmentation of a maximal 
concentration ofinsulin (10 mU/ml) occurred. 

insulin stimulates glycogen synthesis through activa-
tion of the rate-limiting enzyme, glycogen synthetase 
(Wiley and Leveille 1970, Jungas 1966, Lamer 1971). 
Other studies have indicated that procaine activates 
adipose tissue glycogen synthetase in the absence of 
substrate to a degree similar to insulin (Hope-Gill, 
Kissebah, Tullochr, Vydelingum, Clarke and Fraser 
1974a, b). It has been suggested that the insulin-in-
duced stimulation of glycogen synthetase activity is 
mediated through a reduction of intracellular cyclic-
AMP (Jungas 1966, Butcher, Sneyd, Park and Suther-
land 1966, Miller and Larner 1973). Procaine, how-
ever, lowers neither basal nor elevated cyclic-AMP 
levels and yet this agent also stimulates glycogen 
synthesis, suggesting the operation of an alternative 
mechanism. 

Insulin stimulates fatty acid synthesis by a mechanism 
independent of increased glucose uptake (Coore et al. 
1971, Halperin 1970). Factors important in regulat-
ing fatty acid synthesis include the availability of 
acetyl CoA units, which can be synthesized from py-
nrvate by pynivate dehydrogenase (Coore et al. 1971), 
and NADPH, generated by the pentose shunt (Ho 
and Jeanrenaud 1967). Like insulin, procaine in-
creased fatty acid synthesis, pentose shunt activity 
and the fatty acid: glycerol ratio. Also, like insulin, 
procaine increased pyruvate uptake from the medi-
um, suggesting acceleration of fatty acid synthesis 
from pyruvate. 

Pyruvate dehydrogenase activity is increased in insu-
lin-treated tissue (Coore et al. 1971). This enzyme 
complex is not sensitive to changes in cyclic-AMP 
levels within the physiologic range (Coore et al. 1971, 
Taylor, Mukherjee and Jungas 1973) suggesting that 
some other mechanism of control of fatty acid syn-
thesis is operative. Each of the insulin-like agents 
which stimulate this enzyme complex in fat cells, 
such as ouabain, nicotinic acid, 5-methylpyrazole-3-
carboxylic acid and prostaglandin E1 , also decreases 
cyclic-AMP levels (Taylor, Mukherjee and Jungas 

1973, Martin, Clausen and Glieman 1973, Ho, Jean-
renaud, Posternak and Renokl 1967). These findings 
led to the conclusion that the reduction in cyclic-
AMP levels might act indirectly through alteration 
of metabolite concentrations (Taylor, Mukherjee and 
Jungas 1973). Procaine, however, simulated the ef-
fects of insulin on fatty acid synthesis without al-
teration of cyclic-AMP levels again suggesting the pre-
sence of an alternative mechanism. 

Martin, Clausen and Glieman (1973) demonstrated 
that insulin caused a prompt efflux of calcium from 
prelabelled adipocytes and suggested that this in-
dicated an elevation of cytoplasmic calcium. Studies 
in our laboratories indicate that insulin causes such 
an efflux only in a calcium-free medium (Hope-Gill, 
Kissebalr, Tulloch, Clarke, Vydelingum and Fraser 
1974c). in a 1.25 mM calcium medium insulin de-
creases net efflux after the initial 10 minutes of in-
cubation without any associated decrease in calcium 
influx (Hope-Gill et al. 1974a, b, c).These results sug-
gest induction of an elevation of cytoplasmic calcium. 
Procaine similarly decreased calcium efflux without 
a decrease in influx (Hope-Gill et al. 1974 a,b). 

in adipose tissue homogenates increasing calcium 
concentrations Crom 0 to 10-3  M increased glycogen 
synthetas'e activation and "I" form activity (Hope-
Gill et al. 1974 a, b). The suggested increase in cyto-
plasmic calcium by procaine and insulin might there-
fore explain the effects of procaine and insulin on 
glycogen synthesis from (U-14 C) fructose. 

The activity of pyruvate dehydrogenase, an intra-
mitochondrial enzyme complex is increased by in-
creasing calcium concentrations (Denton, Randle 
and Martin 1972). An increase in cytoplasmic free 
calcium concentration might also increase mito-
chondrial calcium and thereby increase fatty acid 
synthesis from pyruvate. 

Procaine in low concentrations stimulated glucose 
uptake and augmented the stimulatory effect of in-
sulin. Insulin and procaine also have similar effects 
on phospholipid membranes regarding calcium; both 
inhibit binding and facilitate release of calcium by 
these structures (Kafka and Pak 1969, Gerslrficld 
1962, Seeman 1972). Calcium has been shown to 
reduce the permeability of cell membranes to a 
variety of substances (Manery 1966, Blaustein and 
Goldman 1966). A decrease in membrane calcium 
such as that apparently induced by procaine or-in-
sulin might therefore increase permeability of mem-
branes to a water soluble substance such as glucose. 
Displacement of calcium from Ca-ATP complexes,• 
which are inhibitory to membrane ATPase activity 
(Epstein and Whittam 1966), might also enhance 
carrier-mediated glucose entry. 
From these studies a mechanism is postulated for in-
sulin action independent of cyclic-AMP levels. Insu- 
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lin might cause an initial alteration of plasma mem-
brane calcium and thereby enhance transport of glu-
cose. An increase in cytoplasmic and mitochondrial 
concentrations of free calcium would result from de-
creased calcium efflux from the cell and release of 
calcium from the cell membrane and endoplasmic 
reticulum stores (Siddle, Chalmers and Hales 1973). 
The alteration of the intracellular calcium distribu-
tion would lead to increased glycogen synthetase 
and pyruvate dehydrogenase activity, with resulting 
stimulation of glycogen and fatty acid synthesis. 
This theory of insulin action would explain some 
of the deficiencies in the concept that insulin exerts 

its intracellular effects solely through reduction of 
cell cyclic AMP levels, and suggests that cytoplasmic 
free calcium might provide an intracellular second 
messenger for insulin action. 
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